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ABSTRACT
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1. INTRODUCTION

During the last decade, high-performance capil
lary electromigration methods (EMM) have become
a subject of considerable importance to modern
separation science. While the displacement form of
the electrophoretic process, the so-called isotacho
phoresis (ITP), has steadily grown in application
since the significant investigations made by Ever
aerts and co-workers [1,2], the recent progress in
capillary zone electrophoresis (CZE) has been nearly
explosive. The major reasons for this situation are:
(a) unprecedented separation performance by CZE
at high voltages; (b) wide choice of quantitative
detection techniques; (c) automation possibilities;
(d) small sample capabilities; and (e) recent success
ful coupling of CZE with mass spectrometry.

While the pioneering studies of Hjerten [3] and
Mikkers et al. [4] on CZE indirectly pointed at some
of these analytical advantages, investigation by
Jorgenson and Lukacs [5-8] established clearly its
potential for biological compounds and laid the
foundation for the further development of related
capillary techniques (capillary gel electrophoresis,
isoelectric focusing, electrochromatography, micel
lar electrokinetic chromatography, etc.). The high
separation efficiency of CZE is a fairly direct
consequence of the utilization of high voltages in
narrow capillaries that facilitate effective heat dis
sipation [9,10]; this process is generally favoured for
macromolecular ions with small diffusion coeffi
cients. This does not necessarily facilitate the separa
tion of molecular entities with minor differences in
their chemical structures, such as various isomeric
compounds. Especially the direct determination of
the optical purity and separation ofenantiomers has
long been a challenge to chemists. Various gas and
liquid chromatographic methods [11-17] have re
cently been utilized to resolve numerous enantio
meric mixtures, both on a large scale and analyti
cally.

The importance ofchirality in biological phenom
ena, chemical synthesis and the design of pharma
ceutical agents will likely accelerate a further search
for new and effective means to resolve enantiomeric
mixtures. There are numerous indications in the
recent literature that the modern electromigration
methods will soon join the already powerful arsenal
of chemical separation approaches to chirality. A
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very promising approach is the application of vari
ous chiral selectors or pseudo-phases [18], which
substantially extend the application of electro
phoretic methods towards various types of chiral
compounds.

The aim of this review is to cover the recent
promising developments in the electrophoretic sepa
ration of optically active substances. After a brief
introduction into the fundamentals of chiral resolu
tion and the principles of electromigration, we shall
concentrate on various mechanisms utilized for
enantiomeric separation in an electric field. These
will include chiral ligand-exchange mechanisms,
uses of chiral micelles, inclusion complexes and
protein-based enantioselectors. Finally, future di
rections in this field will be discussed.

2. CHIRALITY AND APPROACH TO CHIRAL SEPARA

TION

The symmetry arguments required for a proper
understanding of molecular chirality go beyond the
purely spatial aspects with which most chemists are
familiar. The natural optical activity phenomena
supported by chiral molecules are characterized by
time-even pseudo-scalar observables such as optical
rotation angle, rotation strength and Raman circu
lar intensity difference. However, it is important to
realize that optical activity is not necessarily the
hallmark of chirality. True chirality is exhibited by
systems that exist in two distinct enantiomeric states
that are interconverted by space inversion, but not
by time reversal combined with any proper spatial
rotation. Space inversion is a more fundamental
operation than the mirror reflection traditionally
invoked but provides equivalent results. The second
part of the definition is irrelevant for a stationary
object. The above definition enables chirality to be
distinguished from other types of dissymmetry [19
24]. It is possible to find the true enantiomer of a
chiral object in the anti-world. The molecule with
the opposite absolute configuration but composed
of antiparticles will have exactly the same energy~a1i

the original [19,20,25]. This follows from the CPT
theorem (C = operator which interconverts parti
cles and antiparticles; f> = parity operator which
inverts the system through the origin of the space
fixed axes; and T= time reversal operator, reversing
the motion of a11 the particles in the system) and the
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assumption that T is not violated. So true enantio
mers are interconverted by CPo It is intriguing to
note that invariance under the combined operation
of CPT is in fact the quantal and relativistic
extension of T invariance [26], which serves to
emphasize the essential unity of space, time and

. matter.
A tiny energy difference exists between the enan

tiomers of a chiral molecule that both exist in our
world. They are chiral, meaning that they possess
"handedness". The pair of enantiomers of a chiral
substance react in a roughly equal manner, and are
almost identical in their physical and chemical
properties, such as melting points, heats of combus
tion and formation and reaction rates with achiral
reagents in comparison with other types of isomers
and/or structurally closely related compounds. Their
behaviours, however, are significantly different in a
chiral environment, being influenced, e.g., by polar
ized light, optically active reagents and solvents or
biological (enantiospecific) systems.

While it is feasible in principle to analyse the
individual enantiomers spectroscopically in a mix
ture, their physical separation before a measurement
is preferable i.n trace analysis. Such separations are
due to a differential stereoselective interaction with a
suitable chiral environment. Whether permanently
induced by reaction with a chiral reagent or through
a temporary complexation, such an association
leads to preferential interactions of R or S antipodes

2 2

~3 ~3
t :! ! ~t !
~3' ~3"

III II
2' 1"

Fig. I. The Dalgliesh model of three-point interaction for chiral
recognition. S = Chiral selector; I, 3 and 4 = selector's points of
interaction; I', 3', 4', 3" and 4" = chiral analyte's points of
interaction; ..... = interaction, I = faster interaction, II = weaker
interaction (the distance 1..... I" is greater than 1..... 1'; point I" is
sterically non-accessible for interaction with point I).

3

with the separation environment and their subse
quent differentiation:

(R,S)-Rac + (S)-Sel -+ (R,S)-Prod + (S,S)-Prod

where Rac = a racemate separated, (S)-Sel = S
enantiomer of selector forming a chiral environment
and Prod = products of interaction (= diastereo
isomers).

Since optical isomers have a three-dimensional
spatial character, at least three-point simultaneous
interactions are generally needed between a chiral
selector and an enantiomer (analyte) to cause physi
cal separation. Further, at least one of these interac
tions must be stereochemically dependent. This
"three-point" Dalgliesh rule [27] is illustrated in
Fig. 1. The range ofsuch simultaneous stereospecific

. interactions involved in enantiomeric separations is
relatively broad, including (a) electrostatic interac
tions, (b)dipole-dipole and/or ion-dipole interac
tions, (c) inductive effects, (d) hydrogen bonding, (e)
hydrophobic interactions and (f) Van der Waals
interaction.

Advances in modern liquid chromatography (LC)
during the last two decades have stimulated consid
erable progress in chiral separations. Sophisticated
designs of chiral bonded phases [13, I6, 17] and
addition of various chiral selectors to the liquid
mobile phase [14] emphasize the importance of the
"three-point rule". The possibilities of chromato
graphing various racemic mixtures in the liquid
phase are virtually unlimited, provided that the
right combination of solute-solvent characteristics
is found. However, certain adverse effects of a
siliceous surface in LC (non-specific adsorption) still
need additional work. While further developments
in chiral LC separations will undoubtedly continue,
electromigration methods, especially capillary high
performance techniques, provide additional oppor
tunities for the separation of optical isomers.

3. BASICS OF ELECTROPHORETIC METHODS

Electrophoretic separation processes are general
ly based on the differential migration of electrically
charged particles in an electric field. The transport of
each component of a solution can be described by
using the basic equation of transport phenomena,
i.e., the continuity equation [28] (eqn. 1). For a
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substance particle with concentration Cz and charge
z,

In the presence of electroosmotic flow, the migra
tion velocity from eqn. 6 can be rewritten as

(1) (9)

(10)

(11)

EOF >
!

R = 0.25NtAv/v

where l1e,1 and f.1e,2 are the electrophoretic mobilities
for the two solutes, e.g., Rand S enantiomers, fie is
the average electrophoretic mobility and D is the
diffusion coefficient [5,8].

The modification of CZE which utilizes a quasi
stationary phase consisting of micelles is called
(micellar) electrokinetic (capillary) chromatography
(MECC or EKC) [31,32]. In this method a surfac
tant is added to the buffer solution above its critical

In zone electrophoresis, ionic species are resolved
on the basis of differential electrophoretic migra
tion. Similarly to classical chromatography, the
selectivity can be related to the relative retention of
two solutes (e.g., enantiomers) and is defined as the
resolution, Rs> between two peaks:

where N is the average number of theoretical plates,
Av is the difference in zone velocities and v is the
average zone velocity [30], or

R = (1/4)2t (f.1e,1 - f.1e,2)[V/D(fie + f.1eo)J~· (12)

where AtR is the difference in migration times and w
is the peak width at the peak base, usually deter
mined by drawing tangent lines along the slopes of
the peaks. It should be noted that Rs is a dimension
less quantity and that the AtR and w values should be
expressed in the same units, e.g., seconds or milli
metres on a record trace.

The next possibility for the expression of the
resolution of two zones in electrophoresis is given by

(7)

(6)

(8)

(2)

(5)

(4)E = -grad qJ

Veo = (c/4 1CYf)E(

where ( is the zeta potential:

( = (4 1CYff.1eoM

E= V/L

where qJ is the electric potential, or, for one dimen
sion (x = L = length of separation environment),

where V is the voltage applied across the separation
media. When the electric field acts on particles with
charge z, the particles move with a velocity, (Ve)mig,
proportional to E:

where Jz is the substance (component) flow-rate,
which is determined by

where f.1e is the electrophoretic mobility.
The next fundamental process in capillary zone

electrophoresis and some of its modifications is
electroosmosis, the flow of solvent in an applied
potential field. Under the influence of the field the
spatial charge of the diffusive part of the electric
double layer moves to the oppositely charged elec
trode, and a one-sided flow of ions originates near
the wall. The whole solution then moves together
with these ions. The linear velocity of the electro
osmotic flow, Veo , can be expressed as

where v is the vector of the rate of movement of a
component at a given location in the solution, or

J = (Jz)mig + (Jz)dif + (Jz)conv + (Jz)therm (3)

where the terms on the right-hand side represent for
migration, diffusion, convection and thermal com
ponents of the substance flow, respectively.

The migration term of the substance flow charac
terizes the movement induced by an external force,
the intensity of the electric field:

Yf is viscosity, c is the dielectric constant of the
solution and f.1eo is the coefficient for electroosmotic
flow [29].

Fig. 2. Schematic representation of a system for EKe showing
amphiphilic monomers, micelle and flow profile. A = Analyte;
EPMM = electrophoretic effective mobility of micelle; EOF =
electrophoretic flow factor; LF = (EOF) - (FPMM).
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where the selectivity factor and the capacity factor, IX

and k', respectively, are given by

in the form

CS,z(S) = CL,z(L)[/1L,z(L) + /1C,z(L)]/1S,z(S) IZL I
. {[J1s,z(S) + /1C,z(q]/1L,z(L) IZs I} -1 (18)

This feature of isotachophoresis is particularly
important for dilute solutions, where the concentra
tion corresponds to eqn. 18, and distinguishes it
from zone electrophoresis.

phoretic velocity of charged species must be smaller
than the electroosmotic flow in the opposite direc
tion, otherwise there is no possibility of detecting
and thus quantifying the moving zone.

The next high-performance analytical technique
belonging to the group ofelectrophoretic techniques
is capillary isotachophoresis (ITP) [2,34]. Its charac
teristic feature is that it cannot be used to separate
simultaneously samples that contain both positively
and negatively charged ions. The mixture of sub
stances to be separated is introduced between the
so-called leading (LE) and terminating (TE) electro
lytes. The LE contains an ion with an effective
mobility higher than that of any of the ions in the
sample mixture and the TE contains an ion with an
effective mobility lower than that of any ion in the
sample mixture. On application of an electric field,
migration proceeds until a steady state is estab
lished. Its essential feature is the presence of sharp
boundaries between the separated zones of the
individual components of the sample. The zones
migrate in close contact with each other, with the
same velocity (hence the name "iso + tacho"), and
their migration sequence is determined by the elec
trophoretic mobilities of the separated suhstances.

The solution of the equations for electrophoretic
separation in the steady ITP state leads to certain
important conclusions. First, the potential gradient
in the ith zone is determined by the effective mobility
of ions in this zone, as

v = /1e,lE1 = /1e,2E2 = /1e,iEi = constant (16)

where v is the velocity of movement of zone bound
aries. Second, the concentration of any separated
ion, S, with charge z(S), is determined by the
concentration of the LE ion, L, with charge z(L), by
the mobilities of both ions and by the mobility of a
counter ion, C. This relationship is expressed by
means of the Kohlraush regulating function [35]

L Liz ICi,z//1i,z = constant (17)
i z

(15)

(13)

(14)

micellar concentration, thereby affording an effec
tive mechanism for the separation of both neutral
and ionic substances. The separation of neutral
solutes is based simply on their differential partition
ing between the electroosmotically pumped aqueous
mobile phase and the hydrophobic interior of the
micelles which are charged and moving at a slower
speed than the mobile phase owing to electro
phoretic effects (see Fig. 2).

The fundamental equation to describe the resolu
tion of a pair of neutral solutes in EKC is

1 - to

R = IN .IX -~ •~ • tm

4 :x k2+ 1 1 tok'l+-
tm

where tR is the migration time of a solute that
interacts with micelles, to is the migration time of a
solute that has no (or little) interaction with the
micelles and tm is the migration time of a solute that
is totally solubilized by the micelles.

A major advantage of EKC over high-perform
ance liquid chromatography (HPLC) is its separa
tion efficiency. Whereas HPLC separations typically
exhibit 5000-25 000 theoretical plates, EKC systems
often generate efficiencies of 50 000-500 000 plates
and higher. Fast, efficient separations are obtained
in EKC because of three important phenomena [33]:
(1) the flat flow profile of electroosmotic flow
minimizes resistance to mass transfer in the mobile
phase, (2) fused-silica capillaries dissipate heat effi
ciently, thereby minimizing thermal effects, and (3)
micelles are dynamic structures, allowing for fast
solute entrance/exit kinetics.

Charged solutes are not only distributed between
the micellar and liquid phase but are also simultane
ously separated electrophoretically according to
their effective mobilities. The superposition of the
two phenomena may either enhance or deteriorate
the separation efficiency. If the velocity vectors of
electrophoretic migration of particles and electro
osmotic flow have opposite directions, the e1ectro-

IX = k2fk'1

and

k' = (tR - to)! to(1 - tR/tm )
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5. CHIRAL LIGAND-EXCHANGE MECHANISM

mechanism, chiral inclusion (or "micromicellar")
mechanism and protein-based enantioselection
mechanism.

Fig. 3. High-voltage paper electropherograms of racemic
Co(en)~ + on Whatman No. I paper at 2500 V for 35 min at 6°C.
Electrolytes contained mixtures of sodium L-( +)- and D-( - )
tartrate. From ref. 46.

The utilization of enantioselective metal com
plexes represents one of the oldest approaches to
the solution of chiral resolution. Studies of chiral
complexes of C03 + and Cr3 + with ethylenediamine,
oxalate, o-phenanthroline, dipyridyl, trans-cyclo
hexane-l ,2-diamine and amino acids as ligands were
performed using high-performance paper electro
phoresis [39-46]. Their behaviour in chiral support
electrolytes consisting of antimonyl tartrate, arsenyl
tartrate and tartrate enantiomers for separations of
cations and acetates of quinine, cinchonine and
brucine for separations of anions was described.
Fig. 3 shows the effect of the "chiral composition"
of the background electrolyte on the separation of
racemic Co(en)~ + complexes (en = ethylenediamine).

It was found that optically active cations form
outer-sphere complexes with optically active anions,
mobility differences depending on their optical
form. In addition, the anion-enantioselector must
have certain suitable geometrical properties. If these
conditions are not fulfilled when outer-sphere com
plexing takes place, no separation is obtained.
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4. GENERAL ASPECTS OF CHIRAL SEPARATION IN

ELECTROMIGRATION METHODS

There are two possible solutions to the problem of
chiral resolution in electromigration methods: (1) a
preseparation derivatization of chiral compounds
separated with appropriate chiral reagents and (2)
direct chiral separation.

Preseparation derivatization produces diastereo
mers, which can be separated by "non-chiral"
electromigration techniques. There are, however,
four major disadvantages with this method. First, it
is difficult to obtain appropriate chiral derivatizing
reagents of absolute enantiomeric purity, contami
nation with the unwanted isomer leading to spurious
determinations. Second, as the resulting diastereo
mers have differing physico-chemical properties,
their rates of formation will also differ (kinetic
resolution). The final ratio of diastereomers will not
therefore necessarily reflect the exact ratio of the
starting.enantiomers. Third, the diastereomers may
have different detector responses. Fourth, the deriv
atization sltep is time consuming.

An example of this type of "chiral" analysis is the
separation of chiral amino acids and peptides deriv
atized with Marfey's reagent (1-fluoro-2,4-dinitro
phenyl-5-L-alaninamide) [36,37] and/or tetra-O-ace
tyl-p-D-glucopyranosyl isothiocyanate [38].

Considering that the above-mentioned separa
tions are "non-chiral" from the electromigration
point of view, we shall not concern ourselves with
this subject here.

Depending on the type of selector and hence the
type ofchiral interaction, different separation mech
anisms are observed in the case of direct chiral
separation. They can be generally classified as a
chiral ligand exchange mechanism, chiral micellar

As with other separation techniques, electro
phoretic separations can be optimized with respect
to efficiency, selectivity and time. Variables such as
buffer type and both its ionic strength and pH,
specific additives to the electrolyte systems, oper
ating voltage, solid support material as part of the
migration channel or, in the case of the micro
channel of a capillary, the column dimensions, and
its inner surface chemical modification must be
considered and will affect both efficiency and selec
tivity.
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Fig. 4. CZE chiral separation of a mixture of four pairs of
DNS-DL-amino acids. DNS-L-Arg = internal standard. Buffer,
2.5 mM CUS04 . 5HzO + 5 mM aspartame + 10 mM ammo
nium acetate (pH 7.4); capillary, 75 jJ.m J.D. x 100 cm (75 cm to
the detection zone); applied voltage, 30 kV; current, 33 jJ.A. From
ref. 48.

essential for the resolution of the enantiomeric
forms of amino acids. Specific hydrophobic interac
tions between the aspartame phenylalanine residue
and the amino acid side-chain can take place,
leading to slightly different stability constants for
each enantiomeric form of the amino acids. The
dansyl group of the amino acid derivatives can also
take part to an unknown extent in these interactions.
The migration order is the same for all of the amino
acids studied: the D-isomer appears first.

The formation of a double layer on the capillary
inner wall is crucial for the separation ofamino acids
and for run-to-run and day-to-day reproducibility.
This results in an increased operation time because
of having to clean the capillary or preparing a new
one.

The typical electropherogram in Fig. 4 shows the
chiral separation of a mixture of four pairs of
dansylated racemic amino acids (DNS-AAs). The
neutral amino acids, i.e., those having an aliphatic or
an aromatic side-chain, have almost the same migra
tion times. This means that, although they could be
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The papers used in the chiral separations men
tioned are built up from cellulose fibres consisting of
poly-fJ-l A-glucopyranose chains; hence the paper
could not only be a stabilizing but also provide a
chiral environment for the paper electrophoretic
separation of enantiomers.

This type of investigation may help to extend the
number of chiral complexes which are of potential
use as enantioselective pseudo-phases.

The experiments with enantioselective metal com
plexes were transferred to capillary zone electro
phoresis. Diastereomeric ternary complex forma
tion is theoretically applicable to the resolution of
enantiomeric molecules with two correctly spaced
polar groups which can simultaneously act as
ligands for the central metal ion. Therefore, especial
ly a-amino acids, with both amino and carboxy
groups, are very suitable for both formation of the
enantioselective phase and utilization as solutes.

The chiral pseudo-phase may be obtained simply
by adding complex-forming components to the
support (background) electrolyte without the need
for its immobilization on the surface of any chiral
stationary phase.

Zare and co-workers [47-49] suggested a chiral
separation based on electrokinetic separations
through the combined action of electrophoretic and
electroosmotic motions in an open-tubular capil
lary. They applied this technique to the resolution of
dansylated amino acid mixtures using different
diastereomeric interactions between the D- and
L-amino acids and transition metal-chiral ligand
complexes (the Cu2+-L-histidine and/or Cu2+
aspartame complex) present in the separation buffer.
The Cu2 +-aspartame complex significantly im
proves the electrokinetic resolution in comparison
with the Cu 2 +-L-histidine complex. In the presence
of aspartame (dipeptide L-aspartyl-L-phenylalanine
methyl ester), chelation of the metal ions probably
occurs through the formation of a six-membered
ring formed by the Cu2 +, the a-amino and the
a-carboxyl groups of the aspartyl residue of the
aspartame molecule. Such a six-membered ring is
less stable than the five-membered ring involving the
a-amino and a-carboxyl group of an amino acid.
Thus, when an amino acid is added to an electrolyte
solution containing the Cu2 + (aspartameh complex,
it can replace one aspartame ligand, leading to the
formation of a ternary complex. This formation is
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resolved when run separately, they are not readily
separated in a mixture. In order to increase the
differentiation of these neutral amino acids, a micel
lar electrolyte solution ofsodium tetradecyl sulphate
was employed. Micelles add another dimension to
the separation, in that each amino acid will partition
itself to a different extent between the aqueous and
the micellar phase.

6. CHIRAL MICELLAR MECHANISM

Optical isomers have been separated successfully
by EKC using several types of micellar systems.
They can be classified as (a) mixed micelles, con
sisting of a non-chiral detergent (e.g., sodium dode
cyl sulphate) and a chiral detergent and/or ligand
exchange complexing agents, and (b) "pure" chiral
micelles, built up ofoptically pure chiral surfactants.

Cohen et al. [50] used a mixed chiral metal chelate
micelle system for the enantioseparation of DNS
AAs. The chiral chelate detergent, didecyl-L-alanine,
in the presence of sodium dodecyl sulphate (SDS)
forms the mixed micelles in aqueous solution. The
reagent is incorporated into the micelle in such a way
that the hydrophilic chiral centres of L-alanine are
on the surface, whereas the hydrophobic tail is in the
interior. The use of mixtures of detergents to form
micelles may allow manipulation of the micelle
surface, which could p-rove useful in controlling the
distance between ligand-exchange chiral centres
[51].

Preliminary results on the enantiomeric resolu
tion ofsix racemic phenylthiohydantoin amino acids
(tryptophan, norleucine, norvaline, valine, IX-amino
butyric acid and alanine) (PTH-AAs) by micellar
electrokinetic chromatography using mixed micelles
of a non-ionic surfactant (digitonin) with anionic
SDS were published by Otsuka and Terabe [52].
Under acidic conditions (pH 3.0), PTH-AAs were
separated from each other and optically resolved.
The use of an anionic chiral surfactant, sodium
N-dodecanoyl-L-valine, was also examined under
neutral conditions. In this instance, the same
enantiomers as above except PTH-oL-Ala were
resolved in a shorter time.

The five [53] or six [54] PTH-oL-AAs were sepa
rated from each other and each pair of enantiomers
was optically resolved in a basic (pH 9.0) buffer sys
tem containing a mixture of sodium N-dodecanoyl-
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L-valinate and SDS, urea and, methanol. It was
found that the addition of SDS to N-dodecanoyl-L
valinate-urea-methanol solutions caused a change
in selectivity and provided a good enantiomeric re
solution. The addition of urea to the buffer was
effective in improving the peak shapes and resolu
tion. The same micellar electrolyte mixture was used
for the enantioseparation of benzoin and warfarin
racemates.

The effects of methanol and urea on the optical
resolution of PTH-oL-amino acids by EKC with
sodium N-dodecanoyl-L-valinate in phosphate buff
er of pH 7.0 were studied [55].

The development of a rapid, sensitive and precise
method for the separation of PTH-AAs is of great
importance for the determination of peptide se
quences by the Edman degradation method [56,57].

Dobashi et al. [58,59] used chiral micellar systems
consisting of surfactants functionalized with L
amino acid residues, sodium N-dodecanoyl-L-amino
acidates, for the separation of enantiomers of N
acylated amino acid esters by electrokinetic chroma
tography. The influence of the steric bulkiness of
amino acid side-chains in the chiral surfactants and
the effect of the derivatization of the amino acids to
be resolved on the extent of the enantiomer resolu
tion were studied.

N-Dodecanoyl-L-valine and -L-alanine were test
ed as chiral surfactants. The chiral micelles of the
former made possible the most effective enantio
resolution. The separation was influenced by form
ing riIixed micellar systems (comicellar systems)
consisting of a chiral surfactant and a non-chiral
surfactant, SDS. Resolution of the enantiomeric
mixtures was improved by adding methanol to the
mixed micellar solution. The main effect. of an
organic modifier may be to change the micellar size
(changing the aggregation number of the surfactant)
in addition to the electroosmotic flow.

It was found the o-enantiomer of the racemic
amino acid separated eluted faster than the corre
sponding L-enantiomer in all cases, indicating that
the chiral micelle binds to the L-enantiomer having
the same configuration as its chiral component to a
greater extent than to the o-enantiomer.

The 3,5-dinitrobenzoyl derivatives of racemic
amino acid tested were the most effectively resolved
in all the solutes examined (Ala, Val, Leu and Phe) in
comparison with 4-nitrobenzoyl and/or benzoyl
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derivatives. Esterification of N-acylated AAs was
the next crucial requirement for an enantiorner
resolution.

Terabe et al. [60] extended the application of
electrokinetic chromatography for the separation of
racemic DNS-AAs by using chiral micelles con
sisting of one type of common biological surfactant
among various chiral surfactants, namely bile acid
salts. Sodium salts of taurocholic, taurolithocholic,
deoxycholic, cholic, dehydrocholic and taurodeoxy
cholic acids added to phosphate buffer solutions
were tested. The most successful separation of
enantiomers was achieved especially with the last
mentioned bile acid salt under acidic conditions.

The chiral selectors above mentioned consist of a
relatively flat-shaped steroid portion, in which the A
ring is cis with respect to the B ring, and a side-chain
having a carboxyl group, which may be conjugated,
e.g., by taurine or glycine. All the hydroxyl groups
bound to the steroid portion are oriented in the
same direction nearly perpendicular to the steroidal
frame, and consequently the bile salts possess a
hydrophobic and a hydrophilic face. They are
generally considered to form small or primary
micelles which are composed of up to ten monomers
by the hydrophobic interaction between the non-

----3~.~HJA ?H eaNHeH,cH,Sa,

-03SH2CH2CHNOC~
OH

I

OH

Fig. 5. (A) Structural formulae of taurodeoxycholate and (B) a
possible spatial arrangement of configuration of DNS-L-Ala
interacting with a bimolecular aggregate of taurodeoxycholate.
Black parts indicate OH, COO-, SO; and NH 2 groups, cross
hatched parts'NH and sulphonamide groups and the other parts
(open and hatched) hydrophobic moieties. From ref. 60.

9

polar face ofthe monomers [61]. A possible structure
of a bimolecular aggregate of sodium taurodeoxy
cholate is shown in Fig. 5. In acidic media the
dimethylamino group on the DNS group of an
amino acid may be partly protonated and therefore
the positively charged amino group will interact
strongly with the negatively charged sulphonyl
group of the taurine moiety on the side-chain
through electrostatic attraction. The amino acid
residue, if it is hydrophobic, will also be combined
concurrently with the non-polar part of the bile salt
micelle by the hydrophobic interaction as shown in
Fig. 5.

As a continuation of the above-mentioned study,
the effects of bile salt species or structures and of the
pH and composition of the buffer solution on the
separation of optical isomers of diltiazem, trimeto
quinol [62], carboline derivatives A and B, I-naph
thylethylamine and 1,I'-bi(2-naphthol) [63] and re
lated compounds [64] were investigated.

Approaches to optimizing the bile salt-based
CZE separation of substituted binaphthyl enantio
mers [1,1'-bi(2-naphthol), 1,1'-binaphthalene-2,2'
diyl hydrogenphosphate, 1,1'-binaphthalene-2,2'
dicarboxylic acid and 9,9'-bi(10-phenanthrol)] were
published [65]. A possible mechanism for chiral
recognition based on the model of bile salt micelles
possessing a helical structure, with the hydrophilic
region facing the interior of the micelle, was outlined
[66]. The effect of methanol added to the buffer
micellar solution on the enantiomer resolution was
tested.

Fig. 6. Structure of cyciodextrins. For non-derivatized CDs,
Rl_R3 = hydrogen atoms. For explanation of n, see text.
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7. CHIRAL INCLUSION MECHANISM

The next type of chiral selectors are the cyclo
dextrins (CD). These are cyclic, non-reducing oligo
saccharides built up of D-( +)-glucopyranose units
(Fig. 6). The a-CD consist of six units (n = 1), fJ-CD
comprises seven units (n = 2) and {-CD has a ring
constituted of eight glucose units (n = 3). The CD
structure is unique in that it resembles a truncated
cone with both "ends" open. The top of the torus
corresponds to the more open side, which is rimmed
with secondary hydroxyl groups, and the smal1er
opening of the cone is rimmed with the more polar
primary hydroxyl groups. The interior of the CD
cavity is relatively hydrophobic. The surface is
relatively hydrophilic, and CDs are therefore soluble
in water. The solubility of CDs in both water and
organic solvents (mainly fJ-CD) is substantial1y
increased by derivatization, e.g., methylation of
CDs. For more physical chemical data and proper
ties useful in EMM, see refs. 18 and 67.

A remarkable property of CDs and their deriva
tives is the ability to include selectively in their cavity
or to interact stereospecifical1y with a wide variety of
organic and inorganic molecules or ions. The rela
tive stability of CD complexes is governed by such
factors as hydrogen bonding, hydrophobic interac
tions, solvation effects and especial1y the space
fil1ing ability of the interacting molecule.

The most interesting from the separation point of
view is the use of CDs as chiral discriminators (or
enantioselectors), which permit the chiral resolution
of a wide variety of optical isomers. The first
successful attempts to separate optical isomers by
means of the application of cyc10dextrin enantio- .
selectors in EMM were made in capil1ary isotacho
phoresis (ITP). Using fJ-CD and heptakis(2,6-di-O
methyl)-fJ-CD (DM-fJ-CD) as additives to the lead
ing electrolyte (LE) in ITP, the complete chiral
resolution ofpseudoephedrine alkaloid enantiomers
was achieved [68]. Comparative measurements with
fJ-CD and its dimethyl and trimethyl derivatives
demonstrated that the changes in size and hydro
phobicity of the cavity col1ar, caused by methyla
tion, substantial1y alter the efficiency of chiral
resolution ofpseudoephedrine, norpseudoephedrine
(N'PE), O-acetylpseudoephedrine and p-hydroxy
norpseudoephedrine (HN'PE) enantiomers. Opti
mization of the ITP conditions confirmed the signif-
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icant influence" of the CD concentration and pH
value on the separation efficiency. The optimum
concentration of CDs for practical use is about
10 mM. An example of the successful separation of
N'PE and HN'PE enantiomers is shown in Fig. 7.

The next example of a successful chiral separation
in CD-modified ITP is the complete resolution of
chiral phenothiazines: thioridazine, promethazine
and cyamepromazine [69]. The first compound was
separated with {-CD and the other two racemates
were resolved by means of fJ-CD added to the LE. In
this study it was shown that some additional param
eters, such as the type of counter ion used, playa
crucial role in the quality ofthe chiral resolution and
must be involved in the optimization procedure.

fJ-CD and DM-fJ-CD proved to be effective
enantioselective leading electrolyte additives suit
able for the resolution of the drug ketotifen and its
polar synthesis intermediate enantiomers [70]. There
was no reference in the literature to the existence of
ketotifen enantiomers and hence it may be presumed
that capil1ary ITP using CD selectors permitted the
discovery of their existence. Addition of fJ-CD to the
LE at concentrations higher than 0.5 mM makes it
possible to distinguish clearly the pairs of enantio
mers.

T

4

1
R

I I 1 MIN

~=-
Fig. 7. ITP separation of norpseudoephedrine (I and 2) and
p-hydroxynorpseudoephedrine (3 and 4) enantiomers. I and
3 = (- )-isomers; 2 and 4 = (+)-isomers; R = response of con
ductivity detector; Land T = LE and TE zones, respectively.
LE = 5 mM sodium acetate containing 0.2% hydroxyethy1cel
lulose adjusted with acetic acid to pH 5.48 + 10 mM DM-I3-CD;
TE = 10 mM I3-Ala. Capillary, 370 x 0.5 mm 1.0.; current,
150 /lA (9 min), 50 /lA for detection.
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The ITP enantioseparations presented above were
performed in an ITP device equipped with a one
column separation compartment. An instrument
with coupled columns offers the possibility of per
forming a one-run, two-step chiral separation in two
columns filled with LE modified by different types of
chiral selectors. This type of separation is called
two-dimensional chiral separation [71]. As chiral
selectors two types of cyclodextrins, DM-fJ-CD and
y-CD, were used. The model compounds were
racemates of pseudoephedrine and norpseudoephe
drine, which were resolved into optical isomers by
DM-fJ-CD selector and racemates of thioridazine
and hydrothiadene were resolved by y-CD. Practical
examples of the two-dimensional chiral separation
of a mixture of racemates are illustrated in Fig. 8.
This method proved to be useful for the investiga
tion ofcomplicated mixtures ofracemates. The main
advantages are a short separation time compared
with two runs in a one-column system filled gradual-

T

((+)

((-)

R

b.d 1 Min
a,C O.sMin

-TIME---

Fig. 8. Two-dimensionallTP separation of the optical isomers of
pseudoephedrine (I) and thioridazine (II), (a and b) without CD,
(c) with 5 mM y-CD and (d) with 10 mM DM-{i-CD in the LE
with the two-column system; (a and c) in the first capillary and (b
and d) in the second capillary. LE = 10 mM sodium acetate +
0.08% hydroxyethy1cellulose adjusted with acetic acid to
pH 5.47; TE = 10 mM {i-Ala. R = Response of conductivity
detector; Land T ,;, LE and TE zones, respectively. First column:
170 x 0.8 mm J.D.; current, 200 /lA (800 s), 100 /lA for detection.
Second column: 170 x 0.3 mm J.D.; current, 50 /lA. The strong
complexation with DM-{i-CD and the retardation of com
pound II led to their disappearance in the zone of the TE. From
ref. 71.

II

ly with an enantioselector, a lower consumption of
the samples and chiral selectors and the possibility of
using two interfering selectors in one two-step
separation.

On the basis of experimental experience, a simple
mathematical model of 1: 1cyclodextrin-solute com
plex formation was proposed which is applicable to
chiral ITP separations, performed using CD enan
tioselectors. A possible role of two limiting CD
solute interactions, introduced as effective and non
effective complex formation, on the quality of ITP
(chiral) resolution has been studied [72].

The effect of competitive counter ion inclusion
complex formation on the separation efficiency in
LE modified with CDs was published [73]. The
racemates of pseudoephedrine and p-hydroxynor
pseudoephedrine were used as model samples for
monitoring the effectiveness of the separation pro
cess with chan!!in~ counter ions. On the basis of the
analysis of complex-forming equilibria established
in the sample mixed zone, it was concluded that an
increased stability of the counter ion inclusion
complex results in a decreased efficiency of the
separation process. This model was verified experi
mentally on the set of aliphatic and aromatic acids
used as counter ions in LE.

The next area of EMMs in which the CDs were
used with success is capillary zone electrophoresis
(CZE) and its modifications. Guttman et al. [74]
incorporated cyclodextrins into polyacrylamide gel
capillary columns and obtained excellent chiral

5

6

1.I

It' ! I I , ! , t.' J I I I , , , I

o 10 min

Fig. 9. Separation of DNS-amino acids enantiomers by gel-filled
capillary electrophoresis. (I) L- and (2) D-Glu, (3) L- and (4) D-Ser,
(5) L- and (6) D-Leu. Capillary, 150 x 0.075 mm J.D.; E =
1000 Vjcm; gel, T = 5%, C = 3.3%, 0.1 M Tris + 0.2 M boric
acid (pH 8.3), 7 M urea. The buffer and gel contained 10% (vjv)
methanol and 75 mM {i-CD. From ref. 74.
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Fig. 10. CZE chiral separation of ketotifen (K), its synthesis
intermediate (i) and N-oxide (0). CapilIary: 50 pm I.D. x (a, b
and d) 60 cm (40 cm to the detector) or (c) 100 cm (80 cm to the
detector); (a---<:) uncoated and (d) coated by the method described
in ref. 94. Buffer: (a, c and d) 40 mM fJ-alanine + citric acid to
pH 3.33 + 15 mM y-CD and (b) the same + 0.1% MHEC.
E = 20 kV. D = Response of UV detector at 254 nm.

order to improve the selectivity of separation, fJ-CD
was used as an electrolyte additive.

Our lTP and CZE experiments with CDs and
their alkyl derivatives confirmed the great signif
icance of the size of the cyclodextrin ring, chemical
modification of hydroxyl groups of the cavity collar
and/or the pH and ionic strength of the buffer
system used for chiral separations. In some instances
both the enantioselectivity and efficiency of separa
tion can be influenced by changing the electro
osmosis by using anticonvective additives [80] or
coating the inner capillary walls. Fig. 10 shows a
comparison of separations of the chiral solutes
ketotifen (K), its synthesis intermediate (i) and the
N-oxide of ketotifen (0) under four different cir
cumstances, and also a means for the possible
improvement of enantioseparation. Whether the
addition of methylhydroxyethylcellulose (MHEC)
(b) improves the separation owing to suppression of
electroosmosis only or a combination of this effect
with some specific interaction between the cyclo
dextrin and MHEC remain unclear. The major
problems with this approach are the high viscosity of
the electrolyte, precipitation and frequent plugging
of the separation capillaries. The use of a longer
capillary (c) without MHEC addition again im
proves the resolution, but only at the expense of a
longer analysis time and increased peak asymmetry

o

o

K

K

o

d

K

b

a

K
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separations of racemates of DNS-AAs (Leu, Ser,
Val, Glu, Asp, Met, Nodeu, Norval, y-amino-n
butyric acid, Phe and Trp were tested). Various
parameters, such as concentration of CDs, addition
of methanol to the buffer and temperature were
examined in terms of their influence on retention
and selectivity. The best results were achieved using
fJ-CD. An example of the high-efficiency separation
of some DNS-DL-AAs under optimum conditions is
given in Fig. 9.

A retention model of the above-mentioned chiral
separation has been developed which emphasizes
that the mobility of the free species and the complex
must differ significantly from one another in order
to utilize the complexation equilibria for enantio
selectivity optimization.

Capillary zone electrophoresis with CD-modified
background electrolyte was used for the separation
of ephedrine, norephedrine, epinephrine, norepi
nephrine and isoproterenol enantiomers by Fanali
[75]. Swartz [76] tested the effects of different pH
values of buffer systems and the type of cyclodextrin
used in the resolution ofephedrine enantiomers. The
separation of enantiomers of structurally related
compounds, including norephedrine, pseudoephe
drine and phenylpropanolamine, performed under
similar conditions was mentioned. Unlike the capil
lary isotachophoretic method [68] mentioned above,
separations of ephedrine alkaloid-like structural
type enantiomers by using a low pH (2.4) electrolyte
with addition of DM-fJ-CD were achieved.

The CZE enantioseparation of tryptophan race
mate was achieved with ex-CD as a chiral selector in
the background electrolyte of low pH. The effect of
counter ions at pH 2.5 was investigated [77]. A
CD-modified buffer solution was successfully used
for the CZE resolution of terbutaline enantiomers
[781·

As a continuation ofexperiments in paper electro
phoresis [39--46] (mentioned in Section 5), Fanali et
al. [79] published a CZE method for the separation
of enantiomers and/or diastereomers of Co3 + com
plexes. The ligands were ethylenediamine, o-phen
anthroline, glycine, methionine, proline and phenyl
alanine. Based on experience with paper electro
phoresis, L-( +)-tartrate was selected as the com
plexing counter ion of the electrolyte. The effective
electrophoretic mobilities of all complexes studied
were too close to each other, however. Hence, in
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due to a prolonged interaction of the solutes with the
untreated surface and increased diffusion of their
zones. The results obtained with a surface-coated
capillary (d) are clearly superior [81]. Further
changes in the resolution of enantiomer separations
result from adding organic solvents to the buffer
system containing cyclodextrin enantioselectors. An
example is at least the partial enantioresolution of
propranolol enantiomers. An improvement in reso
lution was achieved with increasing concentrations
of methanol (up to 30%) in electrolyte containing
j3-CD enantioselector and urea [78].

Electrokinetic chromatography based on inclu
sion complex formation with CD derivatives also
seems to be a useful tool for the chiral separation of
DNS-AA enantiomers (DL-Phe, -Norval, -Met, -Ser,
-Thr, -Glu) [82]. Two f3-CD derivatives were used as
the enantioselecting carriers: 2-0-carboxymethyl-f3
CD and mono-(6-f3-aminoethylJimino-6-deoxy)-f3
CD in acidic phosphate buffer (pH 3.0) containing
0.1 % of hydroxypropylcellulose.

Chiral separations performed under cyclodextrin
modified micellar electrokinetic chromatographic
conditions were published by Terabe and co
workers [83-85]. By means of this method the
separation of dansylated amino acid enantiomers
was achieved. If underivatized cyclodextrins are
added to the micellar solution, they do not interact
with the micelle because of their eJectroneutrality
and the hydrophilicity of the surface. Hence, Cps
migrate with the same velocity as the bulk solution
(= electroosmotic flow). Consequently, when a
solute tends to interact with CD through the forma
tion of an inclusion complex, the migration time for
that solute becomes less than that obtained in
MEKC without CD. The enantiomers ofDNS-Thr,
-Norval, -Norleu, -Phe, -Val, -Leu, -Met, -Glu and
y-aminobutyric acid were separated by y-CD in SDS
solution in the buffer [83]. The D-enantiomers were
included more strongly by CD than the L-enantio
mers, and migrated faster than the corresponding
L-enantiomers. The use of f3-CD instead of y-CD
resulted in a partial resolution of some of the
enantiomers. However, the addition of either f3- or
y-CD alone to the buffer solution (i.e., without SDS)
did not result in chiral separation.

The chiral separation of naphthalene-2,3-dicar
boxaldehyde (NDA)-Iabelled amino acid enantio
mers by cyclodextrin-modified micellar electroki-
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netic chromatography with very sensitive (detection
limits in the attomole range) laser-induced fluores
cence detection was reported [86]. Amino acids (Thr,
Ser, Tyr, Leu, lie, Phe, Val and Arg) form l-cyano
2-substituted (by appropriate amino acid) benz[f]
isoindoles (CBI) by reaction with NDA in the
presence of CN- ions. Generally, y-CD MEKC is
more effective than f3-CD MEKC in terms of the
enantiomeric selectivity for CBI-DL-amino acids in
borate buffer of pH 9.0.

a-, f3-, Dimethyl-j3-, trimethyl-j3- and y-cyclodex
trins were used for studying the chiral recognition of
2,2'-dihydroxy-I, I'-binaphthyl, 2,2,2-trifluoro-I-(9
anthryl)ethanol, pentobarbital and thiopental enan
tiomers [84] and I,I'-binaphthyl-2,2'-diyl hydrogen
phosphate [85]. Chiral recognition was achieved by
using four cyclodextrins (a-CD was not included).
The cyclodextrin-modified micellar solutions were
prepared by dissolving the appropriate CD and SDS
in a phosphate-borate buffer with the addition of
urea. A schematic illustration of the probable solute
interaction in the SDS buffer solution containing the
cyclodextrin is shown in Fig. 11.

The addition of methanol to the buffer system
mentioned above was effective for the separation of
enantiomers of lipophilic compounds in reducing
peak tailing. However, chiral recognition of the
enantiomers was reduced, probably owing to the
inclusion of methanol. To enhance chiral recogni
tion, the effect of the addition of sodium D-cam
phor-IO-sulphonate and menthoxyacetic acid to the
SDS solution containing the CD was investigated.
The improvements in enantioselectivity may be
ascribed to the simultaneous or competitive inclu
sion of these chiral additives and/or co-inclusion of
solute in the y-CD cavity.

The EKC with buffer electrolyte consisting of a
mixed carrier system of SDS, tetrabutylammonium
hydrogensulphate and f3-CD was used for enhancing
the selectivity of the separation of antihistamine
drugs [87]. In this study the pair of chlorophenir
amine enantiomers included in the mixture of nine
antihistamines were separated. A major advantage
of such a separation system is its high selectivity
achieved in a short analysis time.

The feasibility of chiral separation under isoelec
tric focusing (IF) conditions was published by
Righetti et al. [88]. The separation of enantiomeric
forms of DNS-AAs by IF in an immobilized pH
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Fig. II. Schematic illustration of the probable solute interaction in the SDS buffer solution containing the cyclodextrin. From ref. 85.

gradient (IF-IPG) was carried out in the pH 3.0-4.0
IPG interval in the presence of urea, methanol and
[3-CD as the chiral inclusion discriminator. As the
complexes of DNS-AAs with CD are stable in the
electric field for at least 15 h, this separation mecha
nism could probably be exploited for purifying large
amounts of pure D- and L-form racemates in multi
component electrolysers with isoelectric Immobiline
membranes, as described by Righetti et al. [89].

8. PROTEIN-BASED ENANTIOSELECTION MECHA

NISM

Electrophoretic enantioselective separations can
be obtained when enantiomers form complexes or
stereospecific agglomerates with different stabilities
with the chiral selector represented by a suitable
protein. The exact mechanism of the chiral binding
is usually unknown. However, some empirical con
clusions on structural requirements for chiral bind
ing have been presented for some similar separations
in liquid chromatography [90,91].

Cellulase, or cellobiohydrolase I, produced by the
fungus Trichoderma reesei, dissolved in phosphate
buffer with addition of isopropanol was successfully
used for the CZE chiral separation of pindolol,
propranolol, metoprolol and labetolol enantiomers
[92J.

Bovine serum alhumin incorporated in gel was

used for the capillary gel electrophoresis of optical
isomers of tryptophan [93]. The problem in this
instance, however, results from the reproducibility
of the preparation of gel-filled capillaries.

9. CONCLUSIONS

The use of enantioselectors (chiral discriminators
or pseudo-phases) is the only means of direct
separation of optical isomers in electromigration
methods in general. Their utilization allows the
introduction of other important factors which may
contribute to the improvement of both analytical
and preparative separations of mirror-image iso
meric molecules. As was shown, there is no sharp
boundary between the application or utilization of
individual enantioselectors. In some instances sepa
rations were achieved by a combination of two or
more enantioselection mechanisms.

What progress may be expected in the future? '
Although it is impossible to predict all of the
possible avenues that this research might take,
future developments in several areas are likely. New
possibilities exist for the use of newly synthesized
chiral selectors, e.g., chiral crown ethers and chiral
micellar systems, in EMM. Another possible ap
proach is to use multi-dimensional separation proce
dures, which can greatly increase the selectivity and
decrease the time necessarv for separation. The
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demand for detectors that provide information on
the chirality of the solute being separated will
increase. However, these detection techniques may
have limited sensitivity. Hence it rnay be necessary to
use the laser-based detection method. Although
analytical separations are becoming more common,
the demand for analogous preparative-scale separa
tions is growing.

Finally, the expansion of these techniques to as
yet unexpected areas is certain. The forces that
govern chiral analyte--enantioselector interactions
are the same as those governing all molecular chiral
recognition systems, including drug-receptor and
enzyme-substrate interactions. Hence this type of
electrophoretic separation system could be advanta
geous for modelling and studying such biological
interactions.

10. ADDENDUM

Three new approaches to chiral separations by
EMM appeared after the submission of this paper.
The increasing interest in chiral separations by
capillary electromigration methods was clearly seen
at the 4th International Symposium on High-Perform
ance Capillary Electrophoresis, Amsterdam, Febru
ary 9-13th, 1992.

The use of chiral crown ethers, predicted some
years ago [18] and repeatedly in conclusions in this
review, was realized by using an 18-crown-6-tetra
carboxylic acid enantiorner in an excellent contribu
tion by Kuhn et al. [95]. D,L-Dopa, -phenylalanine,
-tryptophan, -tyrosine and qinagolide enantiomers
were separated by using the chiral selector men
tioned above under CZE conditions. The synergistic
effect of a-CD and the chiral crown ether was also_
demonstrated with the example of the separation of
tryptophan enantiomers.

The antibiotic vancomycin was used as a chiral
selector added to the CZE buffer for the separation
of dipeptide isomers [96].

Enantiomer separation by means of a cyclodex
trin selector chemically bonded to the inner capillary
surface has been reported [97]. The model racemic
compounds separated were 1,1'-binaphthyl-2,2'
diylhydrogenphosphate, l-phenylethanol and ibu
profen.

Detailed descriptions of the methods for chiral
separation presented at the above-mentioned sym-
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posium in Amsterdam will be published in Vol. 000
of the Journal of Chromatography.
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ABSTRACT

The ideal model predicts the formation of a concentration shock on one side of an elution band, depending on the curvature of the
isotherm. However, when a real column is used, a true concentration shock cannot form and a very steep boundary occurs instead,
which is called a shock layer. It propagates at the same velocity as the ideal shock. The thickness of the shock layer has been defined and
calculated by Rhee and co-workers in the case when the injection profile is a rectangular band wide enough for the elution profile to
contain a constant state, i.e., a plateau at the injection composition. This result is used to investigate the properties of binary frontal
analysis in chromatography. Experimental results are in good agreement with the theory.

INTRODUCTION

When large-size samples are injected into a chro
matographic column and the equilibrium isotherms
of the sample components are not linear, the elution
band profile is highly unsymmetrical. The theory of
ideal, non-linear chromatography (assuming an
infinite column efficiency) predicts a very different
behavior for the two sides of the band. One side is
diffuse. A self-sharpening effect, leading eventually
to the formation of a concentration discontinuity or
shock, takes place on the other side of the elution
band [1-8]. This result is explained by considering
the profile of a band moving along an ideal column
as a concentration wave [4-7,9].

The ideal model predicts that under isothermal,
isocratic conditions, each concentration moves at a
constant velocity [1-4,7-10]. The velocity associated
with a concentration depends on the slope of the

Correspondence to: Dr. G. Guiochon, Department of Chemistry,
University of Tennessee, Knoxville, TN 37996-1501, USA.

equilibrium isotherm for this concentration, and
increases with decreasing slope of the isotherm.
Hence, for a convex upward isotherm, the concen
tration velocity increases with increasing concentra
tion. However, high concentrations cannot pass low
ones. When this phenomenon tends to occur, the
band acquires a front concentration discontinuity
instead [4,7,8,11]. Conversely, if the isotherm is
convex downward, a discontinuity appears on the
band rear. In the wave theory, these discontinuities
are called shocks or shock waves [1,4-8].

Actually, chromatography can never be carried
under the ideal model conditions. Although the
efficiency of modern columns is high, it is never
infinite as postulated by the ideal model, but remains
finite. The separation process is not described by the
ideal model but by the non-ideal, equilibrium-dis
persive model [1-4,8,12-15]. This model predicts an
erosion or smoothing of the discontinuity, resulting
in a steady-state layer in which the concentration
varies very steeply. This thin layer is called a shock
layer [1,5-8,12-15]. It is centered on the shock

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.Y. All rights reserved
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predicted by the ideal model and travels at the same
velocity [12-14].

The formation of shock layers results from the
competitive influence of two phenomena, one of
thermodynamic and the other of kinetic origin. The
phenomenon has been studied in detail by Rhee and
co-workers [12-15] from a theoretical viewpoint. On
the one hand, as just explained, different concentra
tions propagate at different velocities because of the
non-linear behavior of the isotherm. Because there
can be only one concentration value at a given time
in a given point of the column, concentrations tend
to pile up either at the front (convex upward
isotherm) or the rear (convex downward isotherm)
of the band. The corresponding part of the profile
becomes steeper and steeper and a discontinuity
would form, but for the finite column efficiency. On
the other hand, the concentration gradient at a
discontinuity would be infinite, which creates
(Fick's law) an infinite flux of axial diffusion; the
rate of mass transfers in the column is finite and this
does not permit the propagation of a concentration
discontinuity, i.e., of an instantaneous change in
concentration.

Thus, at the band boundary resulting from the
competition between the sharpening thermodynam
ic process and the dispersing kinetic process, a
dynamic equilibrium or steady state is reached and a
shock layer is formed. Because the phenomenon is
related to the mass transfer kinetics, we can expect a
relationship between the shock layer thickness and
the column efficiency. The shape of the other band
boundary is determined by the combination of the
non-sharpening (or spreading) thermodynamic pro
cess and the dispersing kinetic process, both of
which disperse the boundary. In the case of a single
component, the above phenomena result simply in
one boundary being self-sharpening and very steep,
while the other is non-sharpening and tails. With
two components, the general trend can still be
observed, but with more complications [2-4,7-9,15,
16].

Shock layers play an important role in the practice
of non-linear chromatography and especially in
frontal analysis, in displacement chromatography
and in overloaded elution. One of the many applica
tions ofa shock layer theory would be the prediction
of the minimum column efficiency necessary for a
correct measurement of competitive isotherms by
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frontal analysis. The observation of an intermediate
plateau in the breakthrough curve of the binary
mixture is necessary for the calculation of the
amount of each solute adsorbed on the stationary
phase, using an integral mass balance [17]. The
formation of this intermediate plateau is not in
stantaneous with a column of finite efficiency [9,16
18]. If the time needed for the formation of the
intermediate plateau is longer than the retention
time of the lesser retained component, this plateau
does not appear and the results of the isotherm
measurement are erroneous. An interpolation meth
od can be used [17,18], but some minimum efficiency
is needed to ensure the necessary accuracy.

Other applications of a shock layer theory are in
displacement and overloaded elution preparative
chromatography. The yield of the separation run of
a mixture in fractions of certain components having
a given degree ofpurity is determined by the width of
the intermediate zone between the two purified
fractions, hence by the shock layer thickness for each
component. Being able to predict the shock layer
thickness would permit a rapid estimate of these
yields.

In this paper, we discuss the mathematical con
cepts of shock and shock layer, show how these
concepts can be used for practical applications and
give a numerical study of the formation and stabili
zation of a shock layer. Finally, we discuss the
dependence of the shock layer thickness and of the
time needed for its formation on the height of the
concentration jump and the column efficiency.

THEORY

A general model for the behavior of a multi
component mixture in a chromatographic column is
obtained by combining the mass balance equation
for each component of the system and the kinetic
equations relating the rate of variation of the
concentration of each component in the stationary
phase to the concentrations of all the components in
both phases. The mass balance is written as

aCi aqi aCi a2Ciat + F' at + Uo' ax = Da,i' ax2 (I)

where Ci and qi are the concentrations of component
i in the mobile and the stationary phase, respectively,
F = (l - B)/B is the phase ratio, Uo is the linear
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(2)

(3)

velocity ofthe mobile phase and Da,i is the apparent
dispersion coefficient. We shall assume here that the
column efficiency exceeds 100 theoretical plates, so
that the solution of the problem is identical with the
solution of the equilibrium-dispersive model [4,8]. In
this latter model, the concentration in the stationary
phase is given by the equilibrium isotherm [qi =

qi(Cb C2, ... , Ck) for a k-component mixture] and the
influence of the finite column efficiency, due to the
axial dispersion and the finite rate of the kinetics of
mass transfers, is accounted for by using a proper
apparent dispersion coefficient in the right-hand
side of eqn. 1. We see later in the discussion the
extent of the validity of the equilibrium-dispersive
model and its limitations.

The integration of the system of partial differen
tial equations such as eqns. 1 written for each
component of the mixture requires initial and
boundary conditions. Typical conditions are

Ci(t,X = 0) = ¢i(t)

Ci(t = O,x) = 0

i = 1,2

where ¢;(-) is the boundary condition of the problem
or concentration profile of each component at the
column inlet. In elution, it is a pulse called the
injection profile and often represented by an impulse
(Dirac problem). In frontal analysis, it is a concen
trationjump (Riemann problem). When a rectangu
lar band of concentrations C? and width t p is
injected, and t p is large enough that the elution
profile contains a constant state, i.e., a plateau at C?,
the solution is practically equivalent to that of two
successive Riemann problems corresponding to con
centration jumps of the same magnitude and oppo
site signs.

In the particular case of this study, qi is related to
the mobile phase concentration of the two solutes, Cl

and C2, through the competitive Langmuir isotherm:

where Ci = biCi and Qi = q;jqs,i' For the sake of
clarity in the forthcoming equations, we denote by
C; and Qi the dimensionless concentrations of the ith
component in the mobile and the stationary phases,
respectively. Eqns. 4 are thermodynamically con
sistent only if qsl = qs2 (case ofcertain enantiomeric
separations [19]). Otherwise, the Levan-Vermeulen
competitive isotherm [20] must be used and only
numerical solutions are possible.

The concentration profile through the shock layer
can be calculated analytically in the case of a
breakthrough curve and a Langmuir (single com
ponent [12-14]) or a competitive Langmuir (binary
mixture [15]) isotherm. The demonstration is briefly
summarized in the next section for convenience.

Shock layer profile in the case ofa single component
The study of the experimental conditions under

which a breakthrough curve adopts a constant
pattern behavior (i.e., propagates unchanged) and
of how long a time or distance of travel is required
for it to approach this steady state goes back to the
1940s and the work of Thomas [21]. This work, and
the results of other early studies, were summarized
by Vermeulen [22]. Cooney and Lightfoot [23]
established the constant pattern conditions and
Thomas and Lombardi [24] gave experimental
proofs of the validity of this work. Finally, Rhee and
co-workers [12-15] derived an equation relating the
shock layer thickness to the experimental param
eters, provided that the kinetics of mass transfer are
rapid and can be accounted for by a constant
dispersion coefficient, D a , which lumps axial disper
sion and finite mass transfer kinetics. Although this
is an approximation, it is consistent with the agree
ment previously reported between experimental
band profiles and the prediction of the equilibrium
dispersive model in most cases of practical interest in
preparative chromatography [19].

Let 11 = x/Us - t, where Us is the velocity of the
shock [4]:

(5)
Uo

Us = 1 + k'oAQ/AC

(4a)qi = 2

I + L bjcj
j= 1

or

i = 1,2 (4b)

where AQ and AC are the amplitudes of the concen
tration shock in the stationary and mobile phases,
respectively, and k'o = Fa is the column capacity
factor (or retention factor). In practice, we shall
consider either profiles along the column (t =
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is the amount adsorbed by the stationary phase at
equilibrium between the two phases. The isotherm is
given by eqn. 4b, for a single component. As a first
approximation, we could assume that

(COC: 1 'lnl~:=~:I-L'Inl~:I) (7)

where Llry is the time between the moments when the
component concentrations are C1 and Cr at the
column outlet, respectively, Co is the dimensionless
mobile phase concentration at the injection, Da is the
apparent axial dispersion coefficient accounting for
the deviations from the ideal equilibrium theory and

where H is the column height equivalent to a
theoretical plate. It would probably be more exact to
use another equation, derived previously in an
investigation of the kinetic models of chromatogra
phy (ref. 25, eqn. 19), and which gives a different
weight to the axial dispersion and the mass transfer
resistance terms than the conventional HETP equa
tion of linear chromatography. However, this ques
tion deserves a more thorough investigation, cur
rently undergone in connection with an experimen
tal study.
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Obviously, eqn. 7 gives the concentration profile
across the shock layer. This profile is symmetrical,
which is due to the assumption of a constant
dispersion coefficient. Experiments show the validi
ty of this conclusion in most practical cases, as long
as the column efficiency is not very low. In theory,
eqn. 7 only applies to the wave in an infinitely long
column. We can record the profile as it moves past

z

I~
8

(8a)

(8b)

K= ko/(l + Co)

Da = Huo/2

constant) or profiles at the column exit (x = L). We
assume that the shock velocity is constant, i.e., that
we have reached a dynamic steady state. Then, the
profile of the shock layer does not depend on time
any longer, it depends only on ry. For a single
component, when the kinetics of mass transfer are
infinitely fast, but apparent dispersion remains
finite, eqn. 1 becomes

~. d
2
C _ ~. dC + ~(l + ko.dQ)dC = 0 (6)

Uo U; dry2 Us dry Uo dC dry

It is known that in the case of a convex-upward
isotherm, a front shock layer appears on the break
through curve and stabilizes [4,7]. When ry tends
towards - 00 or + 00, C tends towards Co or 0,
respectively, and in both cases the differential dC/dl]
tends towards O. Eqn. 6 can be integrated and we
obtain [15]

Ll = D . (1 + K)2
I] a 2K

Uo
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(9)

certain positions along this column and follow the
trend towards an asymptotic profile.

The thickness of the shock layer as given by eqn. 7
depends on the choice of the concentrations C1 and
Cr' It is convenient to define and use the following
parameter:

8 = Ct - C1 = Cr - C;
Ct - C; ct - C;

In the case of a wide rectangular injection band or
a step input, we have a simple wave solution for the
breakthrough front [4,5,8,15,16]. When the mass
transfer kinetics are infinitely fast and the equilib
rium isotherm is convex upwards, concentration
shocks take place in the front boundary of the
profiles [4,15]. The following relationship results
from the simple wave solution of the system of eqns.
1 for two components, i = 1,2:

where ~ satisfies the following equation [4-6,8,16]:

~~fzl + ~(fzz - f11) - flz = 0 (12a)

where

(11)

(13)

(12b)

Cl = ~cz + A

dCl Oqi.. .
~ = -d,/u =;;- WIth I,} = 1,2

Cz uCj

al - az
C1 = ~cz + -:------::~

aZbl + albzg

Using eqn. 8, we can rewrite the isotherm of the
second component (eqn. 4, i = 2) as follows:

Eqn. 12a is a general relationship which holds for
any kind of isotherm function (Appendix I); ~ is
known whenever the isotherm function is available.

In the case of the Langmuir isotherm (eqns. 4),
however, ~ and A in eqn. 11 are constant for a given
experiment, i.e., they depend only on the concentra
tions C?, C~ of the wide rectangular injection pulse.
Then, eqn. 11 becomes

Fig. 1 shows a schematic diagram of the shock layer
profile and of the symbols just defined. In the case of
the injection of a concentration plateau, Co, into an
empty column, ct = Co and C; = 0, so C1 = (I 
8)Co. As expected for an actual column, it takes an
infinite time to achieve the total concentration
variation, from Ct to C;, i.e., for 8 = 0, the thickness
of the shock layer is infinite. On the other hand, for
C1 = C, = Cm, f) = 1/2 and the thickness is O. For
small but finite values of8, the thickness of the shock
layer is finite and is given by

,111(8) = H(1 + K)z. 2 + Co . lnl1 - 81 ::::0

2uoK Co f)

H(1 + K)z . 2 + COlln81 (10)
2uoK Co

Finally, we note that to derive the thickness of the
shock layer along the column or in time units, we
need to project the thickness ,111, calculated along the
11 axis, on the corresponding, length or time, co
ordinate axis.

Thus, in the case of a simple wave solution (frontal
analysis or wide rectangular injection), the com
petitive isotherm of the two solutes, when these
isotherms are accounted for by the competitive
Langmuir model, can be decoupled in the interactive

Shock layer profile in the case of two components
In the case of two components, the apparent

dispersion (molecular and eddy diffusion) and the
resistance to mass transfer between the two phases
both contribute to the thickness of the shock layer
[15]. Rhee and Amundson [15] have shown that if the
column efficiency is finite because either the kinetics
of mass transfer are infinitely fast and the axial
dispersion is finite, or the axial dispersion is negligi
ble but the rate of the mass transfer kinetics is finite,
the profile of the shock layer can be integrated in
closed form. However, when both the axial dispers
ion and the mass transfer kinetic contributions to
the column efficiency are significant, which is most
often the case in chromatography, there is no
closed-form solution. A numerical solution only can
be derived.

qz = A zcz/(1 + Bzcz)

with

A z = az/(1 + blA)

and

B z = (bl~ + bz)/(1 + blA)

with

I-a

(14)

(14a)

(14b)

(l4c)
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where

region [4-6,8,16]. Because separation takes place
between the two components, as shown in Fig. 2, the
profile of the shock layer at the front of the less
retained component band is given by the same mass
balance equation as in the single-component case
with the single-component isotherm (eqn. 4), while
the shock layer at the front of the more retained
component band is given by the same form of the
mass balance equation, but using the decoupled
isotherm function (eqn. 14a):

D. dZCz 1 dCz--.----.-+
Uo U;,z dryZ Us,z dry

~(l + Ko' dQz)dCz = ° (15)
Uo dCz dry

(l8a)

(l7a)

(l7b)

(l8b)

Formation of the intermediate plateau in the frontal
analysis of binary mixtures

When a step ofa binary mixture is introduced into
a column, the front of the first-component band
moves faster than the front of a band of the same
first component, pure, at the same concentration.
This is the displacement effect. As a consequence,
the concentration of the first component in the first
part of the breakthrough front, where it is pure,
exceeds the boundary concentration, C1 ,o (Fig. 2).
Ideally, with an infinitely efficient column, the
concentration plateau is reached immediately at
injection. With a real column, the formation of this
intermediate plateau is not instantaneous. It takes a
certain time before a steady state is achieved for the
front of the breakthrough curve. We can calculate
this time if we know the dependence of the thickness
of the shock layer on the experimental parameters,
and especially on the column efficiency and the
height of the concentration plateau injected into the
column. Beyond that time, the shock layer profile
remains identical and the plateau expands because
the front shock layer propagates faster than the
intermediate one. Hence, there is a minimum col
umn efficiency below which the accurate determina
tion of competitive isotherm by frontal analysis is
not possible. The shock layer theory permits its
determination.

At the front boundary of the breakthrough pro
file, the fluxes of both solutes caused by convection
are

where the two shock velocities, U1 and Uz are

J 1 = C1,OU1

Jz = cz,oUz

uo
Uz = --:-----==-----:-:--

1 + FAqz/Acz

where ACi and Aqi are the concentration jumps in the
mobile phase and the stationary phase, respectively.
The difference between the flux given by eqns. 17a
and 17b gives the amount, n1, of the less retained
compound which is separated from the mixture and
elutes pure, between the two shocks, after a certain

(16)
Uo

Us,z = 1 + KoAQz/ACz

and Ko = FA z. Note that, in order to apply this
concerted disturbance approach, we have to assume
that the two dispersion coefficients, D.,l and D.,z,
are identical.

The shock layer thickness of the first component
band is given by the same equation as used in the
case of a single component (i.e., eqn. 10), with a
single-component isotherm function, provided,
however, that the concentration of the intermediate
plateau, C1 ,m, be used instead of C1,o. The shock
layer thickness at the boundary between the two
components is obtained also with eqn. 10, but using
the isotherm parameters given above in eqns. 14 [15].
For concentration profiles along the column (t =

constant), the less retained component profile drops
from the intermediate concentration to zero with
increasing abscissa, whereas for the more retained
component it drops from Cz,o to zero. Eqn. 6 can be
used in the two-component case to calculate the
thickness of the shock layers. The parameters of the
single-component isotherm are used fqr the less
retained component and the decoupled isotherm
parameters for the more retained component.

The concentration profile of the rear shock layer
of the first component band given in reduced units
(i.e., 8) is the same as the concentration profile of the
front shock layer of the second component band,
except that the change in concentration is negative
for the first component and positive for the second.



(21)

(20)

(23)
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time Lit, has elapsed. It is
LIt

nl = I(JI - Jz)dt = (CI,OUI - cz,oUz)Llt (19)

o

With a real column, the intermediate plateau does
not appear instantaneously. As shown in Fig. 2, the
amplitude of the first-component shock layer grows
progressively, so a peak appears in front of the
injection plateau. When the height of this peak
becomes equal to the concentration ofthe intermedi
ate plateau, the amount of the less retained com
pound which is between the two shock layers is

1
nl = 2Llcint(LI'11 + LI'1z)

Combining eqns. 17 and 18 gives the following
relationship:

Lit =!. Llcint(LI'11 + LI'1z)
2 CI,OUI - cz,oUz

where LlCint is the difference between the first-com
ponent concentrations on the intermediate, enriched
plateau and just before the injection; CI,O and cz,o are
the concentrations of the two components after the
injection. LI'11 and LI'1z are the thicknesses of the two
shock layers in length units. Eqn. 21 is a useful
approximation. A more exact relationship can be
obtained (Appendix II).

Numerical calculations
For numerical calculations, a finite difference

scheme was used [26,27]. The continuous plane z,t,
in which the concentrations Ci are defined, is re
placed by a grid }Llz, '1L1 t, where Liz and LI t are the
space and time increments chosen for the integration
and} and n are integers. The partial differential eqns.
1 are replaced by the finite difference equations

C"+l C" q"+l q" ""
i,j - i,j + F. i,j - i,j + u . Ci,j - Ci,j-l = 0

Lit Lit 0 Llx

(22)

This equation defines a computation scheme which
is implicit with respect to the unknown concentra
tion [28]. By setting the time increment, Lit, to a small
enough value, the numerical dispersion introduced
in the calculations can be made relatively indepen
dent of the concentration because the simulated

25

HETP is related to the time and space increment, in
the case of single component, by the following
equation [26]:

H = Llx _ uoLit
1 + Fdqjdc

Then, the space increment can be set equal to H. The
program is written in Fortran and run on the
VAX8800 cluster of the UTCC.

The thickness of the shock layers of the profiles
obtained by numerical calculations can be obtained
either directly from the breakthrough curve, using
eqn. 9 and interpolating linearly between the calcu
lated points of the numerical solution, or by differ
entiating the front of the concentration profiles of
the two solutes (Fig. 3), computing the second-order
moment of these differential profiles which are
nearly Gaussian and taking a value equal to four
times the standard deviation corresponding to this
variance.

For the numerical calculations discussed in this
work, we have chosen a column length of 25 cm and
a phase ratio F = 0.35. The hold-up time, to, is 3.00
min and the width of the rectangular injection plug is
4.50 min. In many instances the elution profile of the
band tail, which is not relevant to this work, is not
reported. Unless the influence of the column effi
ciency is studied, H = 0.0125 cm. Unless the
influence of the height of the pulse is studied, Co =

10 mgjmL for both solutes. The isotherm param
eters are al = 1.97, az = 3.70, bl = 0.0396 and
bz = 0.0411. The" relative retention of the two
components under analytical conditions is 1.87. The
ratio of the integration increments, btj(jx, was set
equal to 0.2, unless the influence of that ratio was
being studied (the Courant number is uz(jtj(jx).

RESULTS AND DISCUSSION

We present successively the results of the numeri
cal calculations explained in the previous section
and a series of experimental results collected in
frontal analysis, using equipment, products and
procedures described previously [16,29] or separate
ly [18]. The separation studied is that of 2-phenyl
ethanol and 3-phenylpropanol on a 25 x 0.45 cm
J.D. column packed with 10-lIm particles ofVydac
(Separations Group, Hesperia, CA, USA) CIS
chemically bonded silica, with water-methanol
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Fig. 2. Elution profiles at different column lengths. From left to
right, I = 0.1 cm, 2 = I cm, 3 = 2 cm, 4 = 4 cm, 5 = 8 cm, 6 =

16 cm, 7 = 25 cm. The parameters used in the calculation are the
same as in Table I. Solid line, more retained compound; dashed
line, less retained compound. Column: L = 25 cm; H = 0.0125
cm; F = 0.35; hold-up time, fo = 3.00 min. Isotherm parameters:
al = 1.97; a2 = 3.70;b1 = 0.0792; b2 = 0.0822. Sample
concentration: Co = 7.5 mg/ml for both solutes. Time in min;
concentrations in mg/m!.
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Fig. 3. Differentials of the fronts oflast three sets of bands in Fig.
2. Solid line, more retained compound; dashed line, less retained
compound. The origin of the time coordinate is at the front of the
more retained compound, so differentials of the bands of the
more retained compound are superimposed whereas those of the
less retained compound are shifted. Units as in Fig. 2.

(50:50) as the mobile phase (l ml/min). The column
efficiency was 2500 theoretical plates for a very small
injection of 3-phenylpropanol. Nearly rectangular
plugs 4.5 min wide were injected.

Results of calculations
Fig. 2 shows the profiles of the breakthrough

curves for the components of a binary mixture, at
the exit ofcolumns ofincreasing lengths. One can see

the rapid stabilization of the two shock layers, a
peak rising at the top of the first-component break
through curve and the gradual formation of the
enriched plateau of the lesser retained component
accompanying the separation of the fronts of the
two solutes. Differentials of the shock layer profiles
are shown in Fig. 3 for the last three breakthrough
curves in Fig. 2. These three 0 differentials nearly
coincide in the case of the second component. Since

TABLE I

RETENTION TIME AND THICKNESS OF SHOCK LAYERS

fRo 1 and f R. 2 are the retention times of the lesser and the more retained components, respectively. The velocities of the ideal concentration
shocks are (;'.1 = 5.7350 and Us•2 = 4.8544 cm/s. L is the column length. The parameters used for the calculations are the same as those
used for Fig. 4.

L (cm) fR.1 (min) fR•2 (min) LJ'11 (min) ,1'12 (min) Us1 (cm/s) Us2 (cm/s)

2 0.3439 0.4064 0.0515 0:0886 5.816 4.921
4 0.6917 0.8185 0.0601 0.1104 5.783 4.887
8 1.3890 1.6428 0.0628 0.1267 5.760 4.870

12 2.7839 3.2921 0.0632 0.1345 5.747 4.860
25 4.3547 5.1490 0.0651 0.1364 5.741 4.855
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Fig. 5. Comparison of the shock layer thicknesses predicted by
eqn. 10 (lines) and derived by numerical calculations (symbols)
with different column loading concentrations. The thickness is in
minutes. Solid line, more retained compound; dashed line, less
retained compound. Calculation parameters as in Fig:. 4.
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Fig. 4. Plot of the shock layer thickness versus the migration
distance. Solid line, second front; dot-dashed line, first-com
ponent front. Lines I, rectangular plug injection: lines 2, non
rectangular injection profile. Column: L = 25 cm; H = 0.0125
cm; F = 0.35; to = 3.00 min. Isotherm parameters: aj = 1.97;
a2 = 3.70; b l = 0.0396; b2 = 0.0411. Injection time: tp = 4.50
min. Sample composition: Co = 10 mg/ml for hoth solutes.
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Fig. 6. Comparison of the shock layer thicknesses predicted by
eqn. 10 (lines) and derived by numerical calculations (symbols)
with columns having different efficiencies. The thickness is in
minutes. Solid line, more retained compound; dashed line, less
retained compound. Calculation parameters as in Fig. 4.

the time origin is set at the center of the second shock
layer, the distance between the two profiles increases
with increasing column length and the differentials
of the three profiles of the first-component break
through curves are almost identical but shifted. The
values of the shock layer thicknesses are reported in
Table 1.

The injection profile is rectangular, i.e., the front
of the injection profile is a true shock and the initial
thickness of the shock layer is zero. Because of the
axial dispersion, the shocks of the two components
separate, acquire round edges, a finite thickness
which increases with increasing migration distance
while the enriched plateau forms and reaches a
stable height, defined by the isotherm function as
shown in eqn. 8, and equal to A [16]. The shock layer
profiles of both solutes tend rapidly towards a
stable, steady-state shape, as shown in Fig. 3. The
shock layer thickness tends towards a limit which is
different for the two compounds (Fig. 4 and Table
I). This behavior is profoundly different from what
is observed in linear chromatography. In this last
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Fig. 8. Concentration profiles inside the column at different
times (min). (a) From left to right, I = 2.042, 2 = 3.021, 3 =
3.833,4 = 4.637;5 = 6.282,6 = 7.443. (b) From left to right,
I = 0.842,2 = 1.578,3 = 2.352,4 = 3.149, 5 = 3.956,6 =
5.583, 7 = 6.801. Calculation parameters as in Fig. 4. The
injection concentration is 10 mg/ml for both solutes. X in em, C in
mg/ml.

Fig. 8b shows' the front of the elution profiles
obtained for a truly rectangular plug injection. In
the latter instance, the enriched plateau is more
rapidly reached, after only ca. 8 cm, whereas in the
former the enriched plateau forms more slowly, after
·ca. 16 cm. However, the shock layer profiles and
their thicknesses reach the same limit value in both
instances, as shown in Fig. 4, which compares the
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Fig. 7. Injection profile for the calculation of the diffused fronts.
The other calculation parameters are the same as in Fig. 4. The
injection concentration is 10 mg/ml for both solutes. Units as in
Fig. 2.

case, the width of the front boundary of a profile is
proportional to the square root of the column length
and broadens constantly with increasing migration
distance. In non-linear chromatography, in con
trast, the thickness of the shock layer stabilizes
rapidly when the enriched concentration plateau has
been formed.

In Figs. 5 and 6 we compare the prediction ofeqn.
10 for the thicknesses of the two shock layers and the
results of the numerical calculations for the depen
dence of the thickness ofthe shock layer on either the
height of the input concentration step (Fig. 5) or the
column HETP (Fig. 6). The agreement is excellent.
The minor"discrepancies observed are due to numer
iCal errors or result from the constraints of the
numerical calculation of solutions of the chromato
graphic equations in the case of a binary mixture.
These constraints have been discussed previously
[26,27]. This problem is beyond the scope of the
present study.

The calculations reported above were carried out
using a rectangular injection profile. In order to
assess the effect of a diffuse front of the injected step
on the formation of the shock layers and on their
profiles, the same calculations were performed using
the injection profile shown in Fig. 7. Fig. 8a shows
the front of the elution profiles inside the column at
increasing times and, for the sake of comparison,
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or when the input step has a diffuse instead of a
vertical front. The only difference between the
elution profiles is in the diffuse, rear parts [16].

1.4 1.6
Courant Number

Fig. 10. Plot of the shock layer thickness versus the Courant
number, uz15t/15x, where I5t and 15x are integration increments. Line
I,H = 0.05cm; line 2, H = 0.025cm; line 3, H = 0.0125cm. The
other calculation parameters are as in Fig. 4. The injection
concentration is 10 mg/ml for both solutes. (a) Calculations made
using the Craig (space-like propagation) algorithm described in
this work (eqn. 22); (b) calculations made using an alternate
algorithm (time-like propagation, ref. 30).
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Fig. 9. Complete elution profile of a wide band at the outlet of a
40-cm long column. Solid line, more retained solute; dot-dashed
line, less retained solute. Calculation parameters as in Fig. 4. The
injection concentration is 10 mg/ml for both solutes. (a) Injection
profile as in Fig. 7; (b) the injection profile is a rectangular plug.
Units as in Fig. 2.

variation of the shock layer thickness with increas
ing column length for the two injection profiles. In
Fig. 9a and 9b we compare the elution profiles
corresponding to the two injection profiles, at the
end of a 40-cm long column. Because of the strong
selfsharpening effect due to the non-linear behavior
of the isotherm, the breakthrough front of a binary
mixture band at the outlet of a long enough column
is the same in the case of a rectangular plug injection
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Experimental results
Fig. 12a and b compare the dependence of the

shock layer thickness on the concentration jump, as
calculated from eqn. 10, using the same isotherm
parameters as used in Fig. 5 (solid line), and as
measured experimentally (symbols). The experimen
tal data in Fig. 12a derived from the detector
response (Fig. 13a), by calculating the response
differential (Fig. 13b) and determining the width of
the peak obtained at half-height. We see that the
derivative peaks in Fig. 13b are unsymmetrical. A
detailed study of the cause of the asymmetry of the
derivative peaks has been made by Rhee and
Amundson [15]. In this stud'y we were interested only
in the width of the shock layer, not its shape.

The experimental results obtained are in general
agreement with the prediction of the shock layer
theory and confirm its validity. The shock layer
thickness was calculated from eqn. 10, using a value

orthogonal collocation on finite elements is equal to
the one predicted by eqn. 10 and does not depend on
the values of bt and c5x in the range of values where
convergence is achieved [32].

Finally, we compare in Fig. 11 the plots of the
time needed for the formation of the enriched
plateau versus the intensity of the concentration
jump in the input step, as derived from eqn. 21.
Different values of () were used. In the numerical
calculations, we assume that the enriched plateau is
formed when the theoretical value of its concentra
tion is reached at two successive nodes of the grid
(for two successive values, k and k + 1, of), see eqn.
22), i.e., if the plateau in a concentration profile
along the column is more than 2Hwide. We note in
Fig. 11 that the formation time of the plateau is
shorter when large values of () are used, although the
shape of the plot remains unchanged.

The existence ofan optimum step height for which
the plateau formation time is a minimum is one of
the most important features of eqn. 21. Other
calculation results (not shown) indicate that, when
the HETP is low and a diffuse injection front is used,
the minimum is shifted towards higher concentra
tion jumps. When frontal analysis is used for
isotherm determination, the height of the successive
step should be kept neither too low nor too high to
ensure the formation of the enriched plateau at the
column outlet and achieve accurate results [18].

21.55.51.5 9.5 13.5 17.5
Concentration (mg/ml)

Fig. II. Plot of the time (min) needed for the formation of the
intermediate plateau. Results predicted by eqn. 21. The calcula
tion was done using the same parameters as for Fig. 4. Curve I,
e = 0.002; curve 2, e = 0.02; curve 3, e = 0.2.

Next, we studied the dependence of the shock
layer thickness on the parameters used in the
numerical calculation. We show in Fig. lOa the
variation of the shock layer with the Courant
number, uzbt/bx, where bt and bx are the integration
increments, Uz = uo/(l + k'o), Uo is the mobile phase
velocity and k'o is the retention factor under linear
conditions [30]. Although the shock layer thickness
is not constant, which is due to numerical ap
proximations, the dependence is weak and can be
neglected as a first approximation. The results.
presented here have been obtained with a ratio
bt/bx = 0.2. For the sake ofcomparison, we show in
Fig. lOb the same result for another calculation
scheme [31], which has the great advantage over that
used here of requiring approximately ten times less
CPU time because the competitive Langmuir iso
therm does not have to be inverted [27]. Unfortu
nately, that scheme exhibits a considerable depen
dence of the shock layer thickness on uzbt/bx, and we
had to use values of this ratio of the order of2. Then,
very similar results are obtained with both methods.
Further calculations have shown that the thickness
of the shock layer calculated by the method of
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of () = 0.02 and a column HETP of 0.01 em. The
experimental and calculated results follow the same
trend. However, for a given step concentration.

Fig. 12. Comparison between the variations of the shock layer
thickness with the concentration jump as predicted by eqn. 10
(lines) and as measured experimentally (symbols). (a) Results.
Solid line, more retained compound; dot-dashed line, less re
tained compound. (b) Same as (a), but theoretical curve shifted
upward by 0.25 min.

2 5 8 " K
Concentration (mg;ml)

17 there is a nearly constant difference of 0.25 mm
between the measured and predicted thickness. A
vertical shift of the theoretical curve by 0.25 mm
would bring it into coincidence with the data points.
The predicted shock layer is 10-50 s, so a significant
detector contribution is improbable, but there might
be several reasons for' observing a shock layer
thickness greater than predicted. For example, the
theoretical curve would fit exactly the experimental
datapointswithH = 0.0275cm. The column HETP
measured at infinite dilution is different for the two
components. An average value is used when apply-
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The directional derivatives for the two components
are

The total differentials of the two stationary phase
concentrations are

(I-3a)

(I-3a)

(I-la)

(I-2a)

(I-2b)

(I-lb)

aC1
at Uo

U 1=-=----
s, OC1 1 DQ1

- +F·-
ax . DC1

OC2
at Uo

Us 2 = - = ---=----
, OC2 1 +F. DQ2

ax DC2

These directional derivatives are the characteristic
directions, and they give the velocities associated
with the corresponding concentrations. The char
acteristic lines give the propagation trajectories of
the different concentrations in the x,t space. Because
of the coherence condition [4,16], the directional

Dq1 Oq1 Oq1 DC1 Oq1 Oq1 1-=-+-.-=-+-.-
DC1 OC1 OC2 DC2 OC1 OC2 ~

Dq2 ~ aq2. DC1 + aq2 = aq2~ + Oq2
DC2 OC1 DC2 OC2 aC1 aC2
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and the mass balance equations of the ideal model
(eqns. 1 with D a = 0) become

(
DQ1)aC1 aC1

1 +F·- -+uo'-=O
DC1 at ax

(
DQ2)aC2 oc2

1+F·- -+uo'-=O
DC2 at ax

ing eqn. 10 to calculate the second-component shock
layer thickness, which is incorrect [15]. More im
portant, the actual system used does not follow the
competitive Langmuir behavior, but deviates signif
icantly from it [16,33], which may have an effect on
the shock layer thickness. Further investigations are
needed to clarify this question.

Experimental results and those of calculations
based on the semi-ideal model confirm the validity
of the shock layer theory derived by Rhee and
Amundson [12-15]. Shock layers do travel at nearly
the same velocity as predicted by the ideal model for
the concentration shock itself. The thickness of the
shock layer, once it has fully developed, i.e., when a
dynamic steady state has been established, depends
only on the isotherm, on the height ofthe concentra
tion jump injected and on the HETP of the column,
as shown by eqn. 10. On the other hand, it is
independent of the column length.

The development of a shock layer, at the differ
ence of a concentration shock in the ideal model, is
not instantaneous. The formation of the enriched
plateau of the lesser retained compound is not
instantaneous. The time it takes to appear depends
on the height of the concentration jump and on the
column HETP.

As we have shown, the shock layer theory permits
the calculation of the minimum column efficiency
necessary to perform an accurate determination of
competitive isotherms by frontal analysis. Prelimi
nary experimental results demonstrate the useful
ness of the approach. The agreement between the
theoretical prediction (eqn. 10) and the experimental
data is still not exactly quantitative, however, be
cause of some experimental problems (definition of
the HETP in high-concentration chromatography,
deviation of the competitive isotherm from Lang
muir behavior), problems which have been identi
fied but not yet solved. Further investigations of
these problems are in progress. The application of
this theoretical study to the determination of the
relationship between recovery yield and column
efficiency and to the optimization of the experi
mental conditions in displacement chromatography
has also been examined [18].

CONCLUSIONS
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(11-3)

(I-4b)

H(l + K)2 [ 11 - elJ= 2u
o
K (2f} - l)Co + (l + Co) In -e-

(11-5)

where 8 1 and 8 2 are the integrals of the concentra
tions C1 and C2 along the two shock layers,

The amount n1 of the less retained component
which elutes pure between the two shocks is given by

Oq1 + Oq1. ~ = OQ2. e+ Oq2
OC1 OC2 e OC1 OC2

Rearrangement of eqn. 4b gives eqn. l2a. This
equation can be used to find the composition of the
mixed zones during the progressive separation of
two bands and the profiles of the shock layers.

APPENDIX II

(I-4a)

The calculation of 8 i is done from the differential
of the shock layer thickness [18],

dry = H(l + K)2(CO + 1 . 1 __l_)dC (11-4)
2uoK Co C - Co CCo

with K = k'o/(l + Co) (eqn. 8a). Thus:
Cr

S. = H(l + K)2 f(l + 1 + CO)dC
'2uoK C - Co

Cl

Eliminating n1 between eqns. 19 and II-I gives

Llt= 8 1 +82

C1,OU1 - C2,OU2

The firstccomponent isotherm is used to calculate 8 1

and the decoupled isotherm (eqn. 14) to calculate 8 2 •

Putting these results into eqn. 11-3 gives the width of
the plateau, LIt.
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ABSTRACT

Optimization of the experimental conditions (sample size, reduced mobile phase velocity and displacer concentration) and the
column design parameters (column length and average particle size) was performed for the maximum production rate of either
component of a binary mixture. The displacement chromatograms were calculated by means of the equilibrium-dispersive model of
chromatography, assuming competitive Langmuir isotherms. Binary mixtures of separation factor 1.2, 1.5 and 1.8 and relative concen
trations 3:1 and 1:3 were studied. For the systems studied, no optimum displacer concentration was fo~nd, the maximum production
rates being achieved at the highest displacer concentration allowed by its solubility. The optimum column characteristics depend
strongly on the separation factor and on the mixture composition. The maximum production rates were achieved at a much lower value
of the retention factor than usually chosen in displacement chromatography. The optimum value of the retention factor of the less
retained component was found to be between 1.2 and 2.0, depending slightly on the mixture composition and more strongly on the
separation factor.

INTRODUCTION

Displacement chromatography was introduced
by Tiselius [1] in 1942. Its theory in the case of
Langmuir isotherms was developed soon afterwards
by Gliickauf[2], later by Helfferich and Klein [3] and
subsequently by Rhee and Amundson [4], all these
workers using the ideal model of chromatography,
i.e., assuming infinite column efficiency. After a
period of intensive use during the Manhattan proj
ect [5], the method fell into oblivion as a separation
technique for 30 years, until it was reintroduced by
Horvath et al. [6].

Correspondence to: Professor G. Guiochon, Department or
Chemistry, University of Tennessee, Knoxville, TN 37996-150J.
USA.

." On leave from the Department of Analytical Chemistry,
University of Veszprem, H-8201 Veszprem, Hungary.

There is currently strong interest in displacement
chromatography [7-9] because it can deliver purified
fractions which are much more concentrated than
overloaded elution [1-10], although it is more diffi
cult to use. The question of which one of these two
modes of chromatography permits the highest pro
duction rate remains controversial because they
have never been optimized simultaneously for the
same separation problem. In a recent study, Katti et
al. [11] compared on a theoretical basis the perfor
mance of displacement and overloaded elution
chromatography, using the same column. The maxi
mum production rates of the two modes were
similar. Overloaded elution gives a better recovery
yield, whereas the concentration of the fraction
collected was one to two orders of magnitude higher
in the displacement mode.

In this work, we applied to displacement chroma
tography the multi-parameter optimization method

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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previously developed and applied to the study of the
optimization of the experimental conditions in over
loaded elution chromatography [12]. This method
uses the numerical solution of the equilibrium-dis
persive model of chromatography developed by
Guiochon and co-workers [13-15]. Previously, Katti
and Guiochon [16] have calculated band profiles in
displacement chromatography by means of the same
model and solution and discussed some of their
properties.

In displacement chromatography, first the sample
is introduced into the column equilibrated with the
carrier. Then a solution of the displacer, a com
pound which is more strongly adsorbed on the
stationary phase than any sample component, is
pumped continuously into the column. The steep
front of the displacer moves at a constant velocity,
proportional to the carrier velocity and to the
column capacity for the displacer at the concentra
tion used. Being the most strongly retained compo
nent, the displacer pushes all the sample components
in front of its band.

When a steady state is achieved, all the compo
nent bands travel at the same velocity, forming the
isotachic train [2-4,6]. These bands are nearly
rectangular and, unless the amount of a component
is very small, the maximum concentration of the
band does not depend on the size injected, but on the
displacer concentration and on the adsorption iso
therms of the component and the displacer.

THEORY

The band profiles of the two components of the
binary mixture and that of the displacer were
calculated using the method first developed by
Rouchon et al. [13] and employed by Katti and
Guiochon [16] for the calculation of the band
profiles in displacement chromatography. This ap
proach is based on the numerical solution of the
equilibrium-dispersive model of chromatography.
The mass balance equation and an isotherm model
are written for each component of the sample and
for the displacer. No mass balance is needed for the
inert carrier [17]. The individual band profiles are
obtained as numerical solutions of this system of
equations, calculated using a finite difference meth
od [18].

When the band profiles have been calculated, an
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integration routine allows the determination of the
cutting times at a given purity for the fractions of
either component. The amount produced, the recov
ery yield and the production rate are then calculated.

Column properties
The following assumptions were made for the

characteristics of the chromatographic system in the
calculations. The total column porosity was 8 = 0.8,
the viscosity of the mobile phase was 11 = 1 cP and
the molecular diffusivity of each compound in the
mobile phase was Dm = 1.10- 5 cm2/s. The column
inner diameter was 4.6 mm. A maximum inlet
pressure of 125 atm was allowed. The sample was
injected as a rectangular plug, with a volume
Vp = 0.5 m!. The values given for the loading factor
(Lr) refer to the total loading of both components,
and were calculated as

Vp (cr Cg)L - -+-
f - (1 - 8) S L q1,s q2,s

where Cr and cg are the concentrations of the first
and the second component in the injected sample,
respectively, q1,s and q2,s are the column saturation
capacities of the two components, respectively, sis
the column cross-sectional area and L is the column
length.

The column efficiency was calculated using the
Knox plate-height equation [19]:

2 1/3 Vh=-+v +-
v 10

where h = H/dp is the reduced plate height, H is the
actual height equivalent to a theoretical plate,
v = udp/Dm is the reduced mobile phase velocity and
u is the actual mobile phase velocity.

In the first part of the calculations, we optimized
the operating parameters for an arbitrary column,
with a length L = 25 cm, packed with particles of
average diameter dp = 20 Jim. In this instance, only
the reduced mobile phase velocity, the sample
loading factor and the displacer concentration were
optimized. In the second part of the calculations, the
column length and the average particle diameter
were also optimized. Throughout this work a maxi
mum displacer solubility of 300 mg/ml was assumed.

The required purity of the collected fractions was
99%, allowing 1% of the second component as an



i = 1, 2, 3 (3)
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impurity in the collected fraction of the first compo
nent, and 0.5% of the first component and 0.5% of
the displacer as impurities in the collected fraction of
the second component.

The same general properties (column porosity,
mobile phase viscosity, molecular diffusivity, maxi
mum inlet pressure, column saturation capacities,
column cross-sectional area, coefficients of the
plate-height equation and required purity) were
assumed in our previous work, investigating the
optimum conditions for maximum production rate
in the overloaded elution mode [12].

Equilibrium isotherms
We assumed that the isotherms bfthe two compo

nents of the sample and of the displacer are given by
the competitive Langmuir isotherm model [20]:

qi = 1 + b1C1 + bzCz + b3 C3

where qi and C are the concentrations ofcomponent
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i at equilibrium in the stationary and the mobile
phase, respectively, and ai and bi are numerical
coefficients. As the Langmuir model is valid only if
the column saturation capacities are identical for all
components [21], the numerical parameters were
chosen accordingly, with al = k'tlO.25, az = lXal,

a3 = IXQz, b1 = k'tl325 ml/mg, bz = IXb 1 and b3 =
IXb z , where k'1 is the retention factor of the first
component at infinite dilution and IX is the separa
tion factor between subsequently eluted compo
nents. The separation factor for the less retained and
the more retained components of the sample is
assumed to be equal to the separation factor of the
more retained sample component and the displacer.
With these parameters, the saturation capacity ofall
compounds is 1300 mg/m!.

Definitions
The production rate was defined as the amount of

the purified component produced per unit cross
sectional area and per unit time, in mg/cmz . s. The

TABLE I

OPTIMUM OPERATING CONDITIONS FOR A GIVEN COLUMN"

Compound Production Yield
rate (%)

Ci/C2 No. k' (mg/cm2
. s)1

1.2 3:1 1 2.7 1.430 35.9
1.2 3:1 2 2.5 0.085 29.7
1.2 1:3 1 3.1 0.196 43.1
1.2 1:3 2 3.6 0.709 43.9

1.5 3:1 1 1.8 14.38 53.8
1.5 3:1 2 1.9 1.63 44.6
1.5 1:3 1 2.0 2.14 48.5
1.5 1:3 2 1.9 8.20 63.5

1.5 3:1 1 1.9 14.36 60.0
1.5 3:1 2 1.9 1.47 60.0
1.5 1:3 1 2.0 1.99 60.0

1.5 3:1 1 2.3 8.69 90.0
1.5 3:1 2 2.0 0.98 90.0
1.5 1:3 1 2.2 1.53 90.0
1.5 1:3 2 2.0 5.51 90.0

1.8 3:1 1 1.4 35.60 63.0
1.8 3:1 2 1.6 4.49 60.9
1.8 1:3 1 1.6 5.48 62.5
1.8 1:3 2 1.4 19.22 65.1

a L = 25 cm; dp = 20 pm.

v

113
42
57
75

353
232
335
230

303
158
255

153
153
155
178

371
266
293
242

L r Cd
(%) (mg/m1)

10.0 103
6.7 41
8.8 57
7.8 75

20.9 187
12.5 40
11.6 91
16.4 112

20.7 188
14.0 73
12.2 99

16.2 154
8.2 28
9.9 80

14.7 178

34.5 276
21.0 81
23.3 171
24.1 176
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cycle time, i.e., the time between two consecutive
injections, was defined as the breakthrough time of
the displacer front. No provsion is made for the
regeneration of the column.

Calculation procedures
The modified simplex algorithm extended by

Dose [22] to handle boundary problems was used in
this work. The convergence of the simplex was
checked by the standard deviation of the coordi
nates of the' simplex vertices. The convergence was
achieved when the standard deviation for all the
parameters to be optimized decreased below 0.1 %.
The optimum separation conditions were calculated
successively for the less and the more retained
components. Binary mixtures of relative concentra
tions 1:3 and 3:1 were studied at three values of the
separation factor (a = 1.2, 1.5 and 1.8).
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Fig. I. Plot of the maximum production rates ofeither component
versus the retention factor of the less retained component,
IX = 1.8. (0) First and (0) second component of a 3:1 mixture;
(6) first and (+) second component of a 1:3 mixture.

tion factor is decreased below the optimum value,
the production rate drops rapidly.

The same trend is observed at all values of the
separation factor. For example, in Fig. 2a and b the
maximum production rates corresponding to differ
ent yield constraints and mixture compositions are
plotted versus k'l at a = 1.5. The optimum value of
k'l is now close to 2.0, and the gain in production rate
on decreasing k'l from 6 to the optimum retention
factor is less important than it was at a = 1.8, but it
is still 28-38%. At a = 1.2 (Fig. 3), the optimum
value of k'l is still higher, 2.4-3.6, and the gain in
production rate associated with the decrease in k~

from 6 to the optimum value is only 16-25%.
Influence of a constraint on the recovery yield.

Without any constraints, the recovery yield corre
sponding to the maximum production rate at a =
1.5 was between 45 and 64% (Table I), depending on

B.O5.04.03.0
k'

2.01.00.0

'"
Optimization of the experimental conditions for a
given column

In the first part of this work the column design
parameters (column length and particle size) were
not changed, only the experimental conditions (sam
ple loading factor, reduced velocity of the mobile
phase and concentration of the displacer) were
optimized simultaneously, for a given column. The
optimum values of the parameters, the production
rate and the corresponding value of the recovery
yield are given in Table I.

Influence of the retention factor. As the separa
tions that use displacement chromatography are
usually carried out at high values of the retention
factor, the optimization procedure was re-run sever
al times, using decreasing values of the retention
factor, starting with k'l = 6. This procedure was
repeated with different combinations of the relative
mixture composition and the separation factor. In
Fig. 1, the production rates of both components are
plotted against k'l for a separation factor of a = 1.8.
The optimum value of the retention factor, k'l,was
always found to be between 1.4 and 1.6 for either
mixture composition studied, irrespective of the
component for which the production rate is opti
mized. The production rates at the optimum reten
tion factor are 48-67% higher than at k'l = 6, which
is a significant increase. However, when the reten-

RESULTS AND DISCUSSION
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Fig. 2. Plot of the maximum production rates ofeither component versus the retention factor of the less retained component and influence
of a recovery yield constraint, IX = 1.5. (a) Feed composition 3: 1. I = First component without yield constraint; 2 = .first component,
60% recovery yield; 3 = first component, 90% recovery yield; 4 = second component without yield constraint; 5 = second component,
60% recovery yield; 6 = second component, 90% recovery yield. (b) Feed composition 1:3. 1 = First component without yield
constraint; 2 = first component, 60% recovery yield; 3 = first component, 90% recovery yield; 4 = second component without yield
constraint; 5 = second component, 90% recovery yield.

the mixture composition and on whether the pro
duction rate of the first or the second component
was optimized. The effect of a recovery yield con
straint on the production rate was studied, setting
minimum yield requirements of 60% and 90%.

The recovery yield achieved when no constraints
are applied does not change significantly with the
retention factor as long as this factor is higher than
its optimum value, but decreases rapidly with de
creasing retention factor if the separation is carried
out at k' values smaller than the optimum. The effect
of a recovery yield constraint on the production rate
is shown in Fig. 2a and b (ex = 1.5). Since in this
instance the recovery yield without constraint is only
slightly less than 60% (or, even in one instance, is
higher), there is no real change in the production rate

when setting the constraint to 60%. When a mini
mum recovery yield of90% is required, however, the
production rate drops by about 30-40% compared
with the global optimum. The optimum value of k'l
is slightly higher when a recovery yield constraint is
applied.

Influence of the separation factor. The optimiza
tion was carried out for three values of the separa
tion factor, 1.2, 1.5 and 1.8 (Table I). As noted
above, the optimum value of the retention factor
increases with decreasing separation factor.

The production rate increases enormously when
the separation factor is increased from 1.2 to 1.5. In
three cases, a 1O-11-fold increase was observed,
while the gain is 17-fold for the purification of the
second component of a 3: 1 mixture. These gains are
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achieved by large increases in both the optimum
reduced velocity and optimum sample size. In the
purification of the second component of a 3:1
mixture, a minor component is eluted between a
main component and the displacer. For this separa
tion at a = 1.2 a very low reduced velocity (v = 42) is
required to obtain the second component of the
sample at a desired degree of purity, and the
recovery yield is only 30%. At a = 1.5, the optimum
velocity is six times higher, the optimum sample size
is doubled and the recovery yield is increased by
50% (relative).

The increase in production rate resulting from an
increase in the separation factor from 1.5 to 1.8 is
less significant, the improvement being by a factor of
only ca. 2.3-2.75. These values are consistent with
a production rate approximately proportional to
(l - a? The optimum experimental conditions are
summarized in Table I.

o
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Fig. 3. Same as Fig. 1, except IX = 1.2.

0.0 1.0 2.0 3.0 4.0

k'
5.0 8.0

Simultaneous optimization of the column design
parameters and the operating conditions

The simultaneous optimization of the experimen
tal conditions and the column design parameters
leads to a five-dimensional maximum search. How
ever, by utilizing the effects of the displacer concen
tration and the column length, as will be shown
below, the problem can be reduced to a three-dimen
sional optimization. The optimum values of the
parameters are given in Table n.

TABLE II

OPTIMUM VALUES OF THE PARAMETERS OF OPERATING CONDITIONS AND COLUMN DESIGN

1.2
1.2
1.2
1.2

1.5
1.5
1.5
1.5

1.8
1.8
1.8
1.8

Compound Production Yield v L r dp d;/L N
rate (%) (%) (j.tm) (j.tm2/cm)

CI /C2 No. k' (mg/cm2 . s)I

3:1 1 2.0 4.57 58.4 64 14.00 13.7 3.75 3509
3:1 2 1.8 0.648 59.8 14 12.69 8.1 1.32 15774
1:3 1 1.5 1.011 36.0 27 23.81 10.2 2.08 8578
1:3 2 1.9 3.15 67.1 30 11.33 10.7 2.29 7610

3:1 I 1.8 21.59 71.7 207 27.50 20.2 8.19 934
3:1 2 1.7 4.07 67.0 57 30.00 13.2 3.48 3997
1:3 L 1.4 5.18 64.6 106 2949 16.2 5.24 2007
1:3 2 1.6 15.22 71.0 112 23.64 16.5 5.44 I 896

3:1 I 1.5 40.80 74.0 320 38.80 23.5 11.00 544
3:1 2 1.4 9.01 66.9 111 43.90 16.4 5.35 1993
1:3 1 1.2 9.28 75.1 167 36.20 18.8 7.09 I 197
1:3 2 1.3 28.14 74.5 183 30.52 19.5 7.63 1064
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Fig. 4. Effect of the displacer concentration on the production
rate of either component. 1 = Second component of a 1:3
mixture, ex = 1.8, k; = 1; 2 = first component of a 3:1 mixture,
ex = 1.8, k; = 6; 3 = second component of a 1:3 mixture, ex = 1.8,
k; = 6; 4 = first component of a 1:3 mixture, ex = 1.8, k'l = 1;
5 = first component of a 3:1 mixture, ex = 1.2, k; = 6; 6 = first
component of a 1:3 mixture, ex = 1.2, k'l = 1.

Fig. 5. Effect of the column length on the production rate.
1 = First component of a 3:1 mixture, ex = 1.8, k'l = 6; 2 =
second component of a 1:3 mixture, ex = 1.5, k; = 2; 3 = first
component ofa 1:3 mixture, ex = 1.8, k'l = 6; 4 = first component
of a 3:1 mixture, ex = 1.2, k'l = 2.

Influence ofthe displacer concentration. To under
stand the effect of the displacer concentration on the
production rate, we fixed the value of this parameter
and optimized the others. However, we found that
the higher the displacer concentration, the higher is
the production rate. As the displacer concentration
range was limited by a supposed solubility at
300 mg/ml, the production rate maximum was found
at this concentration. The optimum values of the
column design parameters, of course, change with
varying displacer concentration, but the resulting
recovery yield was independent of the displacer
concentration. In Fig. 4 the effect of the displacer
concentration on the production rate is shown for a
few selected but typical sets ofvalues of the retention

factor, the separation factor and the mixture compo
sition.

Consequently, in all subsequent calculations, a
constant displacer concentration (300 mg/ml) was
applied.

Influence of column length. The next calculations
were carried out to optimize the average particle
diameter, the sample size and the reduced velocity
for a given column length. Different columns having
lengths between 10 and 200 cm were considered, but
no optimum value was found, as the longer the
column the higher was the production rate of either
component. The optimum average particle size
increases with increasing column length, keeping the
ratio d; /L unchanged. It was found that, at the same
time as the production rate, the recovery yield
increases slightly with increasing column length. In
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Fig. 5, some examples of the variation of the
production rate with the column length are given.

As no optimum column length was found, we
chose for further calculations a column of constant
length (50 cm), and only the other column design
parameter, i.e., the average particle diameter, was
optimized. This length is in agreement with the
current practice. We see in Fig. 5 that the production
rate gain associated with the use of a longer column
is only marginal. With this restriction, of course, we
shall not find the global optimum conditions for
separation. However, the aim of this work was to
draw qualitative information regarding\'the best
practical conditions under which preparative sepa
rations should be conducted.

Optimum column design parameters. The analysis
of the solution of the ideal model of chromatogra
phy demonstrates that neither the column length nor
the average particle size has optimum values, but

that there is an optimum value for the ratio d~/L

at which the maximum production rate will be
achieved [23]. This result was essentially confirmed
by numerical optimization of the overloaded elution
mode based on the equilibrium-dispersive model of
chromatography [12]. In the latter instance, only a
very flat maximum was found when optimizing both
the column length and the particle size.

The same phenomenon was observed for the
displacement mode in this work. As reported above,
when the experimental conditions are optimized for
a particular column length, as shown in Fig. 5, the
optimum particle size depends on the column length,
and the ratio d~/L remains virtually constant. The
optimum values of the d;/L ratios obtained for the
same conditions as discussed in Fig. 5 are plotted
versus the column length in Fig. 6. We see that the
optimum value of the ratio changes very slowly with
the column length. For this reason, we shall use also
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in the displacement mode the ratio d;/L for charac
terizing the column dimensions.

The optimum ratio d;/L decreases rapidly with
increasing retention factor, k~. In Fig. 7, the opti
mum value of d;/L is plotted against k't for some
selected cases.

For the column used in the first part of this work
(L= 25 cm, dp = 20 j.lm), d;/L = 16. For all the
mixture compositions and the separation factors
studied in this work, the optimum value of d;/L is
much smaller than 16. The closer the separation
factor is to unity, the smaller is the optimum particle
size for a column of given length (see Table II),
because a higher column efficiency is required to
separate the components of a mixture when the
separation factor approaches 1.0.

Small particles are needed to purify the more
retained component of a 3: 1 mixture, i.e., when a
component at a relatively low concentration is

eluted between the less retained component and the
displacer. In this instance, the purity of the collected
fraction is strongly influenced by the separation
from the bands on both sides of the band of interest.
For this reason, the production rate of the second
component in a 3: 1 mixture with rx = 1.2 increases
about 7.6 times on switching from the stanpard
column (Table I) to the optimum column (Table 11).

In contrast, the easiest task is the purification of
the less retained component from the same 3:1
mixture. In this instance the presence of both the
second component of the sample and the displacer
band tends to concentrate the first component band.
The improvement of the prouction rate observed on
replacing the standard column (Table I) by the
optimum column (Table II) is 3.2-fold at rx = 1.2.

.The difficulty with the other two cases studied, the
purification of either the less or the more retained
components from a 1:3 mixture, is intermediate

d 1
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Fig. 8. Optimum chromatograms corresponding to the maximum production rate of (a) the less retained and (b) the more retained
component in a mixture of relative concentration 3:1; the separation factor is ()( = 1.2. Values of the retention factor: (1) k', = 1.0; (2)
k~ = 2.0; (3) k'l = 3.0; (4) k'l = 4.0. The vertical dotted lines indicate the cut points for fraction collection.
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between the two situations described above. Near
ly identical column characteristics are required
(Table II).

Influence ofmixture composition. As we have seen
in the previous discussions, the relative concentra
tion of the components of the mixture and whether
the production rate of the less or the more retained
component is optimized have a strong influence on
the optimum column design.

In Fig. 8, two series of calculated chromatograms
are plotted, corresponding to the maximum produc
tion rate of the less (Fig. 8a) and the more (Fig. 8b)
retained components of a 3:1 binary mixture, with
IX = 1.2, and for different values of the retention
factor. In Fig. 8a, the band of the less retained
component has a very steep front, and high concen
tration fractions can be collected. However, in this
instance the column efficiency is poor, the second
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component band is broad and no pure second
component at all can be recovered.

When the production of the second component is
optimized (Fig. 8b), a much smaller reduced velocity
(Table II) allows a much higher resolution between
the second component band and those of the first
component and the displacer, permitting the collec
tion of99% pure fractions of the second component,
but the cut times on the two sides of the band are
very close to one another.

Optimum value of the retention factor. At low
values of the separation factor, the optimum reten
tion factor at which the maximum production rate is
reached is lower when using the optimum column
(Table II) than with the standard column (Table I).
For example, at IX = 1.2, the optimum retention
factor, kit is between 1.5 and 2.0 when all the column
design parameters are optimized (Fig. 9), compared
with the optimum value of kit between 2.5 and 3.6
that was obtained for the column studied in Table J

o
N

O+---,.---T---r---.,....--r----T---'

III

0.0 1.0 2.0 3.0

k'
4.0 5.0 6.0

O+---,...--.....--...,.---r---..,...--,.-...

Fig. 10. Same as Fig. 9, except IX = 1.5.

Fig. 9. Plots of the maximum production rate ofeither component
versus the retention factor of the less retained component;
IX = 1.2. (D) First and (6) second component of a 3: I mixture;
(0) first and (+) second component of a 1:3 mixture. -
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k'
4.0 5.0 6.0
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Fig. II. Same as Fig. 9, except a = J.8. Fig. 12. Plot of the optimum mobile phase reduced velocity versus
the retention factor of the first component for an optimum
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and Figs. 1--4. At higher values of the separation
factor, the value of the optimum retention factor is
nearly independent of whether or not the column
design parameters are optimized (Figs. 10 and
11). The optimum conditions are summarized in
Table II.

The optimum sample size increases with increas
ing retention factor (as can be seen in Fig. 8a and b),
but so does the cycle time, and it is the ratio of the
sample size to the cyCle time, multiplied by the
recovery yield, which determines the production
rate.

Optimum mobile phase velocity. When we opti
mized both the column characteristics and the
experimental conditions for the separation, the
optimum reduced velocity of the mobile phase was
always determined by the maximum allowed inlet
pressure. This confirmed previous theoretical results
[23] that the maximum production rate for a given

separation increases with increasing maximum al
lowed inlet pressure.

In contrast, in the first part of this work, when we
optimized the operating conditions for a particular
column, the maximum inlet pressure was never
reached. Interestingly, as is seen in Fig. 12, the
optimum reduced velocity decreases with increasing
retention factor. The behavior of both the reduced
velocity and the ratio di;/L is just the opposite of
what was found when optimizing the production
rate in the overloaded elution mode [11].

As a consequence of this behavior, the column
efficiency required to perform the separation at the
optimum retention factor, is smaller than the effi
ciency needed when the separation is carried out at a
retention factor higher than the optimum value. The
dependence of the required efficiency on the reten
tion factor and the influence ofthe mixture composi
tion are illustrated in Fig. 13.
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Fig. 13. Plot of the column efficiency required to perform the
separation. Same conditions as in Fig. 7.
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Second, in the instances studied, no optimum

displa.cer concentration was found. The more con
centrated the displacer, the higher is the production
rate. Third, no optimum column length was de
tected. The production rate of either component
increases with increasing column length. However,
there is always an optimum value for the ratio d;/L.
As long as this ratio is kept constant, the production
rate does not change significantly.

Finally, the maximum production rate can be
several times higher when the column having the
optimum characteristics is chosen compared with a
standard column operated under optimum condi
tions. This incentive to optimize the column design is
most important when optimizing the production
rate of the more retained component from a feed
where its concentration is lower than that of the less
retained component.

In all instances, the optimum conditions were
found to be such that the isotachic train is not yet
formed, but nearly so. Probably because the charac
teristics of our standard column were relatively
closer to those of the optimum column, the chro~

matograms were also closer to the isotachic train
than in our previous study, as in this case the
fractions of both components could be collected at
very high concentrations.
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ABSTRACT

Silica~ompositeparticles were made from silica ultramicrospheres and polyethylene microspheres by a dry impact blending method
for application as high-performance liquid chromatographic column packings. A column packed with silica~omposite particles has a
double packing structure, which consists of the spatial configuration of silica~ompositeparticles in the column and a dense arrange
ment of silica on the polyethylene microsphere surfaces. This structure enables silica ultramicrospheres to be utilized as th'e stationary
phase while simultaneously maintaining the flow of the mobile phase. Proteins with MW from 6500 to 669000 were separated
satisfactorily on a column packed with n-octadecyldimethylchlorosilane-coated silica~omposite particles.

INTRODUCTION

In the separation of polypeptides and proteins by
reversed-phase high-performance liquid chromatog
raphy (HPLC), many studies have been reported on
the relationship between column configurations and
column performance [1-8]. The column configura
tion includes the length and bore, the average
particle diameter, the pore diameter of the packings,
the accessible surface area and the type ofligand and
the column performance includes resolution, reten
tion time, peak capacity and theoretical plate num
ber. In these reports, however, there were consider
able differences between experimental results and

Correspondence to: Futaba Honda, Faculty oflndustrial Science
and Technology, Science University of Tokyo, 102-1, Tomino,
Oshamanbe-cho, Yamakoshi-gun, Hokkaido 049-35, Japan
(present address).

the theories on the basis of analyses of small
molecules. These differences are believed to be due
to the following effects. First, the diffusion coeffi
cient of proteins with large molecules is decreased as
the protein diameters approach the pore diameter in
the column packing [4,9,10]. Second, solutes are
bound to silanol groups on column packings [3,4,
11]. Third, equilibrium rates between different forms
(native vs. denatured) are slow [4,12,13]. These
effects contribute significantly to the increase in
band width and the spread of band shape, and lead
to still lower values of N. Therefore, recent studies of
retention behaviour have involved mainly small
peptides [14-18]. In protein analysis, wide-pore
silica packings were applied in order to promote the
free diffusion of solutes in the internal and external
region of the pores [3,7]. Wide-pore silica packings,
however, must have increased particle diameters,
when the pore diameters required are large [19], and

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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an increase in particle diameter leads to a decrease in
N. Hence the increase in pore diameter is a limiting
factor. In addition, wide-pore silica packings have a
lower packing stability [20].

In view of the above, the application of non
porous, very small particles has been proposed as an
alternative to totally porous silica particles [21-27].
Non-porous particles were designed for the em
ployment of the external surfaces of the particles
instead of the internal surface of pores. Short
columns packed with non-porous particles should
permit the rapid separ.ation of large molecules such
as proteins, and the recovery ofproteins is increased
[27]. However, the disadvantages of non-porous sili
ca packings are that the column length is restricted
because high pressure is required for an adequate
mobile phase flow and it is difficult to pack a column
densely and homogeneously [28]. Guiochon and
Martin [29] indicated that it would be almost
impossible to use a high-efficiency column packed
with less than I-11m diameter particles. This suggests
that the decrease in the particle diameter reaches a
limit if particles are to be packed into columns
directly.

On the other hand, Hersey [30] reported that fine
particles could be made to adhere to the surface of
coarse particles by a binary powder mixture. Koishi
and co-workers [31-33] developed a binary mixture
as composite particles by using a dry impact blend
ing method. This procedure has been employed for
the improvement of powder properties and in mix
ing homogeneously a small amount of material such
as drugs and pigments with a large amount of
excipient, etc. [34,35]. It was confirmed experi
mentally that small particles were fixed on large
particles when the ratio of the diameter of the large
particle to that of the small particle was larger than
10: 1. Fig. I shows a schematic diagram of the
processes. The small particles fixed on large particles
were stable in spite of being dispersed and stirred in
liquid phases.

. This paper described the application of these
composite particles to HPLC column packings
utilizing the orderly and the close-packed arrange
ment of small particles. As small particles, we em
ployed non-porous silica ultramicrospheres, which
have rarely been utilized for column packings. We
investigated whether the orderly arrangement
formed by silica ultramicrospheres can be utilized

F. Honda et al. / J. Chromatogr. 609 (1992) 49-59
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Fig. 1. Schematic diagram of wall particles adhering to core
particles in a dry blending and a dry impact blending.

effectively as a stationary phase and whether the
orderly arrangement is suitable especially for the
separation of proteins, taking advantage of the
non-porous and ultramicrosphere aspects. First,
these silica-composite particles were examined with
respect to some basic properties as column packings,
and then low- and high-molecular-weight proteins
were studied to examine the ineffective separation in
columns packed with composite particles.

EXPERIMENTAL

Chemicals and reagents
The composite particles were low-density spheri

cal polyethylene (PE) beads (average diameters 5
and 10 11m, density 0.92 gjcm 3

) and high-density PE
(average diameter 20 11m, density 0.958 gjcm 3

) as
core particles, supplied by Sumitomo Seika (Osaka,
Japan). Monodisperse silica ultramicrospheres (av
erage diameter 0.3, 0.6 and 0.9 11m, density 2.01
gjcm 3

, specific surface area 6.0 m 2 jg) as wall parti
cles were supplied by Mitsubishi Kasei (Tokyo,
Japan). n-Hexane, isopropanol, acetonitrile, trifluo
roacetic acid (TFA), toluene and nitrobenzene of
analytical-reagent grade were purchased from
Wako (Osaka, Japan). All proteins were purchased
from Sigma (St. Louis, MO, USA). These proteins
were aprotinin from bovine lung, cytochrome c from
horse heart, bovine serum albumin, fibrinogen from
bovine plasma, apoferritin from horse spleen and
bovine thyroglobulin.

Shimpack CLC-SIL (150 mm x 4.6 mm LD.,
average particle diameter 5 11m, pore diameter 10
nm, specific surface area 300 m2 jg) (Shimadzu,
Kyoto, Japan) and Vydac 214TP54 (250 mm x 4.6
mm LD., average particle diameter 5 11m, pore
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(heat medium/coolant)

Fig. 2. Schematic diagram of hybridizer. Arrows indicate the
direction of movement of powder particles.

diameter 30 um, specific surface area 90 m2/g)
(Separations Group, Hesperia, CA, USA) were used
as totally porous silica packed columns.

Dry impact blending method
For the preparation of silica--eomposite particles,

an O. M. Dizer and a Hybridizer (type NHS-O;
Nara Machinery, Tokyo, Japan) were used. Sche
matic diagrams of the machine for producing me
chanical impact are shown in Fig. 2. The machine is
surrounded by a jacket through which heat medium
or coolant is circulated.

PE and silica powders were blended (1400 rpm, 10
min) by the a.M. Dizer at room temperature. The
total amount was fixed at 15 g. The mixing ratios are
shown in Table 1. These mixing ratios were calcu
lated on the assumption that silicaultramicro
spheres were closest arranged on these PE particle
surfaces [36]. After preparing the interactive mix
ture, the mixtures were treated by the dry impact

TABLE I

COMPOSITION OF SILICA--eOMPOSITE PARTICLES

51

blending method using the Hybridizer. with a rota
tional speed of 16 000 rpm and treatment time of 10
mih at room temperature.

This hybridization process can be. summarized as
follows: the powder particles placed in the Hybrid
izer are mixed in a high-speed air stream caused by
the rotation of the rotor at 16 000 rpm, and are hit
repeatedly by the striking pins on the rotor. As a
result of these mechanical actions, the smaller
particles become fixed to the surface of the larger
particles. Further details of this method were de
scribed in previous papers [31,32].

Observation of the particle surface by scanning
electron .microscopy (SEM)

Each of the silica--eomposite particles was coated
with gold by an ion sputtering apparatus (JFC-l100;
JEOL, Tokyo, Japan) and observed by SEM (JSM
T220; JEOL).

Measurement of spcijic surface area
The specific surface areas of the silica-composite

particles were determined by the BET method
(Autosorb 6; Quantachrome, Syosset, NW, USA).

Chromatographic procedures
All chromatographic tests were performed on an

LC-6A gradient system with a Rheodyne 7125
injection valve, connected to an SPD-6A UV spec
trophotometric detector and to a Chromatopac
C-R6A (Shimadzu). The silica--eomposite particles
were packed into a stainless-steel column (250
mm x 4 mm I.D.) by tapping and equilibrated with
n-hexane containing 0.5% of isopropanol at a
flow-rate of 0.2 ml/min. Sample solution (1 J.ll)

Composite
particle

03/5
0.3/10
0.3/20
0.6/10
0.9/10

Polyethylene
particle size (pm)

5
10
20
10
10

Silica

Particle size (Ilm)

0.3
0.3
0.3
0.6
0.9

Mixing ratio (wt. %)

35
20
11
35
46
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Fig. 3. Typical SEM photographs of silica--<:omposite particles: (Al 0.3/5: (B) 0.3/10: (e) 0.3/20: (D) 0.6/10: (E) 0.9/10 combinations.

containing toluene (2000 ppm) and nitrobenzene (16
ppm) was applied to the column, and elution was
followed using the UV detector set at 220 nm. The
experiments using CLC-SIL were performed in a
similar manner.

Separation of proteins
Silica 0.6 )lffi in diameter was converted into its

n-octadecyl-bonded derivative with n-octadecyl-

dimethylchlorosilane according to the procedure of
Kinkel and Unger [37] and then end-capping was
carried out with trimethylchlorosilane (Shinetsu
Chemical Industry, Tokyo, Japan) once. The ODS
coated silica ultramicrospheres and 10- )lm PE were
prepared as composite particles as described under
Dry impact blending method. The 0.6-0DSjlO
composite particles, which consist of ODS-coated
0.6-)lm silica ultramicrospheres and IO-Ilm PE,
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were slurry-packed into a stainless-steel column (50
mm x 4 mm 1.0.) with 50% acetonitrile at a
pressure of 50 kg/cm2

•

Standard proteins were separated with a linear
gradient of acetonitrile in 0.1% TFA and detected
220 nm. The Vydac 214TP54 column (250 mm x
4.6 mm 1.0.) was employed for the separation of the
proteins in a similar manner. The recovery of
proteins from both columns was determined by
rationing the peak areas found for the injected
proteins with and without the column. For controls,
the column was replaced with an empty stainless
steel tube (0.8 mmI.D.) which was cut to a suitable
length corresponding to the void volume of the
columns.

RESULTS AND DISCUSSION

Observations of silica-composite particles
SEM photographs of silica-<:omposite particles

ate shown in Fig. 3. On each particle except the
combination ofO.9-J.Lm silica and 1O-J.Lm PE (0.9(10),
it was observed that the silica ultramicrospheres
were arranged and fixed densely on the surface ofthe
PE particles. In the dry impact blending method, it
was empirically confirmed that this fixing and
arrangement of small particles were achieved when
the size of the large particles was more than ten times
that of the small particles. With the 0.9/10 combina
tion, it is considered that an orderly arrangement
would not be achieved because the size ratio is near
to the critical value.

Further examination of the surface of the silica
composite particles indicated that an orderly arran
gement ofsilica particles approximated to the closest
packing structl,lre ofspheres on a plane. In the 0.3/20
combination, which consists of high-density PE
particles, the silica particles are deeply embedded in
the surface of the PE particles and a large part of the
silica surface is lost, although in the 0.3/5, 0.3/10 and
0.6JI0combinations, consisting of low-density PE
particles, the silica particles are superficially fixed.

Such differences are attributed to the mechanisms
of the fixing of th€ small particles by the dry impact
blending method. The mechanisms assume that the
local area of large-particle surfaces are deformed
and melted by pressure and friction forces because of
collisions between the large and small particles or
between particles and the striking pins. Consequent-
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ly, small particles are embedded and fixed on the
surface of large particles.

The embedded depth was evaluated by measuring
hole diameters on large particles. The holes arose as
a result of small particles being deliberately torn off.
The ratio of hole depth to the small particle diameter
in the 0.3/5, 0.3/10, 0.6/10 and 0.9/10 combinations
were 0.23, 0.10, 0.18 and 0.21, respectively. How
ever,. with the 0.3/20 combination, silica particles
would not be torn off because they are too deeply
embedded. As a result, it is suggested that the depth
ratio is influenced by the ratio of particle diameters
rather than the PE and silica particle diameters.

The physical properties and diameters of the Core
particles affect the depth ratio, as compared with the
0.3/10 to 0.3/20 combinations. The difference in
embedding mechanisms between 5- l:j.nd 10-J.Lm PE
and 20-J.Lm PE is assumed to be follows. With 5- and
1O-J.Lm PE particles, the deformation and themelting
in the iocal area of the core particle surface (PE)
occur proportionally, l:j.nd silica particles are fixed at
an adequate depth. In contrast, with 20-J.Lm PE
particles of high density, the energy generated by
collision with silica particles and the striking pins is
large because ofthe large mass, and the PE particle is
relatively hard. These effects result in most of the
energy being used to melt the local surface area
rather than for deformation and the wall particle is
thus embedded more deeply. As 20-J.Lm PE particles
of low density were not available, we could not
compare the embedded depth ratio directly. How
ever, as 0.6- and 0.9-J.Lm silica particles were used to
make composite particles with 20-J.Lm PE of high
density, the composite particle surfaces showed
evidence of melting and large depth ratios were
obtained. From these results, the large embedded
depth ratio such as that obtained with the 0.3/20
c.ombination is attributed not to the size ratio ofPE
particles to silica particles, but to the PE particles
themselves.

In summary, to achieve an orderly and dense
arrangement with well proportioned embedding it is
necessary to deform and melt in the local area of the
PE particle surfaces proportionally. Accordingly, it
is confirmed that the sizes of the large and the small
particle.s, the size ratio of the large to the small
particle and the physical proporties of materials
affect the configuration of silica-<:omposite parti
cles.
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" The embedded depth ratio was assumed to be 0.5 (not
measured).

b Totally porous silica packing of diameter 5 11m.

TABLE II

THEORETICAL SPECIFIC SURFACE AREA (S) OF
SILICA ON COMPOSITE PARTICLES AND THE TOTAL
LY POROUS SILICA PARTICLE

where PP and' Ps are density of PE and silica,
respectively. Calculated S values are given in Table
II.

Using the BET method, the S values were 0.31
2.32 m 2/g for all silica--eomposite particles. These
experimental results support the calculated values in
Table II. The order of these experimental data,
however, were near to the experimental error range
of the BET method, because silica--eomposite parti
cles have lower S values than totally porous silica.

Therefore, the calculated values were used in sub
sequent considerations.

Resolution and theoretical plate numbers
Silica--eomposite particles were packed into col

umns by the tapping method. The tapping densities
of the 0.3/5,0.3/10,0.3/20,0.6/10 and 0.9/10 silica
composite particles were 0.48,0.47,0.51,0.46 and
0.48 g/cm 3

, respectively. The packing porosities
were 63.1, 58.6, 52.9, 64.5 and 66.5%, respectively.
These large porosities suggest the presence of a void
volume caused by physical particle aggregates in the
columns, because the theoretical porosities of the
closet and the loosest packing structure models of
spheres are 25.95 and 47.64%, respectively. How
ever, columns packed with the 0.3/10, 0.3/20 and
0.6/10 combinations had constant column pressures
and did not show a decrease in the bed volume at a
flow-rate of 1.0 ml/min. These results indicate that
the packing structures formed are considered to be
in stable states. In constrast, columns packed with
the 0.3/5 and 0.9/10 combinations showed a sudden
increase in column pressure and a decrease in bed
volume at a flow-rate 0.5 ml/min. Therefore, the
packing structures were considered to be in an
unstable state. Further, although the slurry packing
method was applied to pack the 0.3/5 and 0.9/10
combinations, the columns could not be employed
in the analysis because ofhigh pressure. The cause of
such high pressure is attributed to blocking of the
path of the mobile phase. With the of0.3/5 combina
tion, small particles, which were included in PE
particles because the PE particles were not well
classified precisely, may clog the path. The 0.9/10
combination has an irregular form, as shown in Fig.
3E, hence the particles may form aggregates in the
column.

Consequently, the tapping method was employed
for packing particles and the flow-rate was fixed at
0.2 ml/min in order to apply analysis under the same
conditions for all silica--eomposite particles.

Silica--eomposite particles were packed into col
umns and their properties were investigated in
adsorption chromatography. The resolution and
theoretical plate number (N) calculated from the
chromatograms of toluene and nitrobenzene are
shown in Table III.

In comparison with the 0.3/5, 0.3/10 and 0.3/20,
combinations, the resolution and N increase with a

(2)
3r2(1 - k)A

R 3 pp + r3 psA

Specific surface area
The theoretical values of the specific surface area

of silica in the silica--eomposite particles were cal
culated as described below.

When silica ultramicrospheres with a radius rare
arranged and fixed on a PE particle surface with a
radius R in closest order, the number of silica
ultramicrospheres (A) on the PE particle is given by

4n[R + r(1- 2kW n
A ~ .- (1)
~ nr2 Ji2

where k is the embedded depth ratio and n/Ji2 is
the coating ratio of the PE surface area due to the
silica monoparticle layer. Therefore, the silica speci
fic surface area (S) of composite particles of unit
weight is given by

Composite S
particle

m2(g m2(ml

0.3(5 2.58 1.20
0.3(10 1.79 0.792
0.3/20 0.510" 0.256
0.6(10 1.38 0.610
0.9(10 1.16 0.547
CLC-SIU 300 150
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B
C

Fig. 4. Gradient elution of proteins on the column r;acked with
silica---<:omposite particles (0.6-0DS/10). Conditions: column, 50
mm x 4 mm LD.; gradient, 5 to 70% acetonitrile in 0.1 % TFA in
15 min; flow-rate, 0.5 ml/min; detection, UV at 220 nm.Peaks:
A = aprotinin; B = cytochrome c; C = BSA.

surface area is smaller than the theoretical value.
Also, the randomness of the arrangement may cause
an irregular flow of the mobile phase. Consequently,
this leads the broadening of the peak and a decrease
in resolution.

The resolution and N of CLC-SIL, which is a
commercial column packed with totally porous
silica of 5 ,urn diameter, an;: shown in Table III. The
N values of CLC-SIL are 6-28 times higher than
those of columns packed with silica--eomposite
particles, so that a high performance of ultramicro
spheres was not displayed with silica--eomposite
particles. From the results, the specific surface area
per unit column length is much less than that of
totally porous silica (see Table II). Second, diffusion
of mobile phases and solutes occurs at 'the large
interstices of silica--eomposite particles, and this
effect is further enhanced because of the loose
packing structure of the silica--eomposite particles
which is attributable to the slightly broader size
distribution.

Consequently, silica--eomposite particles are not
regarded as having the packing structures of ultra
microsphere silica, but regarded as composites
which have much better configurations.

In conclusions, silica--eomposite particles, which

A

o 5 10 15

Retention time (min)

CD
o
co..............-<

E
co

c::::>............-

a Calculated from peak of nitrobenzene.
b Totally porous silica packing of diameter 5 pm.

TABLE III

THEORETICAL PLATE NUMBER AND RESOLUTION OF
A COLUMN PACKED WITH SILICA-eOMPOSITE PAR
TICLES

Composite Theoretical Resolution
particle plates per meter (N)"

0.3/5 4080 1.26
0.3/10 2428 1.09
0.3/20 1356
0.6/10 6640 1.69
0.9/10 2716 0.884
CLC-SIL" 38600 6.25

decrease in PE particle diameter. The specific sur
face area of silica particles increases with a decrease
in the diameter of PE particles (see Table II).
Therefore, the decrease in the PE particle diameter
provides high resolution and N because of the large
specific surface area.

The separation of two peaks was scarcely
achieved with the 0.3/20 combination, owing to the
loss of the silica surface area, as apparently shown in
Fig. 3C.

When 1O-,um PE was used as core particles, the
0.6/10 combination provided the highest resolution
and N. Although there is not much differences in the
S values between the 0.3/10,0.6/10 and 0.9/10 com
bination, N for 0.6/10 is more than double that for
0.3/10 and 0.9/10. These results indicate that the
performance represented by resolution and N is not
determined only by S and the diameters of the
silica--eomposite particles that form the packing
structures in the columns. The performance is also
affected by the size of the silica ultramicrospheres.
With the 0.3/10 and 0.6/10 combinations, on the
assumption that the spatial configuration of 0.3/10
in the column is nearly equal to that of 0.6/10, it is
suggested that diffusion of solutes and mobile
phases at the surface and the interstices of silica
ultramicrospheres influences the column perfor
mance. With the 0.0/10 combination, it is explained
by the disorder arrangement of silica particles on the
PE particles in Fig. 3E as follows: the actual amount
of silica particles fixed on PE particles is smaller than
the calculated value, hence the value of the silica
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TABLE IV

RECOVERY OF PROTEINS FROM COLUMNS PACKED
WITH COMPOSITE PARTICLES

Protein Recovery (%) Protein Recovery (%)

Aprotinin 100.1 Fibrinogen 96.7
Cytochrome c 99.4 Apoferritin 92.8
BSA 102.3 Thyroglobulin 70.1

consist (of 0.6-J.lm silica ultramicrosphere arranged
on the surface of 10-J.lm PE, showed the highest N,
and the silica ultramicrospheres were arranged
orderly and densely on PE. Therefore, it is con
firmed that the 0.6/10 combination is the most
appropriate for HPLC column packings.

Separations ofproteins
As the 0.6/10 combination was ascertained to be

the best composite particle for packings, ODS
treated silica-composite particles (0.6-0DS/IO)
were prepared using 0.6-J.lm silica ultramicrospheres
with previously introduced ODS groups and lO-J.lm
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PE. 0.6-0DS/IO was packed into a column, and
aprotinin, cytochrome c and BSA were separated
(see Fig. 4). Three separated peaks were obtained
within 10 min with an elution volume of 5 ml, and
these three proteins demonstrated excellent recov
eries, as shown in Table IV. From these results, it is
clear that separations in a short time and with high
recovery, which are features of non-porous silica
packings, can be achieved by using silica-composite
particles consisting of silica ultramicrospheres.

In another experiment, the separation of three
high-molecular-weightproteins, fibrinogen (340000)
apoferritin (443 000) and thyroglobin (669 000) was
attempted. As shown in Fig. 5, these proteins could
be separated as sharp and symmetrical peaks within
20 min and the recoveries were also satisfactory (see
Table IV).

The Vydac214TP54column was also employed to
separate these three high-molecular-weight proteins
(see Fig. 6). The column was packed with wide-pore
silica of average pore diameter 30 nm. However,
apoferritin and thyroglobulin could not be sepa
rated. This result indicates that specific hindrance
factors, which limit the permeability of the solute in
the pores [2], were un-avoidable withsuch high-

e Ac:
c::> E A..... c:..... c::>- B ..........

CD -c:>
c: CD- c:>.....

C c: B C... -... .....- ........ ...- -.....-
o 10 20

Retention time (min)
Fig. 5. Gradient elution of high-molecular-weight proteins on
the column packed with silica-eomposite particles (0.6-0DS/IO).
Conditions: Column, 50 mm x 4 mm J.D.; gradient, 30 to 70%
acetonitrile in 0.1% TFA in 15 min; flow-rate, 0.3 ml/min;
detection, UV at 220 nm. Peaks: A = fibrinogen; B = apofer
ritin; C = thyroglobulin.

o 10 20 30 40

Retention time (lin)
Fig. 6. Gradient elution of high-mo!cular-weiglit proteins on
Vydac 214TP54. Conditions: column, 250 mm x 4.6 mm I.D.;
gradient, 30 to 70% acetonitrile in 0.1 % TFA in 20 min;
flow-rate, 0.3 ml/min; detection, UV at 220 nm. Peaks: A =

fibrinogen; B = apoferritin; C ~ thyroglobulin.
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Silica

Internal part

Fig. 7. Schematic diagram of a silica---{;omposite particle and the
internal and external parts of the silica surface.

molecular-weight proteins using a porous silica
packing.

When porous packings are used for the separation
of solutes, it is reported that the pore diameter must
be ten times greater than the solute diameter for
complete access of all solute molecules to the
internal surface area of the pores [2]. We applied this
theory for porous packings to silica-eomposite
particles which have a fine structure on the surface.

The diameters of the three high-molecular-weight
proteins that were separated in this study are
estimated to be 10-15 nm [29]. Fig. 7 shows the silica
surface of a composite particle where the stationary
phase is divided roughly into two parts. One is the
external part, which means the outer surface of silica
on composite particles. The other is the internal part
of composite particles, which means the surface of
silica facing the PE particles. With the 0.6/10
combination, the cusp-shaped pore formed between
close-packed silica ultramicrospheres approximates
a triangle of 300 nm side, and the area of the pores is
equivalent to a circle of diameter 136 nm. Approxi
mately 2000 cusp-shaped pores are formed on each
composite particle surface. The structure consisting
of the interstices can also be regarded as an accurate
pellicular porous structure which is formed on the
lO-/lm PE particles. This assumption suggests that
the column packed with the 0.6/10 combination
could be employed for the separation of solutes with
molecular diameters up to 30 nm without specific
hindrance factors.

F. Honda el al. / J. Chromalogr. 609 (1992) 49-59

These three kinds of proteins are able to access the
external and the internal parts of the stationary
phase, and similarly low-molecular-weight solutes
are able to access both parts.

The arrangement of silica ultramicrospheres on
the surface of 10-/lm PE particles is valuable for
improving the stationary phase utilization. It was
found that 0.6-0DS/1O was able to separate proteins
of MW up to 669 000.

Use of composite particles for HPLC packings
There are three aspects of using composite parti

cles for HPLC packings. The first aspect is the
arrangement of ultramicrospheres which are fixed
orderly and densely, the second is a pellicular
particle which has uniform pores and the third is a
complex particle which consists of some kinds of
materials.

In this study, a dense packing structure consisting
of ultramicrospheres was utilized to form the rapid
and homogeneous interaction system between the
solute and the stationary phase and the mobile
phase. It was found that the diameter of silica
ultramicrosphere itself affects the N values. The
structure of the composite particles led to the
successful separation of proteins with a wide mole
cular weight range. For example, with the 0.6/10
combination, although the apparent particle diam
eter is 10 /lm, the surface area of the composite
particle is equal to that of a 3-/lm non-porous silica
microsphere per unit volume.

If silica-eomposite particles are regarded as pel
licular particles, it should be noted that these
particles were not prepared by the conventional
method in which the pore diameters are regulated by
controlling the conditions of synthesis, but by a
novel method in which the pores are formed by
arranging silica ultramicrospheres. It is possible to
make any form of pores if the combination of core
materials and wall materials are suitable for pre
paring composite particles. A homogeneous surface
can be obtained easily by the employment of previ
ously coated particles.

Finally, if silica-eomposite particles are regarded
as complexes consisting of several particles, it sug
gests the possibility of preparing particles which
have different properties. In this study, non-porous
silica ultramicrospheres were utilized for HPLC
column packings by being arranged on the surface of
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large particles. Some materials which have never
been considered as column packings, e.g., a needle
like, a plate-like or a fibre-like substance, may be
proposed as column packings in a similar manner as
described above. Also, several kinds ofparticles may
be blended to prepare multi-functional particles.

It is suggested that silica--eomposite particles
which possess unique properties due to the structure
not only can be utilized for the separation of
high-molecular-weight proteins but also represent a
new concept for preparing column packings.

CONCLUSIONS

The double packing structure, which consists of
the spatial configuration of silica--eomposite par
ticles in the column and the dense arrangement of
silica ultramicrospheres on the PE particle surface,
enable silica ultramicrospheres to be utilized as
stationary phases in HPLC while simultaneously
maintaining the flow of the mobile phase. The
diameters of the silica ultramicrospheres affected N;
of the six kinds of composite particles examined the
0.6/10 combination gave the highest N. Silica
composite particles are non-porous and have a large
surface area, which are the conditions required for
column packings for protein analysis, and achieved
the separations of proteins with a wide range of
molecular weights.
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ABSTRACT

The characteristics of short, fibrous supports for chromatographic separations of biomolecules have been studied. A non-porous,
silica-based fiber with an anion-exchange functionality was developed, and the performance of this support for protein separations was
determined. It was established that the short-fiber column exhibits a low pressure drop, allowing separations to be performed at
elevated flow-rates. The dynamic adsorption capacity of the column for three proteins, myoglobin, ovalbumin and bovine serum
albumin, have been determined as a function of solution pH and salt concentration. It has been shown that the column can be used to
separate mixtures of these proteins at elevated flow-rates.

INTRODUCTION

The significant growth in the market for biopro
ducts has led to the need to adapt chromatography
to the process scale [1]. The criteria for evaluating
the performance of a process-scale purification have
been shown to be product purity, throughput, and
cost [2]. For this reason, systems developed for ana
lytical separations are not always suitable for
process-scale separations. In recognition of this,
substantial efforts are now being devoted to the de
velopment of systems that involve new operating
procedures [3] and novel equipment configurations
[4-9].

The use of chromatographic supports with a fi
brous geometry is one novel approach to develop
ing chromatographic systems for scaled-up separa
tions. Two types of fiber columns have recently
been developed. In one type, fibers, either solid or
hollow, are packed into a column such that the
longest dimension of the fibers is aligned with the

Correspondence to: Dr. N. G. Pinto, Department of Chemical
Engineering, University 'of Cincinnati, Cincinnati, OH 45221
om, USA.

direction of flow of the mobile phase [10-13]. The
second type uses relatively short fibers, and these
are packed with random orientations [14]. The
short-fiber column and columns packed with
aligned hollow fibers have been shown to exhibit
very low pressure drops [11,14], making them po
tentially suitable for high-throughput separations.
. Though both types of columns have potential ap

plications in high-throughput separations, the ran
domly packed short-fiber columns are of immediate
interest, since the procedures for packing and oper
ating these columns are essentially the same as those
used for conventional columns packed with spher
ical supports. Thus, the developmental task in
volves only the synthesis of appropriate supports,
and not the development of packing and operating
procedures that is required for systems that are rad
ically different.

At the present time, only one type of short-fiber
support [14], a silica-based affinity support, has
been developed. In this paper, the synthesis of a
short-fiber anion-exchange support is described; an
ion-exchange support was developed because a
great number of downstream processing protocols
use an ion-exchange step. The characteristics of this

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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support for protein separations have been evaluat
ed.

EXPERIMENTAL

Materials
Bulk Q-l06 quartz fiber was a gift from Manville

Sales (Toledo, ali, USA). This non-porous fiber
consists of 98.5% (wjw) silica (Si02) and has a
nominal fiber diameter of 0.7 I'm. PAE-300, a po
rous silica-based chromatographic packing, was
purchased from Amicon (Danvers, MA, USA).

: Reagents
3-Glycidoxypropyltrimethoxysilane (Z-6040)

was a gift from Dow Corning (Midland, MI, USA).
Polyethyleneimine (PEI-6, molecular mass 600) was
purchased from Polysciences (Warrington, PA,
USA). Solvents (acetone, meth;lllol, etc.) and re
agents (sulfuric acid, nitric acid, etc.) were pur
chased from Fisher Scientific (Cincinnati, OH,
USA).

Proteins
The proteins, bovine serum albumin (BSA), ova

lbumin (OVA) and myoglobin (MYO) from horse
heart, were purchased from Sigma (St. Louis, MO,
USA).

Instrumentation
A SP8800 ternary HPLC pump system (Spectra

Physics, San Jose, CA, USA) was used for the chro
matographic evaluations. Absorbance was moni
tored with a Model 2550 UV detector (Varian, Wal
nut Creek, CA, USA).

Preparation offiber substrate
Bulk quartz fiber Q-106 was cut in water with a

homogenizer (Biospec Products, Bartlesville, OK,
USA). The nominal length of the cut fiber, charac
terized with an optical microscope, is 115 /lm. The
fiber was cleaned by washing with acetone and
deionized water. It was then hydroxylated, to in
crease the number of reactive silanol groups on the
surface. This was achieved by refluxing in a 50:50
(vjV) mixture of concentrated sulfuric acid and ni
tric acid for 8 h [15,16]. Subsequently, the fiber was
thoroughly washed with deionized water and dried
in a vacuum oven at 110°C for 2 h.
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Surface modification of hydroxylatedfiber
A 2-g amount of the hydroxylated fiber was re

fluxed in 10% (vjv) Z-6040 solution in dry toluene
(dried over sodium metal) for 24 h [14,15,17,18].
After filtering off the silane solution, the fiber was
dried in a vacuum oven at 110°C for 8 h. It was then
washed with 60 ml acetone and dried in a vacuum
oven at room temperature for 8 h. At the end of this
step, the Z-6040 is covalently attached to the fiber
through the silanol group.

Immobilization ofpolyethyleneimine on the fiber
The Z-6040 bonded fiber was treated with a solu

tion of 20% (wjv) PEI-6 in methanol for 12 h
[17,19,20]. After filtering off the PEI-6 solution, the
fiber was dried in a vacuum oven at 80°C for 12 h.
Subsequently, it was washed with 60 ml methanol
and 60 ml acetone, and dried in vacuum at room
temperature for 8 h. This process immobilizes the
PEI-6 on the fiber by covalent attachment to the
Z-6040. The procedure used here to attach the
PEI-6 to the silica fiber is similar to that developed
by Regnier and co-workers [17,19-24] for spherical
silica supports, indicating that already developed
activation methods can be adapted to making silica
supports with a fibrous geometry.

Column packing
A packing procedure involving sedimentation

followed by pressurization was used to pack the
anion-exchange fiber into a standard high-perform
ance liquid chromatography (HPLC) (150 mm x
4.6 mm J.D.). The column was vertically oriented,
and the fiber suspended in methanol was poured
into the top end. A weak vacuum was applied to the
bottom to remove the solvent. The column was then
attached to a HPLC pump and a pressure drop of
2400 p.s.i. was applied for about 10 min. This com
pressed the packing in the column. The entire
process was repeated a number of times until the
column was full and tightly packed.

In order to allow a comparison of pressure drop
characteristics with conventional columns,
PAE-300 (10 /lm), a commercial, porous, silica sup
port, was packed in a column of the same dimen
sions. In this case, conventional slurry packing at a
pressure of 6000 p.s.i. was used. A Haskel air-driven
liquid pump purchased from Alltech (Deerfield, IL,
USA) was utilized for this purpose.
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Measurement of column pressure drop

The column pressure drop was determined by
subtracting the system pressure drop in the absence
of the column from that when the column was part
of the flow circuit. These measurements were made
for both the Q-106 fiber column and the PAE-300
column. A 0.05 mg/ml BSA in 0.01 M Tris-HCI
(pH 8.0) solution was used in all cases. The pressure
drop behavior was studied for flow-rates between I
and 10 ml/min.
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Measurement of dynamic capacity
The dynamic capacity of the fiber column was

determined with frontal chromatography. The ca
pacity was determined for three proteins, BSA,
OVA and MYO, at pH 6.0 and 8.0, and at two salt
concentrations. The buffers used were 0.01 M histi
dine at pH 6.0 and 0.01 MTris at pH 8.0, and NaCI
was used as the salt.

The frontal experiments involved washing the
column with 0.5 M NaCI and equilibrating it with
the required carrier solution. The column was then
disconnected, and the upstream tubing was filled
with the protein solution. The column was recon
nected, and the frontal injection was initiated. Col
umn response was monitored with the UV detector
at 280 nm. All the experiments were performed at
room temperature.

, Chromatographic evaluation
Chromatographic evaluations of the column

were made in the gradient elution mode. A sample
size of 10 J-ll was used in all cases. The gradient elu
tions involved a 20-min linear gradient of NaCI
from 0.0 to 0.5 M. Three buffers, Tris (pH 8.0),
imidizole (pH 7.0) and histidine (pH 6.0), were
used. The column response was monitored at 280
nm.

RESULTS AND DISCUSSION

Column pressure drop
The experimentally obtrained pressure drop

characteristics of the fiber column and reference
PAE-300 column are shown in Fig. 1. It is immedi
ately evident that the fiber column exhibits a sub
stantially lower pressure drop, with pressure drops
of no more than about 20% of those in the
PAE-300 column at the same flow rate.

°0'----"'--=----'---'-4---'-------:6,-----'-,---6:----'---1""0----J

Flow-Rate (mI/min)

Fig. I. Column pressure drop as a function of flow-rate for the
fiber column(t» and PAE-300 column (D). Column length, 15
cm; ---- and -, theoretical predictions [251.

Due to equipment limitations on the maximum
volumetric throughput, the pressure drop experi
ments could not be extended to flow-rates above 10
ml/min. However, an attempt was made to theoret
ically estimate the pressure drop at higher volu
metric flow rates. A correlation developed by Leva
[25] for packed beds was used for this purpose:

LlP = 2fmG2L(I - e)3 -n (I)
dgcpr.I>: ne3

The predictions of this correlation for the two col~

umns studied experimentally are shown in Fig. I;
the bed porosities, 0.4 for the PAE-300 column and
0.92 for the fiber column, were calculated indepen
dently from unretained component data. It is seen
that Leva's correlation predicts the pressure drop
reasonably well; the slight over prediction at higher
flow-rates is suspected to be due to pump character
istics at 6 ml/min and higher, rather than a failure of
the equation. Thus, for the purposes of a rough
theoretical estimate at flow-rates beyond the experi
mental range the correlation should be adequate.
Shown in Table I are the predictions at higher flow
rates. These data show that it will be possible to
operate the 15-cm fiber column at 40-50 ml/min
while maintaining acceptable pressure drops. This
implies linear velocities of 240-300 cm/min at pres
sure drops of about 140 p.s.i./cm.

Dynamic adsorption capacity
Frontal chromatography was used to evaluate

the dynamic adsorption capacity of the fiber col-
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TABLE I

PREDICTIONS OF PRESSURE DROP AT HIGHER FLOW-RATES

Flow-rate Linear velocity Column JP JP/L
(ml/min) (em/min) (p.s.i.) (p.s.i./em)

20 120
Q-I06 1037 69
PAE-300 4717 315

30 181
Q-106 1459 97
PAE-300 7308 487

40 241
Q-I06 2021 135
PASE-300 9666 644

50 301
Q-I06 2600 173
PAE-300 12144 810

umn. Three proteins, BSA, OVA and MYO, were
used. The adsorption isotherms constructed from
the breakthrough curves for each of these proteins
and for a number of mobile phase conditions are
shown in Figs. 2-5. These capacities are calculated
on the basis of the breakthrough of 50% of the feed
concentration. Figs. 2 and 3 show the effect of pH
on capacity. For both cases. the adsorption iso
therm is roughly Langmuirian in shape. At pH 8.0
the fiber has a capacity of about 1.2 mgjg for BSA,
0.6mgjg for OVA, and virtually no capacity for
MYO. At the lower pH of 6.0, the capacity for BSA
drops to about 0.8 mgjg, while for OVA it increase
slightly to about 0.7 mgjg. Once again there is vir
tually no capacity for MYO. The observed effects of
pH can be qualitatively explained on the basis of the
pI values of the proteins (Table II) and the weakly

basic nature of the ion-exchange fiber. The low pI
values of BSA and OVA, 4.9 and 4.7, respectively,
ensure that these proteins have a high charge densi
ty at pH 8.0. When the pH is lowered to 6.0, the
ion-exchange capacity of the weakly basic support
is increased, but the charge density of both proteins
is lowered. In the case of BSA these oppositely act
ing effects lead to a net decrease in capacity, while
OVA shows a slight increase. For MYO, a pI of 7.3
should give, as observed, no capacity at pH 6.0. At
pH 8.0, the protein will have a low charge density,
but the ion-exchange capacity of the support is low
ered, once again giving virtually no adsorption.
Though the adsorption behavior can be explained
qualitatively on the basis of charge density, other
factors such as charge asymmetry, hydrophobic in
teractions. conformational changes, and hydrogen

..2.0r-----------------,-..
!

0.06

..2.0r-----------------,
-..
!
t
01.5
•
~
u
~

:3 1.0
e-i0.5 wr····.a-·················....·······························fJ

[ .I
Q ..

0.0 rJi. - -E>- _ ..... - - - - - -0- - - - - - - - - - - - - - - - -E>

0.00 0.01 0.02 0.03 0.04 0.05
Protein Concentration (mc/rol)

0.060.01 0.02 0.03 0.04 0.05
Protein Concentration (mg/ml)

- -- ----- --<r-- ------------

t-
"s 1.5.
"•u
~
o
::31.0
e-
o

~
(,I &----0---------.--------0---------..------------------._.g
'il 0.5 'iT •

~ :

Fig. 2. Adsorption isotherms ofBSA (fI), OVA (0) and MYO
(0) at pH 8.0.

Fig. 3. Adsorption isotherms of BSA (.6), OVA (0) and MYO
(0) at pH 6.0.
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pacity. It can be seen that the dynamic capacity is
maintained at higher flow-rates. The reason for this
is that the fiber is non-porous, restricting the mass
transfer resistance to the liquid phase. In this case,
since the fluid velocities are in the laminar flow
region, the liquid mass transfer coefficient is essen
tially independent of flow-rate. Thus, the shape of
the concentration fronts is not affected significantly
by mass transfer, leading to a dynamic capacity that
is essentially independent of flowcrate.

Gradient elution chromatography
The separation of BSA, OVA and MYO was at

tempted on the fiber column using gradient elution.
A mixture of 5 mgjml BSA, 5 mgjml OVA and 0.5
mgjml MYO was used for all the separations.
Shown in Fig. 7 are typical chromatograms ob
tained at I mljmin for carrier solutions at pH 6.0,
7.0 and 8.0. While the MYO is separated cleanly
from the other two proteins, since it is essentially
unretained, the separation of BSA from OVA is
strongly dependent on the solution pH. A good sep-

TABLE II

CHARACTERISTICS OF PROTEINS
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Fig. 4. Adsorption isotherms of BSA (6), OVA (D) and MYO
(0) at pH 8.0 with 0.05 M NaCI.

bonding can also be expected to influence the ad
sorption capacity [24,26,27].

The effects of salt concentration on adsorption
are shown in Figs. 4 and 5. Two salt concentrations
were used: 0.05 M NaCI (Fig. 4) and 0.1 M NaCI
(Fig. 5). Once again, the adsorption isotherms are
roughly Langmuirian. However, it is clear that the
presence of salt leads to a rapid decrease in protein
capacity, with virtually no capacity remaining at 0.1
MNaCl.

An important factor for columns operating at
elevated flow rates is the sensitivity of the column
capacity to the mobile phase velocity. Shown in Fig.
6 is the typical dependence of column capacity on
flow-rate. These data were obtained with frontal ex
periments with BSA at pH 8.0. Once again, 50% of
the feed concentration was used to determine ca-

Protein

BSA
OVA
MYO

Isoelectric point
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4.7
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Molecular mass

69000
44 000
17500

10.06.04.0 6.0
Flow-Rate (mI/min)

2.0

- -I83-----;03--__--e-__----..,
o 0

.,4.0

......

!
,e.
·S 3.0..
Po.

U

":3 2.0
e-o
m

'" G...
.§ 1.0
..
~

0.0
0.0

~2.0r------------------,

!
~ 1.5..
~,

":31.0
e-
~

'"...
.~0.5

&
o.o~~~~==?~-:::-~..,...·-~-~-::-=-;--~=~-l_';'-__J

0.00 0.01 0.02 0.03 0.04 0.05 0.06
Protein Concentration (mg/ml)

Fig. 5. Adsorption isotherms of BSA (6), OVA (D) and MYO
(0) at pH 8.0 with 0.1 0 M NaCI.

Fig. 6. Dynamic adsorption capacity of fiber column for BSA as
a function of flow-rate.
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Fig. ~L Gradient elution separation of BSA, OVA and MYO as a
function of flow-rate. pH, 8.0. Gradient, 20 min, linear. 0.0 to 0.5
M NaC!. (a) 1 mljmin; (b) 4 mljmin; (c) 8 mljmin.

Implications of experimental results
The attainment of high flow-rates in chromato

graphic columns does not by itself guarantee high
column throughputs. Equilibrium and kinetic char
acteristics are essential factors that must also be
considered. The non-porous fiber support used in
this work shows good pressure-drop characteristics,
but has a low adsorption capacity. Thus, the
throughput attainable is very limited, even at high
fluid velocities. An obvious way of enhancing ca
pacity, without losing the favorable pressure drop
characteristics, is to use a porous fiber in place of
the non-porous support. Based on the surface area
reported for equivalent porous carbon fibers, it is
expected that the available surface area in the po
rous silica fiber will be approximately two orders of
magnitude greater than the non-porous fiber. This
will give the fiber a capacity comparable to that of
conventional, porous, spherical supports.

Porous supports provide the high capacities re
quired for preparative separations, but their kinetic
characteristics are generally inferior to non-porous

Thus, it is important to determine if elution sep
arations can be achieved at higher flow-rates. Fig. 8
shows the effect of flow-rate on the separation of
MYO, OVA and BSA at pH 8.0. Three chromato
grams at 1, 4 and 8 ml/min are shown. Identical
20-min salt gradients were used for all three cases. It
should be noted that the noisy signal obtained at
the highest flow-rate is due to slight flow fluctu
ations produced by the pump, which is operating
close to its upper limit; these fluctuations are inde
pendent of the column. From Fig. 8 it is clear that
the proteins can be separated on the fiber column at
higher flow rates. In fact the resolution between the
OVA and BSA peaks actually improves with in
creasing flow-rate. However, this improved resolu
tion at higher flow-rates is due to the salt gradient
applied, rather than any particular characteristic of
the column. If the salt gradients are compared on
the basis of volume of eluent rather than time, it is
immediately evident that the steepest gradient was
applied at the lowest flow-rate. Thus, with increas
ing flow-rate the retention time difference between
OVA and BSA increases. This results in improved
resolution between peaks. The smaller gradient at
higher flow-rates also results in lowered peak con
centrations as is clearly evident in Fig. 8.
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aration is obtained at pH 8.0, a poor separation at
pH 6.0, and a separation intermediate between
these at pH 7.0. With regard to the resolution be
tween OVA and BSA, a decrease is observed with
decreasing pH. This can be explained on the basis of
the pH dependence of the retention times. Reten
tion times for BSA and OVA, with each obtained
separately using the same gradient protocol as was
used for the mixtures, changed in opposite direc
tions with an increase in pH; an increase in the re
tention time for BSA and a decrease for OVA were
observed. This behavior is consistent with the front
al capacity data, and, as was stated earlier, is related
to the charge density of the proteins and the ion
exchange capacity of the support.

A significant characteristic of the fiber column is
the low pressure drop it exhibits at high flow-rates.
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supports, due to the additional mass transfer resist
ance in the stationary phase. Thus, poor chroam
tographic resolution can result, especially in the
separation of large biomolecules. In order to over
come this problem, small-diameter spherical sup
ports (~ 20 pm) are used. However, since small di
ameters lead to high pressure drops, 2 pm is gener
ally recognized [28] as the lower limit for the parti
cle diameter; at smaller diameters, excessive pres
sure drops lead to detrimental effects associated
with localized viscous heating, even at low linear
velocities. The pressure drop behavior observed
with the fiber column indicates that with a short
fiber support the lower limit on the diameter can be
reduced to the sub-micron range. In fact, a sub
micron diameter of 0.7 pm was used in this study.
The implication is that with a porous, sub-micron
fiber good intra-particle mass transfer characteris
tics will be obtained in combination with low pres
sure drops and high capacities. These are highly de
sirable characteristics for preparative separations.

One disadvantage of fiber columns is that flow
dispersion can be expected to be significantly higher
than in comparable columns packed with spherical
supports, and, depending on characteristics of the
separation and on operating conditions, this effect
may partially or completely counter the advantage
gained with respect to intra-particle mass transfer.
Consequently, the low pressure drop and intra-par
ticle mass transfer characteristics of fiber columns
will not necessarily translate into higher through
puts than sphere packed columns. A complete com
parison requires the optimization of both systems
with respect to throughput, in order to compare the
maximum throughput attainable in each.

CONCLUSIONS

The potential of using chromatographic packings
with a short, fibrous geometry for preparative sep
arations of proteins has been investigated. Specifi
cally, a non-prous, anion-exchange silica fiber was
synthesized. It has been established that short-fiber
supports give very porous beds, and, consequently,
high linear velocities can be achieved at acceptable
column pressure drops; it is estimated that linear
velocities of 240-300 cm/min can be attained at
pressure drops of about 140 p.s.i./cm. Also, because
of the non-porous nature of the support, the dy-
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namic column capacity is maintained at high flow
rates, indicating good mass transfer characteristics.
A sample protein separation was performed on the
column using gradient elution. It has been shown
that the peaks can be resolved even at elevated flow
rates. One disadvantage of the non-porous support
was found to be its low capacity. However, it is
anticipated that replacing the sub-micron non-po
rous fiber with an equivalent sub-micron porous fi
ber will result in an adequate enhancement in ca
pacity, while retaining good mass transfer charac
teristics.

SYMBOLS

d diameter of particle
fm friction factor
gc gravitational constant
G mass flow-rate
L column length
n state of flow factor
iJP pressure drop of column

Greek symbols
G bed porosity
p fluid density
IPs shape factor
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ABSTRACT

Quantitative structure-retention relationships (QSRRs) were compared for a set of 1,4-benzodiazepine (BDZ) test solutes analyzed
by high-performance liquid affinity chromatography (HPLAC), reversed-phase (RP) and adsorption (normal-phase. NP) high-per
formance liquid chromatography (HPLC). The HPLAC data reflected the enantioselective retention on a human serum albumin-based
chiral stationary phase (HSA-CSP); RP-HPLC data were determined on a specially deactivated hydrocarbon-bonded silica material;
NP-HPLC was performed on a graphitized carbon stationary phase. Molecular descriptors reflecting additive-constitutive properties of
the solutes as well as their geometry and electron charge distribution were generated using molecular modelling software. The QSRR
equations derived for each chromatographic mode involved different sets of molecular descriptors. Analysis of the physical meaning of
the individual descriptors allowed for interpretation of separation mechanisms at molecular (submolecular) level and rationalization of
the observed separation patterns. For HPLAC the contributions by hydrophobic, steric and electrostatic factors were quantified and
accounted for the differential retention of enantiomers. Retention in RP-HPLC was demonstrated to be a net effect of both non-specific
(dispersive) and directional (electrostatic) intermolecular interactions between solute and molecules of both stationary and mobile
phases. QSRR equations derived for NP-HPLC proved the predominance of specific dipolar and charge-transfer attractive interactions.
The QSRR-based models obtained appear a reliable and convincing proof for involvement of distinctive mechanisms in different HPLC
systems.

. INTRODUCTION

Correspondence to: Professor Irving W. Wainer, Pharmacokinet
ics Division, Department of Oncology, McGill University, 3655
Drummond, Suite 701, Montreal, PQ H3G lY6 Canada.

"" On leave from Department of Biopharmaceutics and Phar
macodynamics, Medical Academy, Gen. J. Hallera 107,80
416 Gdansk, Poland.

One of the most extensively studied manifesta
tions of linear free-energy relationships are the
quantitative structure-ehromatographic retention
relationships (QSRRs). These are statistically de
rived relationships between the structure of a solute

0021-9673/92/$05.00 © 1992 Elsevier,Science Publishers B.V. All rights reserved
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and its chromatographic retention. Using the tools
of QSRRs, the chromatographic column becomes a
"free-energy transducer", translating differences in
chemical potentials of solutes, arising from differ
ences in structure, to chromatographic retention.
One of the ultimate goals ofQSRR studies, i.e., ac
curate prediction of retention parameters prior to
an experiment, appears rather remote, except for
particular solutes and separation systems [I]. Like
in other structure-property relationships, this limi
tation is due to the shortage of relevant, unequiv
ocally defined and quantitatively precise structural
descriptors.

However, this is not the case when QSRRs are
used to gain insight into the molecular mechanism
ofchromatographic retention. Using this approach,
it is possible to identify the dominant factors which
define the interactions of solute molecules with
chemical entities forming the chromatographic sys
tem. This can be achieved if statistically significant
QSRRs are derived and if these equations approxi
mate the experimental retention data for a repre
sentative set of model solutes. Although QSRRs are
extrathermodynamic in nature and, as such, lack
the formal rigor of thermodynamics, there is no
doubt that mechanistic conclusions based on
QSRRs are much more reliable than those based on
qualitative comparisons of structure and retention
of a limited number of preselected solutes.

QSRRs have been employed to analyze the mech
anism of reversed-phase high-performance liquid
chromatographic (RP-HPLC) separations of sim
ple aromatic test solutes on octadecylsilica [2,3] and
polybutadiene-coated alumina [4] stationary phase
materials. Retention in adsorption HPLC on metal
lic stationary phases has also been analyzed in
terms of QSRRs [5,6]. Recently, we succeeded in
deriving quantitative structure-enantioselective re
tention relationships (QSERs) for a series of 1,4
benzodiazepines subjected to enantioselective high
performance liquid affinity chromatography
(HPLAC) on a human serum albumin-based chiral
stationary phase (HSA-CSP) [7].

For each of the above HPLC modes (affinity, re
versed-phase, adsorption) the QSRR derived re
vealed different predominant properties of solutes!
which determined retention. However, different sets
of test solutes employed in individual studies [2-7]
preclude direct comparison of respective QSRRs
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and, thus of the mechanisms of retention. With that
in mind predesigned, comparative QSRR studies
were undertaken and are reported here.

EXPERIMENTAL

Materials
The series of 1,4-benzodiazepine test solutes com

prised 9 achiral compounds, 4 single enantiomers
and 16 individual isomers of 8 racemates. The sol
utes alprazolam, 4-hydroxy-alprazolam and triazo
lam were kindly supplied by Upjohn Labs. (Kala
mazoo, MI, USA). The compounds Ro 23-0983/
001, Ro 11-3128/002, Ro 14-8935/000, Ro 11-5073/
000, Ro 23-1117/000 and Ro 23-3880/000 were gen
erously provided by Hoffman-La Roche (Nutley,
NJ, USA). Racemic oxazepam hemisuccinate, and
its individual enantiomers, were gifts from Dr. Car
lo Bertucci (Pisa, Italy). The remaining benzodiaze
pines as well as deuteromethanol (C ZH 30 ZH) and
deuterium oxide CZHzO) were purchased from Sig
ma (St. Louis, MO, USA).

Apparatus
The chromatographic system consisted of a Spec

troflow 400 pump; 480 injector module equipped
with 20-/l1100p; 783 programmable absorbance de
tector (all from ABI Analytical, Ramsey, NJ,
USA). A DataJet integrator (Spectra-Physics, San
Jose, CA, USA) or a Shimadzu (Kyoto, Japan) C
R6A integrator were used. In the case of affinity
chromatography the column was thermostated us
ing a CH-30 temperature regulating jacket (FIA
tron Laboratory Systems, Oconomowoc, WI,
USA).

The experiments were carried out using a flow
rate of 1 ml min - 1.

Chromatographic conditions
Affinity mode [7j. The column (15 cm x 4.6 mm

LD.), packed with HSA-CSP was prepared accord
ing to Domenici et al. [8] by Shandon Scientific
(Runcorn, UK).

Chromatography was carried out isocratically
using the mobile phase based on sodium dihydro
genphosphate-disodium hydrogenphosphate (100
mM, pH 6.90), modified with 5% (v/v) propan-l-ol.
Column temperature was maintained at 28 ±
0.1 0c. Capacity factors (k') were calculated taking
the signal of water as the dead time marker.
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Reversed-phase mode. A Suplex pKb-lOO column
(15 cm x 4.6 mm LD.) was purchased from Supel
co (Bellefonte, PA, U.S.A).

Chromatography was carried out polycratically
using eluents of following proportions (vjv) of
methanol to buffer: 80:20, 70:30, 60:40, 50:50,
40:60, 30:70 and 20:80. The buffer of pH 7.00 was
prepared by adding 0.1 M NaOH to a solution of
0.02 M CH3COOH, 0.02 M H 3P04 and 0.02 M
H 3B03 .

Capacity factors were calculated assuming con
stant dead volume of the column. Corresponding
numerical data were obtained by measuring signals
of deuteromethanol (C2H 30 2H) or deuterium ox
ide CZH20) chromatographed with neat methanol
(CH 30H) or water (H 20) eluents, respectively [9].

Logarithms of capacity factors (log k') for indi
vidual solutes were plotted against the volume frac
tion of methanol in the eluent. Excellent linearity of
the relationships in the whole eluent composition
range studied (correlation coefficient r > 0.995) al
lowed for extrapolation of log k' to 0% methanol
(100% buffer). Only the retention parameters nor
malized to pure buffer (log k'w) were subjected to
further analysis.

Adsorption mode. The Knox graphitized carbon
[10] column Shandon Hypercarb S (10 cm x 4.6
mm LD.) was obtained from Shandon Scientific.

Measurable retention data for all solutes, e.xcept
ing oxazepam hemisuccinate, were obtained em
ploying hexane-propan-l-ol (97:3, vjv) mobile
phase. Column dead volume was obtained injecting
C2H 30 2H when neat CH 30H was the eluent. With
the value obtained one solute of 21 appeared ex
cluded (k' < 0). The value of log k' of oxazepam
hemisuccinate, corresponding to the hexane-pro
pan-I-ol (97:3, vjv) eluent, was estimated by extrap
olation to this composition of the mobile phase us
ing the log k' data determined at hexane-propan-l
01 proportions 40:60, 50:50 and 55:45 (vjv).

Determination of structural descriptors
Structural analysis was carried out by means of a

molecular modeling program InsightII (Biosym
Technologies, San Diego, CA, USA) executed on
an IBM (Austin, TX, USA) RISC System 6000
computer. Molecular geometry was optimized and
the distribution of electron charge within the mole
cule was calculated by appropriate molecular orbit-
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al package (MOPAC) procedures [11,12] within Tn
sightII. Angles and distances of interest were dis
played and measured conveniently due to InsightII
molecular graphics facilities.

The InsightII-generated structural descriptors
which were considered included total energy, orbi
tal energies, electron excess charges on individual
atoms, dipole moments, planar and torsion angles
formed by common sets of atoms and distances be
tween selected structural moieties in a molecule.
The structural descriptors which were eventually
employed in QSRR equations included: submolec
ular polarity parameter (PSM ), molecular width (W),
electron excess charge on carbon atom C(3) of 1,4
diazepine system [C(3)], angle formed by atoms
C(2)-C(3)-N(4) of diazepine ring ({3CCN), energy of
the lowest unoccupied molecular orbital (ELUMO)

and total dipole moment (fl). To determine PSM , at
first the difference in electron excess charge between
the hydrogen atom at position C(3) and the most
negatively charged atom in other substituent at C(3)
was calculated. Next, that charge difference was
multiplied by the distance (in A) between these two
atoms [7]. The width, W, was measured from the
extremity of the phenyl substituent.

In addition to the descriptors generated by mo
lecular modeling, meaningful in QSRRs appeared
fragmental hydrophobic constants of substituents
at position 7 (jy) and 2' ifx) according to Taylor
[13], their sum ifx + y) and molecular refractivity of a
whole molecule (MR ) calculated after Vogel [14].
Theoretical values of logarithms of octan-l-ol-wa
ter partition coefficient for whole molecules
(CLOGP) were calculated by the ProLog program
(CompuDrug Chemistry, Budapest, Hungary).

Deriving of QSRR equations
Logarithms of capacity factors and structural de

scriptors were mutually related by means of multi
parameter regression analysis using the CSS pack
age (StatSoft, Tulsa, OK, USA) run on a personal
computer. The equations were derived by a stepwise
regression analysis and next, refined by a standard
regression method taking into consideration signif
icance of individual descriptors, intercorrelations
among them, number of data points and variable
data range and distribution. The relationships de
rived were tested according to the requirements of a
meaningful correlation analysis [15].
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RESULTS AND DISCUSSION

Structures of l,4-benzodiazepine (BDZ) test sol
utes are given in Fig. 1. Respective chromatograph
ic data are collected in Table I and structural pa
rameters are listed in Tables II and III.

HPLAC
The QSRR equations 1 and 2 were previously

derived [7] which described retention of the first (log
kl) and the second (log k 2) eluting enantiomers in
HPLAC on HSA-CSP. For achiral'solutes it was
assumed that ki = k2and the actual capacity fac
tor confirmed both QSRR equations for individual
enantiomers.

In eqns. 1 and 2 the values in parentheses are
standard deviations of regression coefficients, R is
the correlation coefficient, F is the .f-test value, ( is
the (-test value and p is the significance level of indi
vidual variables and of the whole equation; n is the
number of data points used to derive regression. Of
21 BDZs studied we had 17 second-eluting
enantiomers available. In the case of eqn. 2 the
number of data points (n) is 16 because (S)-temaze
pam was excluded from regression as an outlier.

Eqns. 1 and 2 suggest high stereospecificity of
BDZ-HSA retentive interactions. BDZ solutes are
assumed to interact with two main types of ste-
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reospecific binding sites: one nonenantioselective
and another at which there is significant binding by
only one enantiomer. Both binding sites were pos
tulated [16] to be composed of a hydrophobic an
choring pocket (positive input by fy), a size restric
tive region (negative input by UI) and a cationic
area repulsive towards positively charged carbon
C(3) of diazepine system [negative input by C(3)]. In
the case of the enantioselective binding site an ex
tended cationic area is assumed to attract negatively
charged atoms in the substituent at C(3) (positive
input by polarity parameter, PSM ) providing that the
actual configuration of a chiral molecule allows for
close contact of interacting moieties. Hydrophobic
ity of other parts ofBDZ seems to be oflittle impor
tance for retention on HSA-CSP. Some positive in
put is provided by hydrophobicity of substituents at
position 2' of the phenyl system, but this is at the
lowest limits of statistical significance. An even less
informative term including PCCN completely loses
significance in eqn. 2.

One of the referees indicated that the number of
descriptors incorporated in eqns. 1 and 2 is rela
tively high compared to the number of observations
and thus, there was a possibility of chance correla
tions. The statistically significant equations with re
duced number of variables are given in eqns. 1', 1",
2' and 2".

log ki -1.7497 + 0.3895 (±0.075l)fy -1.8392 (±0.5020) C(3) - 0.1609 (±0.0485) W +
(= 5.19,p ::::; 10- 4 (= -3.66,p ::::; 2.10- 3 (= -3.31,p ::::; 5.10- 3

+ 0.0354 (±0.0150) PCCN + 0.1736 (±0.0939)fx
( = 2.36,p ::::; 3.10- 2 (= 1.85,p ::::; 8.10- 2

n = 21, R = 0.8814, F = 10.5, P < 2· 10- 4

(1)

log k 2 1.9922 + 0.8926 (±0.1147) PSM + 0.4830 (±0.0751)fy
( = 7.78, p ::::; 2· 10- 5 (= 6.43, p ::::; 8· 10- 5

4.1482 (±0.7367 C(3) 
( = 5.63, p ::::; 2 . 10- 4

log k't

0.1197 (±0.0544) W + 0.1324 (±0.0814)fx
( = - 2.20, p ::::; 5 . 10 - 2 ( = 1.63, P ::::; 0.13

n = 16, R = 0.9702, F = 32.0, p < 8 . 10- 6

-0.8218 + 0.3518 (±0.0775)fy - 1.8866 (±0.5379) C(3)
( = 4.54, p ::::; 3.4 . 10- 4 (= - 3.51, P ::::; 2.9· 10- 3

+ 0.0292 (± 0.0157) PCCN

( = 1.86, p ::::; 8.1 . 10- 2

n = 21, R = 0.8521, F = 10.6, p < 2.1 . 10- 4

(2)

0.1737 (±0.0516) W +
( = -3.77,p ::::; 3.9.10- 3

(1')
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1 Chlordiazepoxide See above

2 (R,SI-Oxazepam H. H OCO(CH212COO' H CI

3 Nitrazepam H H H N02

4 Flunitrazepam CH3 H F N02

5 Clonazepam H H CI N02

6 Delorazepam H H CI CI

7 Desmethyldiazepam H. H H CI

8 Diazepam CH3 H H CI

9 (R,SI-Lormetazepam CH3 OH CI CI

10 (R,S)-Lorazepam H OH CI CI

11 (R,SI-Oxazepam H OH H CI

12 (R,SI-Temazepam CH3 OH H CI

13 (Sl-Ro 14-8935/000 CH3 CH3 CI NH2

14 (Sl-Ro 23-0983/001 H CH3 CI F

15 (R,SI-Ro 11-3128/002 H CH3 CI N02

CH
3y

N

~~::~H2~i-, y h-_N

fJ ~ x fJ ~ CI

Compounds 16-1 9 Compounds 20 and 21

16

17

18

19

20

21

(R,SI-Alprazolam, 4-0H

Alprazolam

Triazolam

(Sl-Ro 11-5073/000

(Sl-Ro 23-1117/000

(R,SI-Ro 23-3880/000

OH

H

H

H

H

H

CI

F

CI

CI

CI

CI

F

CI

Fig. 1. Structures of 1,4-benzodiazepine test solutes.
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TABLE I
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HPLC retention parameters of a series of benzodiazepine' solutes determined in affinity (HPLAC), reversed-phase (RP-HPLC) and
normal-phase (NP-HPLC) modes.

No." HPLAC [7) HPLAC [7] RP-HPLC NP-HPLC
log k;b log k~' log k~d log ki._pe

1 0.8645 0.8645 2.9746 -0.5574
2 0.8512 1.8938 3.1550 1.54131
3 0.6243 0.6243 2.6155 0.2791
4 0.4857 0.4857 2.7687 -0.0025
5 0.7679 0.7679 2.8696 0.4229
6 1.0614 1.0614 3.2752 -0.1663
7 1.0969 1.0969 3.2002 -0.4310
8 1.1216 1.1216 3.1588 -0.5452
9 0.7672 0.9745 3.1870 0.2142

10 0.8068 0.9360 3.0201 0.3082
II 0.6561 1.0261 2.8348 0.2764
12 0.5224 1.1793 2.8987 -0.0923
13 0.3892 2.4293 -0.7411
14 0.6628 3.1670 -g

15 0.7193 0.7193 2.9853 -0.1546
16 0.2648 0.4533 2.5959 0.5812
17 0.4200 0.4200 2.8580 0.0934
18 0.6243 0.6243 3.0971 0.4081
19 0.3838 3.0360 -0.2611
20 0.7404 3.1836 0.2447
21 1.0523 1.1156 3.4041 0.3374

" Solutes are numbered as in Fig. I.
b First-eluting enantiomer.
, Second-eluting enantiomer.
d Extrapolated data corresponding to pure buffer.
e Determined at mobile phase composition hexane-propan-I-ol (97:3, vjv).
f Extrapolated from data determined at higher concentrations of propan-I-ol.
g Excluded solute; k' = -0.0077.

log k 2

2.6402 + 0.2998 (± 0.0774) fy - 1.5929 (± 0.5504) C(3) ~ 0.1996 (± 0.0531) W
t = 3.87, p ::.::; 1.2· 10- 3 t = - 2.89, p ::.::; 1.0· 10- 2 t = - 3.76, p ::.::; 1.6 . 10- 3

n = 21, R = 0.8165, F = 11.3,p < 2.5.10- 4 (1")

2.2061 + 0.8458 (±0.1191) PSM + 0.4756 (±0.0804)jy 3.95 (±0.7792) C(3)
t = 7.10, 'p ::.::; 2.0· 10- 5 t = 5.91, p ::.::; 1.0· 10- 4 t = - 5.07, P ::.::; 3.6· 10- 4

log k 2

- 0.1371 (±0.0572) W
t = -2.40,p ::.::; 3.5.10- 2

n = 16, R = 0.9622, F == 34.28, p < 4.0 . 10- 6

1.0664 + 1.0116 (±0.1l46) PSM + 0.4562 (±0.0946)jy 5.0103 (±0.7586) C(3)
t = 8.83,p ::.::; 1.0.10- 5 t = 4.82,p ::.::; 4.2· IOc-4 t = -6.60,p ::.::;' 3.0.10- 5

(2')

n = 16, R = 0.9418, F = 31.4, p < 6.0· 10- 6 (2")
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TABLE II

MOLECULAR DESCRIPTORS DERIVED FROM THE GEOMETRY OPTIMIZED STRUCTURES OF BENZODIAZEPINE
SOLUTES

No." FSM
b C(3)' J¥d PCCN' EWMO

f J.l2 9

1 0.0849 0.1035 9.30 108.01 -0.6967 8.8506
2 1.8635 0.2785 8.74 115.80 -0.9463 3.0976
3 0.0703 0.0960 8.54 112.61 -1.6124 3.1826
4 0.0609 0.0882 9.63 112.22 -1.3241 1.5475
5 0.0680 0.0966 8.67 112.25 -1.6027 0.9722
6 0.0635 0.0977 8.69 112.39 -0.8502 9.8596
7 0.0634 0.0979 8.59 112.45 -0.8534 6.7912
8 0.0578 0.0933 9.56 112.83 -0.8337 6.9907
9 0.6120 0.2388 9.76 112.66 -0.9072 13.1624

10 0.5953 0.2425 8.71 111.39 -0.9306 15.3664
11 0.7049 0.2451 8.60 109.46 -0.9260 10.7387
12 0.6113 0.2353 9.49 112.52 -0.8921 11.1156
13 0.0675 0.0549 10.02 114.06 -0.5324 29.2140
14 0.0600 0.0624 8.64 109.62 -0.8338 7.6286
15 0.0633 0.0651 8.70 109.48 -1.2830 0.9274
16 0.5862 0.3169 10.50 108.56 -1.3073 33.4662
17 0.0784 0.1722 10.29 109.84 -1.2428 27.4995
18 0.0730 0.1725 10.26 109.85 -1.2691 30.0414
19 0.0484 0.1379 10.24 108.51 -1.2497 27.9947
20 0.0320 0.1309 9.20 107.84 -1.1838 32.1489
21 0.0441 0.1184 9.22 107.45 -1.2276 33.8608

a Solutes are numbered as in Fig. 1.
b Submolecular polarity parameter.
C Electron excess charge on carbon at position 3.
d Molecular width in A.
, Angle between atoms 2, 3 and 4.
f Energy of the lowest unoccupied molecular orbital (eV).
9 Square of total dipole moment (D2

).

It seemed interesting to compare QSRRs derived
for the same set of BDZs in the case of HPLAC
with the QSRRs for RP-HPLC. RP-HPLC is wide
ly used to determine hydrophobicity of solutes. The
most recommended [17] chromatographic measure
of hydrophobicity is log k'w. This is the logarithm of
capacity factor obtained by extrapolation' of the lin
ear part of the relationships between log k' and vol
ume percent of organic modifier in binary aqueous
eluent to the pure water eluent. The log k'w data for
BDZs are collected in Table 1.

The standard reference parameter of hydropho
bicity is logarithm of octan-I-ol-waterpartition
coefficient, log P. Since log P is tedious to determine
experimentally, computational methods for its eval
uation have been developed [18]. Theoretical values
of logarithms of octan-I-ol-water partition coeffi
cient for the solutes used in this study, CLOGP,

were calculated by the ProLog program and are
presented in Table III. We were able to calculate
apparently realistic log P values only for the first 15
structures in Fig. 1. Nonetheless, correlation be
tween chromatographic measure of hydrophobic
ity, log k'w, and the calculated hydrophobicity pa
rameter was rather poor (R = 0.7500).

When undertaking QSRR studies on data de
rived by affinity HPLC (the starting hypothesis was
that the first eluting enantiomer was retained solely
due to non-stereo- and non-enantiospecific, hydro
phobic interactions with HSA-CSP. We found that
neither chromatographic hydrophobicity parame
ter, log k'w, nor the calculated one, CLOGP, ac
counted for the first enantiomer retention (log kl).
Correlation between log k1 and 'CLOGP was R .=
0.5976 and that with log k'w was R = 0.741O.In all
subsequent QSRRs the log k'w performed better
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than CLOGP in contradiction to occasional sug
gestions [19,20] that the calculated hydrophobicity
parameters can be more reliable than those derived
by HPLC.

Eqns. 1 and 2, describing retention on HSA-CSP,
comprise hydrophobicity terms. Attempts to re
place these submolecular hydrophobicity parame
ters by log k'w, a measure of the hydrophobicity of
the whole molecule, yielded QSRR eqns. 3 and 4.

Eqns. 3 and 4 are highly significant statistically
but their predictive value, as expressed by the corre
lation coefficient, is lower than that of the corre
sponding eqns. 1 and 2. Nevertheless, eqns. 3 and 4
which comprise a molecular width term, W, provide
additional proof for the steric requirements of re
tentive interactions between BDZs and HSA
CSP.

The predictive value of QSRR regarding the sec
ond eluting enantiomer increases if, in addition to
terms present in eqn. 4, the parameter Ix is intro-
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duced as in eqn. 5. The negative sign at the coeffi
cient at Ix in eqn. 5 suggests that in this specific
instance the parameter Ix reflects steric hindrance
rather than solute's hydrophobicity.

The predictive potency of eqns. 3 and ::> I~ illus
trated in Figs. 2 and 3, respectively. Intercorrela
tions among individual variables in eqns. 3-5 are
highest for pairs log k1vs.log k'w (R = 0.7410), log
k'z liS. PSM (R = 0.6623) and log k'z liS. log k'w (R =
0.6344); for other pairs of variables R < 0.5.

Reversed-phase HPLC
Retention in RP-HPLC, as quantified by log k'w,

is assumed to be due to hydrophobic intermolecular
interactions [21]. From the QSRR point of view it
seems interesting which structural features provide
greatest input to what is called "hydrophobicity".
The "best" regression equation describing log k'w is
shown in eqn. 6.

log k1 = 0.2821 + 0.6246 (±0.1334) log k'w - 0.1547 (±0.0487) W
t = 4.68,p ~ 1.9.10- 4 1 = -3.17,p ~ 5.3.10- 3

n = 21, R = 0.8431, F = 22.1, p < 4· 10- 5

(3)

log k'z = - 0.2740 + 0.8685 (± 0.1366) log k'w + 0.4534 (± 0.0652) PSM -

t = 6.36, p ~ 4 . 10- 4 t = 6.96, p ~ 2 . 10- 4

n = 16, R = 0.9548, F = 41.3, p < 10- 6

0.1721 (±0.0465) W
1 = 3.70, p ~ 3 . 10- 3

(4)

log k'z = -0.6120 + 1.0528 (±0.1057) log k'w + 0.4079 (±0.0464) PSM - 0.1798 (±0.0320) W
t = 9.96,p,~ 10- 5 1 = 8.80,p ~ 10- 5 t = -5.62,p ~ 1.6.10- 4

- O.263X (:±0.0695)jx
1 = - 3.79, p ~ 3 . 10 j

11 = 16, R = 0.980.7, F= 69.2, p < 10- 6

log k'w = 1.6541 + 0.5081 (±0.0422).fy + 0.3084 (±0.0588)Ix
I = 12.04. p ~ 10- 5 I = 5.25, p ~ 10- 4

- 0.0103 (± 0.0022) Jl2 + 0.0155 (± 0.0034) M R

1 = -4.88~,p ~ 2.4 . 10- 4 t = 4.51, p ~ 4.1 . 10- 4

n = 21, R = 0.9582, F = 33.7, p < 10- 6

1.6641 (±0.2940) C(3)
t = -5.66.p ~ 5.10- 5

(5)

(6)
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TABLE III

MOLECULAR DESCRIPTORS OF BENZODIAZEPINE
SOLUTES CALCULATED FROM ADDITIVE-CONSTI-
TUTIVE STRUCTURAL CONSTANTS

No." f/ fx' M d CLOGP'R

1 0.88 0.17 80.132 3.029
2 0.88 0.17 95.240 3.103
3 -0.11 0.17 74.994 2.048
4 -0.11 0.31 79.596 2.136
5 -0.11 0.88 79.828 2.788
6 0.88 0.88 78.338 3.788
7 0.88 0.17 73.504 3.048
8 0.88 0.17 78.342 2.919
9 0.88 0.88 84.620 2.853

10 0.88 0.88 79.782 2.982
11 0.88 0.17 74.948 2.242
12 0.88 0.17 79.786 2.113
13 -1.06 0.88 92.834 2.402
14 0.31 0.88 77.916 3.784
15 -0.11 0.88 84.476 3.307
16 0.88 0.17 87.272
17 0.88 0.17 85.828
18 0.88 0.88 90.662
19 0.88 0.31 91.916
20 0.31 0.88 95.288
21 0.88 0.88 100.358

a Solutes are numbered as in Fig. 1.
b Hydrophobic constant of substituent at position 7.
e Hydrophobic constant of substituent at position 2'.
d Molecular refractivity according to Vogel [14].
• Logarithm of octan-l-ol-water partition coefficient calculated

theoretically.
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second-eluting enantiomer of I ,4-benzodiazepines (log k~) deter
mined experimentally by HPLAC on HSA-CSP and calculated
from log k'., and descriptors using eqn. 5.

Intercorrelations among individual variables are
low: the highest being R = 0.6862 for 112 vs. MR and
R = 0.5850 for log k'w vs.fy. The predictive qualit\
of eqn. 6 is illustrated in Fig. 4.

The variablesfy andfx in eqn. 6 are highly signif
icant and the regression coefficients at these vari
ables also differ significantly. This observation
would suggest the different inputs to the reversed-

log k~ observed

Fig. 4. Relationship between the retention parameters of 1,4
benzodiazepines corresponding to pure buffer eluent (log k'.,) de
termined experimentally by RP-HPLC on a hydrocarbon-bond
ed deactivated silica stationary phase and calculated from de
scriptors using eqn. 6.
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mined experimentally by HPLAC on HSA-CSP and calculated
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phase retention of BDZs due to hydrophobicities of
individual molecular regions. Additivity rules for
fragmental hydrophobicity parameters usually re
quire the application of some specific correction
factors [13,18]. At first approximation, however, the
variablesfy andfx can be replaced by their arithme
tic sum,fx+Y. The resulting eqn. 6' is of high statis
tical quality.

Eqn. 6 shows that a molecular bulkiness related
structural descriptor, MR, provides positive input to
hydrophobic retention, whereas the molecular po
larity related descriptors, C(3) and /12, account for
the retention decreasing effects in RP-HPLC. This
can be rationalized as follows:

(1) M R reflects the ability of a solute to participa
te in dispersive (London type) intermolecular inter
actions. These nonspecific, mOlecular-size-depen
dent interactions are obviously stronger between a
BDZ solute molecule and a bulky hydrocarbonace
ous moiety of Suplex pKb-100 stationary phase
than between the same solute molecule and small
molecules forming a mobile phase. Thus, the larger
M R the stronger retention.

(2) The reverse holds true when considering pa
rameters reflecting the ability of a solute to take
part in more structurally specific, size-independent
intermolecular interactions (so called polar interac-

R. Kaliszan et al. / J. Chromatogr. 609 (1992) 69-81

tions), like dipole-dipole, dipole-induced dipole,
charge transfer and hydrogen bonding interactions.
Such interactions, involving solute and polar mole
cules of eluent (water, methanol), will increase with
the magnitude of polarity descriptors C(3) and /12,
being at the same time negligible in the case of the
system involving the solute molecule and the hydro
carbon moiety of the stationary phase.

Eqn. 6 strongly resembles the QSRR equations
describing retention on regular octadecylsilica [3]
and polybutadiene-coated alumina [4] reversed
phase materials. In the later equations the net posi
tive input to retention due to dispersive intermolec
ular interactions was quantified by such molecular
size-dependent descriptors as total energy, molec
ular-graph-derived indices, molecular refractivity
or just molecular mass. The net negative input to
retention was evaluated by means of a total dipole,
a localized dipole or by a parameter reflecting maxi
mum electron excess charge differences within the
molecule.

If in QSRR analysis of the RP-HPLC retention
data the submolecular polarity parameter, PSM , is
considered instead of the square of total dipole mo
ment, /12, eqn. 7 results.

Replacing the variables fx and fr in eqn. 7 by
their sum, Ix+y, results in eqn. 7':

log k~ = 1.8226 + 0.4442(±0.0456)IX+l - 1.1866(±0.3122)Cm - 0.0096 (±0.0026)/12 +
t=9.73,p~ 1.0.10- 5 1= -3.80,p~1.6·1O-J t= -3.59,p~2.5·10-3

+ 0.0120 (±0.0040) M R

t = 2.97, p ~ 9.0· 10- 3

n = 21, R = 0.9302, F = 25.68, p < 1.0· 10- 6

(6')

log k'w = 2.8824 + 0.5129 (± 0.0460) Iy +
t = 11.l6,p ~ 10- 5

0.3728 (± 0.0597) Ix 
t = -6.70,p ~ 10- 5

3.0641 (±0.4570) C(3) +
t = -6.70, p ~ 10- 5

+ 0.3164 (±0.0719) PSM

t = 4.40, p ~ 4.5· 10- 4

n = 21, R = 0.9478, F = 35.4, p < 10- 6

log k~ = 2.8105 + 0.4658 ( ± 0.0440) fx + l 2.7234 (± 0.4684) C(3) + 0.3097 (± 0.0787) PSM

t= 10.59,p~ 1~0·1O-51= -5.81,p~2.0·1O-5t=3.93,p~ 1.0.10- 3

n = 21, R = 0.9329, F = 38.0, p < 1.0· 10- 6

(7)

(7')
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Fig. 5. Relationship between the retention parameters of 1,4
benzodiazepines corresponding to pure buffer eluent (log k~) de
termined experimentally by RP-HPLC on a hydrocarbon-bond
ed deactivated silica stationary phase and calculated from de
scriptors using eqn. 7.

log k' (97% hex) observed

Fig. 6. Relationship between the retention parameters of 1,4
benzodiazepines [log k' (97% hex)] determined experimentally
by NP-HPLC on a graphitized carbon stationary phase with
hexane-propan-I-ol (97:3, vjv) eluent and calculated from de
scriptors using eqn. 8.

The statistical quality of eqn. 7 is similar to that
of eqn. 6 as is its predictive value (Fig. 5). The high
est intercorrelations among the variables of eqns. 7
and 7' are between C(3) and PSM (R = 0.7651) and
between log k'w andfx+y (R = 0.7781). The param
eter PSM seems to be able to replace /12 and M R in
eqn. 6. This can, however, be fortuitous and dis
cussion of PSM as a net hybrid measure of dipolar
and dispersive properties appears premature.

Adsorption HPLC
The QSRR equation derived for log ki-I_p data

(eqn. 8) has a different form from the relationships
so far discussed. The relationship between the ex
perimental and calculated log ki-I-p is given in Fig. 6.
There is an intercorrelation of R = 0.7187 between
log ki-I_p and PSM . Other intercorrelations are R <
0.5. Similarity between eqn. 8 and eqns. 2 and 4,
describing retention of second eluting enantiorner
in HPLAC, is limited to the presence of submolec
ular polarity term, PSM . Evidently, some kind of di
pole-dipole and/or dipole-induced dipole interac-

tions is operating at site II of HSA-CSP and in NP
HPLC on graphitized carbon. In the latter case
there are no steric restrictions for effective interac
tions. Instead, the variables ELUMO and (to a lesser
extent) /12 account for retention. Equations com
prising a measure of localized dipole similar to PSM

and the ELUMO parameter as independent variables
were previously derived to describe retention of a
series of monofunctional benzene derivatives on
metallic stationary phases [5,6]. The dominant re
tention mechanism postulated was an electron pair
donor-electron pair acceptor interaction. This
mechanism appears to operate also in the case of
BDZs chromatographed on porous graphitic car
bon under normal-phase conditions.

CONCLUSIONS

The results of this study demonstrate differences
in mechanism of retention in affinity, reversed
phase and adsorption HPLC modes. At the same
time, the conclusions which can be drawn from the

log ki-I_p - 1.5582 + 1.0250 (±0.0999) PSM - 1.1220 (±0.1564) ELUMO +
t = 1O.26,p ~ 10- 5 t = -7.17,p ~ 10- 5

n 20, R = 0.9428, F = 42.6, p < 10- 6

0.0078 (± 0.0036) /12 (8)
t = 2.19, p ~ 0.05
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QSRRs are consistent with the commonly recog
nized qualitative models. The QSRRs identify re
tention affecting structural factors and provide
quantitative estimation of their importance. Thus, a
question arises whether QSRR analysis should not
replace the speculations that a given property or
functional group rather increases and another tends
to decrease retention. Certainly, detection of infor
mative and quantifiable structural descriptors still
requires experience (and chemical intuition) but ac
cessibility of modern molecular modelling facilities
simplifies the task. QSRR analysis could be an im
portant component in introduction of new separa
tion modes and/or stationary phase materials.

QSRR analysis is especially challenging for high
ly stereospecific separations. We found a single re
port by Wolf et al. [22] on calculating the capacity
factor of one of the enantiomers of a series of race
mates chromatographed on cellulose triacetate. The
authors used a negative electrostatic potential
around the chiral centre of the solute, Eoo, and the
probability, Q, of assuming a flat conformation by
the molecule as variables in a regression equation.
The enantiomer distinguishing structural parameter
PSM in our eqns. 2 and 4 is similar in nature to Eoo,
however, PSM is simpler and more readily determin
able. At the same time the retention on HSA-CSP
appears to be a more complex process than that on
cellulose triacetate. Eqns. 1 and 2 compensate for
this complexity and were of help in establishing the
topography of benzodiazepine binding sites on
HSA [16,23].

QSRR regression equations are readily interpret
able in mechanistic physical terms. There is another
multivariable statistical approach to QSRR which
is based on factorial methods of data analysis. The
approach consists in condensing most of the infor
mation dispersed over a multitude of various mo
lecular descriptors into a few abstract principal fac
tors or components. It usually appears difficult to
assign a definite physical meaning to individual
principal components and the approach is rather
aimed at prediction of retention data, e.g., enantio
selectivity [24]. Another approach attempts to asso
ciate substituents with contributions to the ob
served enantioselectivity [25].

Retention in RP-HPLC was found to be a net
effect of non-specific, dispersive, bulkiness-depen
dent interactions and directional electrostatic inter-

R. Kaliszan et al. / J. Chromatogr. 609 (1992) 69-81

actions involving solute molecules and molecules of
both mobile and stationary phases. Former interac
tions are stronger for a solute-stationary phase sys
tem than for a solute-mobile phase system. The re
verse is true with polar interactions. QSRRs derived
here support generally observed mechanism of RP
HPLC on hydrocarbonaceous stationary phase ma
terials [2-4]. The material used here, Suplex
pKb-100, is characterized by an extremely high lev
el of deactivation. Suppression of silanophilic inter
actions has been confirmed by our observation of
excellent linearity of dependence of log k' on organ
ic modifier concentration in mobile phase at a wide
eluent composition range. This property would fa
cilitate determinations of reliable and reproducible
chromatographic measures of the hydrophobicity
of solutes.

A separate question is whether the chromato
graphic hydrophobicity scale parallels the reference
log P scale determined by slow equilibration meth
ods. This is probably not the case since the correla
tion between the normalized chromatographic
hydrophobicity parameter, log k'v" and the calculat
ed log P (CLOGP) is low. Besides, hydrophobicity
is a property which depends as much on the nature
of the solutes considered as on the properties of the
environment in which it is measured. Chromato
graphic and octan-l-ol-water experimental hydro
phobicity parameters may differ more or less but
this does not imply lower reliability of the HPLC
approach. Chromatographic measurement of
hydrophobicity is certainly more reliable than an a
priori calculated log P.

The mechanism of retention in NP-HPLC on
graphitized carbon revealed by eqn. 8 is as expected
for adsorption chromatography. Retention is not
affected significantly by molecular size of solutes.
Non-specific, dispersive interactions are dominated
by the more chemically specific directional electro
static and charge transfer interactions. There are no
geometric restrictions regarding the fitting of a sol
ute to any definite binding (adsorption) site as it is
the case with HPLAC.

As demonstrated here QSRR analysis provides
rationale for different separation patterns observed
in individual HPLC systems. Meaningful QSRRs
can be of help in understanding fundamental
processes at the basis of chromatographic separa
tions and in a rationally guided search for optimum
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separating systems. With further progress in molec
ular modelling and chemometrics also the analyt
ical prediction of retention data will no longer be
restricted to closely congeneric sets of solutes.
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ABSTRACT

A simple gel chromatographic procedure is devised for characterizing the interactions of nuc1eotides and other coenzymes with metal
ions. Its application is illustrated by determining the binding constant for the interaction of thiamin diphosphate with Mg2+ ion by
frontal gel chromatography on Sephadex G-I0. An association constant of 3200 (±400) M- 1 is obtained for the interaction in 0.1 M
Tris-HCl buffer (pH 7.6) supplemented with poly(ethylene glycol) (50 mg/ml) and mercaptoethanol (25 mM).

INTRODUCTION

Because all enzymes that are dependent upon
thiamin diphosphate also require a divalent cation
for activity, it is generally considered that the active
cofactor is the complex of coenzyme with metal ion.
In experimental studies Mg2 + is most frequently in
cluded with thiamin diphosphate to generate active
holoenzyme; and yet, surprisingly, the binding con
stant for this interaction does not seem to have been
reported. Some information is available on the in
teraction of thiamin diphosphate with manganous
ion, a metal ion substitution that has allowed resort
to electron paramagnetic resonance for establishing
the I: I stoichiometry and association constant of
5000 M- 1 for the Mn2 +--coenzyme interaction [1].
Associated proton magnetic resonance studies re
vealed the existence of that complex as a folded
structure with the pyrophosphate looped back over
the thiazole ring [I].

From the physiological viewpoint it is clearly im-

Correspondence to: Dr. D. J. Winzor, Department of Biochem
istry, University of Queensland, Brisbane, Qld. 4072, Australia.

portant to characterize the interaction of thiamin
diphosphate with Mg2+ ion rather than with some
other metal ion that happens to be convenient for
study by a particular method. In that regard a sub
sequent 31p nuclear magnetic resonance study [2]
has confirmed the I: I stoichiometry of the Mg2 +

coenzyme interaction, and has also signified the li
kelihood that this complex is folded in similar fash
ion to its manganous counterpart. However, no at
tempt was made to evaluate the equilibrium con
stant. Gel chromatography is a general procedure
that has the capacity to provide this quantification;
and has, indeed, been recommended for the study of
metal-nucleotide interactions [3]. As noted previ
ously [4], that recommendation was premature in
the sense that no allowance was made for the conse
quences of the above-mentioned change in shape/
size of the coenzyme that accompanies complex for
mation in many metal-nucleotide interactions -a
phenomenon that should give rise to a difference in
gel chromatographic migration rates for thiamin di
phosphate in free and complexed states.

Determination of association constants for ac
ceptor-ligand interactions by gel chromatography
is relatively simple in instances where the acceptor is

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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macromolecular and hence where acceptor and ac
ceptor-ligand complex comigrate [5-7]. However,
the situation in which both reactants are small mol
ecules introduces complexity into the analysis be
cause of the different velocities, or elution volumes,
exhibited by the acceptor and acceptor-ligand spe
cies [4,8]. Although procedures have been devised to
cover these circumstances [4,6,8-10], the sophisti
cation of those analyses may well deter the bio
chemist whose prime interest is the magnitude of
the equilibrium constant rather than the physico
chemical elegance of the procedure by which it is
obtained. In response to a situation requiring the
assignment of a magnitude to the binding constant
for the interaction of magnesium ion with thiamin
diphosphate, a simple gel chromatographic proce
dure has been devised to obtain the first direct esti
mate of the equilibrium constant for this physiolog
ically important metal-nucleotide interaction.

EXPERIMENTAL"

C. K. Booth et al. I J. Chromatogr. 609 (1992) 83-87

Gel chromatographic procedure
Mixtures (100 ml) of thiamin diphosphate and

Mg2 + ion were subjected to frontal gel chromatog
raphy [11-15] at room temperature (20-22°C) on a
column (20 x 2.5 cm) of Sephadex G-lO that had
been preequilibrated with the appropriate Mg2+_
supplemented buffer medium. The column effluent,
maintained at a nominal flow-rate of 2 ml/min by
means of a peristaltic pump, was monitored contin
uously at 280 nm, a wavelength that allowed mea
surement of the total concentration ([AD of thiamin
diphosphate constituent (irrespective of its presence
as free coenzyme or as Mg2 +-coenzyme complex).
During application of each mixture, the precise
flow-rate was determined by collecting the column
effluent in a previously tared vessel over an accu
rately defined time interval.

The constituent elution volume eVA) of the thia
min diphosphate component of each mixture was
obtained as the median bisector [6,12] of the ad
vancing elution profile via the expression

where [A] denotes the constituent (total) concentra
tion of acceptor (thiamin diphosphate) in a volume
increment L1 Vat effluent volume V in an experiment
with applied concentration [A]o of coenzyme com
ponent. Since the advancing elution profile sufficed
for determination of VA, the trailing profile generat
ed by application of buffer medium was not sub
jected to analysis.

Method of analysis
The above frontal gel chromatographic proce

dure establishes the magnitude of the constituent
elution volume, VA, of thiamin diphosphate in each
applied mixture with respective total concentrations
[A]o and [S]o of coenzyme and ligand (magnesium
ion). In the absence of ligand ([S]o = 0) the mea
sured parameter defines VA, the elution volume of
thiamin diphosphate, whereas a similar experiment
conducted with a very high concentration of Mg2+
(sufficient to saturate the single binding site [1,2] on
the coenzyme) defines Ve, the elution volume of the
Mg2+-coenzyme complex. For intermediate con
centrations of magnesium ion the elution volume
defined by eqn. I is related to VA and Ve by

Reactant solutions
Separate stock solutions of thiamin diphosphate

(Sigma) and reagent-grade MgCl2 in buffer medium
[0.1 M Tris-HCl (pH 7.6) supplemented with poly
(ethylene glycol) 600 (50 mg/ml) and p-mercap
toethanol (25 mM)] were prepared on a weight/vol
ume basis. Mixtures comprising a fixed total con
centration (100 /lM) of thiamin diphosphate ([A]o)
and a range (0-0.1 M) ofmagnesium ion concentra
tions ([S]o) were then prepared from these stock so
lutions. Because only small volumes of stock mag
nesium ion solution were required for the prepara
tion of these mixtures, atomic absorption spectros
copy was used to establish the precise magnitudes
of [S]o. The incorporation of the poly(ethylene gly
col) and mercaptoethanol into the buffer medium
was a legacy of conditions required for apotranske
tolase stability in the enzyme kinetic studies that
precipitated the need for evaluation of the Mg2 +

coenzyme binding constant.

" Symbols: [Ala = total concentration of acceptor (thiamin di
phosphate) in applied mixtLlre; [Slo = corresponding total con
centration of ligand (Mg2+ ion); [Ala = concentration of un
complexed acceptor in applied mixture; VA' Vs = constituent
elution volumes of acceptor and ligand components, respec
tively; VA' Vs' Vc = elution volumes of acceptor, ligand and
acceptor-ligand complex.

VA = {E([A]o - [ADL1 V}/[A]o (1)
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which allows the concentration of free thiamin di
phosphate, [Alo, in the applied mixture to be eval
uated from the expression

(3)

The association equilibrium constant, K, for the ac
ceptor-ligand interaction is then obtained from its
definition as

K = [ASlo/[AJo[Slo (4a)

= ([Alo - [Alo)/{[Alo([510 - [Alo + [Ao)} (4b)

A value of Kis therefore obtained by evaluating VA
for each mixture with defined composition ([Alo,
[510 ),

RESULTS

Fig. I presents advancing elution profiles for
thiamin diphosphate (100 JlM) in the absence of
metal ion, and also for the coenzyme component in
mixtures containing 0.245 mM and 0.1 M magnesi
um ion. The first point to note is the skewed nature
of the elution profile in each case. Asymmetry of the
profile for thiamin diphosphate in the absence of
Mg2 + was certainly an unexpected finding, because
symmetrical boundaries are normally observed for
single solutes. Secondly, although this skewness led
to location of the median bisector of the boundary
at 0.66[Alo rather than the 0.50[Alo for a symmetri
cal boundary, the elution profiles obtained in exper-
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iments with mixtures of coenzyme and Mg2+ ion
exhibited similar asymmetry (Fig. I). Any contribu
tion to the skewness resulting from heterogeneity of
the thiamin diphosphate is therefore exhibiting a
similar bias on VA in all experiments. Thirdly, the
elution volume corresponding to the median bisec
tor (VA) increases with increasing concentration of
metal ion, a finding consistent with the existence of
the Mg2 +-coenzyme complex as a more folded,
compact structure than the free coenzyme [1,2].

Fig. 2 summarizes the inverse dependence of the
constituent elution volume of thiamin diphosphate,
VA, upon total Mg2 + concentration, [510 , It is ap
parent that the elution volume of 58.3 ml obtained
from the experiment with 0.1 M Mg2 + ion on the
present Sephadex G-IO column (Fig. I) suffices to
define the elution volume of Mg2 +~oenzyme com
plex (Ve), which is the limiting value of VA as [510 ~

00. Experiments conducted in the absence of metal
ion established the elution volume of thiamin di
phosphate (VA) as 52.4 m!. These values of VA and
Vc were therefore used in conjunction with eqn. 3
and the measured elution volumes (VA) for other
reaction mixtures to obtain the concentration of
free thiamin diphosphate, [Alo, in each applied mix
ture. Results of those calculations, and also of the
consequent evaluation of K viaeqn. 4b, are summa
rized in Table I. The interaction between thiamin
diphosphate and Mg2 + under the present condi
tions is thus described by an association constant of
3200 (± 400) M- 1. This value is of the same order
of magnitude as. but smaller than. the hinding con-
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Fig. 1. Advancing elution profiles obtained in frontal gel chro
matography of thiamin diphosphate (100 J.lM) on a column (20
x 2.5 cm) of Sephadex 0-10 in the absence of metal ion (-)
and in the presence of 0.245 mM(---) and 0.1 MMgCl 2 (_. -).
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Fig. 2. Evaluation of the elution volume for Mg2 +-coenzyme
complex (Vd as the limiting value of the constituent elution vol
ume (VA) of thiamin diphosphate in the limit of infinite magnesi
um ion concentration.
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TABLE I

GEL CHROMATOGRAPHIC EVALUATION OF THE
BINDING CONSTANT FOR THE INTERACTION OF
MAGNESIUM ION WITH THIAMIN DIPHOSPHATE

Conditions: 0.1 M Tris-HCI (pH 7.6) supplemented with poly
(ethylene glycol) (50 mg/ml) and mercaptoethanol (25 mM).

[Slo (mM) VA (ml)" [Alo (lJ.M)b K(M-1y

0 52.4
100 58.3

0.098 53.7 78.0 3700
0.245 55.0 55.9 3900
0.245 54.8 59.3 3400
0.490 55.6 45.8 2700
0.490 55.8 42.4 3100
0.735 56.4 32.2 3200
0.980 56.6 28.8 2700
0.980 56.7 27.1 3000

" Elution volume in frontal chromatography of mixtures ofthia
min diphosphate (100 IJ.M) and the indicated Mg2 + concentra
tions on a column (20 x 2.5 em) ofSephadex G-lO.

b Equilibrium concentration of thiamin diphosphate calculated
from eqn. 3.

, Equilibrium constant calculated from eqn. 4b.

stant of 5000 (± 200) reported [1] for the interac
tion of manganous ion with thiamin diphosphate.

DISCUSSION

Resort to frontal chromatography to define the
dependence of the constituent elution volume (VA)
of the acceptor (thiamin diphosphate) as a function
of mixture composition has yielded a relatively di
rect and simple gel chromatographic procedure for
evaluating the binding constant describing the in
teraction of magnesium ion with thiamin diphos
phate. In that regard the zonal gel chromatographic
procedure [5] that has been recommended by Col
man [3] could also have been used. However, as
noted previously [4], the non-identity of VA and Vc
introduces the requirement that the apparent stea
dy-state values, K~fP, so obtained be extrapolated to
zero acceptor concentration (infinite dilution) to
obtain the true steady-state parameter, K~, which
must then be converted to the thermodynamic asso
ciation constant, K, via the expression

(5)
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Rigorous evaluation of K by the Hummel-Dreyer
technique [3,5] thus requires not only extrapolation
of data to infinite dilution but also a magnitude for
the elution volume of ligand (Vs) in addition to
those of VA and Vc.

Having established that the present frontal gel
chromatographic procedure for evaluating K is
much more readily applied than its zonal counter
part [3-5], we conclude by showing that it also sur
passes existing frontal chromatographic procedures
for simplicity of application. One such procedure
for evaluation of the association constant is based
on the expression [8-10]

[A]o = ([A]0 (VA - Vs) - [S]o(Vs - Vs)}/
(VA - Vs) (6)

which involves Vs, the constituent elution volume
of ligand, and thus requires delineation of separate
elution profiles for ligand and acceptor compo
nents. It does, however, have the advantage of be
ing applicable in instances where direct measure
ment of Vc is impractical. Another frontal gel chro
matographic technique employs the relationship
[6,16]

[A]o = {[A]O(VA - Vs) - ([S]o - [8]/1) (VS - Vs)}/
(VA - Vs) (7)

and hence relies on an ability to resolve accurately
the trailing elution profile into a reaction boundary
(across which all acceptor species are eluted) and a
second boundary corresponding to elution of a pure
ligand (Mg2 + ion) phase {3 with concentration [8]/1.

From the foregoing discussion of existing meth
ods, the present procedure based solely on depend
er,:ce of the constituent elution volume of acceptor
(VA) upon mixture composition is clearly the sim
plest gel chromatographic method available for the
determination of binding constants for acceptor
ligand interactions when Vc =1= VA. It is, however,
only applicable to interactions for which the con
centration ofligand can be varied over a sufficiently
wide range for Vc to be determined either directly
(Fig. 1) or by extrapolation of VA to infinite ligand
concentration (Fig. 2). Whereas the frontal meth
ods discussed in the preceding paragraph were de
veloped in the context of protein-protein interac
tions, for which evaluation of Vc by such means is
precluded, the requirement that Vc be determined
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experimentally could be met for the Mg2+-thiamin
diphosphate system. Furthermore, this requirement
is unlikely to be a limiting factor in the quantitative
study of other metal-nucleotide interactions.

In summary, the difficulties inherent in the eval
uation of ligand-binding constants by gel chroma
tography when both reactants are small have been
resolved satisfactorily in the sense that measure
ment of the constituent elution volume of acceptor
as a function of mixture composition is likely to
provide a straightforward and rigorous method of
evaluating K. On the. basis of its application to
frontal gel chromatographic results for mixtures of
thiamin diphosphate and magnesium ion on Sepha
dex G-IO, the dissociation constant for the interac
tion of metal ion with coenzyme is 0.31 mM under
the conditions examined [O.lM Tris-HCl (pH 7.6)
supplemented with poly(ethylene glycol) and mer
captoethanol]. In view of the physiological impor
tance of the interaction between thiamin diphos
phate and Mg2 +, it seems extraordinary that this is
the first occasion on which the binding has been
quantified. Finally, this very simple gel chromato
graphic method of evaluating equilibrium constants
for metal-nucleotide interactions only requires de
lineation of the elution profile for the nucleotide
component, and therefore has potential for quanti
fying the binding of any nucleotide to the metal ion
of physiological relevance rather than one for which
there happens to be a more convenient assay.
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ABSTRACT

The chromatographic retentions of buckminsterfullerene (C60), the related C70 carbon cluster, and several polycyclic aromatic
hydrocarbons are evaluated using ten high-performance liquid chromatography stationary phases, including several stationary phases
designed specifically for recognition of the fullerenes. All of the stationary phases examined provide some degree of retention and
selectivity in the separation ofC6o and C70. A novel tripodal n-acidic stationary phase designed for simultaneous multipoint interaction
with buckminsterfullerene provides the greatest retention and the greatest separation factor for the C60-C70 mixture.

INTRODUCTION

Improved methods for the preparative synthesis
[1-3] of the spherical carbon cluster, buckminster
fullerene (C60), and related "fullerenes" have pre
cipitated an explosion of interest in the investiga
tion of these molecules and their derivative (for a
recent review, see ref. 4). Current methods for the
preparation of buckminsterfullerene yield a com
plex mixture consisting primarily of C60 and C70 •

None of the methods for the chromatographic puri
fication of buckminsterfullerene which have been
reported to data allow for convenient purification
of gram quantities of material [1-8]. We recently
reported that an unusual effect of temperature on
the chromatographic behavior of C60 and C70 on a
n-acidic 3,5-(dinitrobenzoyl)phenylglycine-derived
stationary phase can be exploited for improved pre
parative resolution of these compounds [7]. Never
theless, only about 100 mg of the crude C60-C70

mixture can be resolved per run on a 4 ft. x 2 in.
J.D. preparative column containing this stationary
phase, a column which can normally separate 20 g

Correspondence to: Dr. C. J. Welch, 8210 Austin Avenue, Mor
ton Grove, IL 60053, USA (present address).

per run of a soluble mixture having a similar sep
aration factor.

The difficulty in the preparative chromatographic
purification of buckminsterfullerene lies in its rela
tive isolubility. Several hundred ml of benzene or
toluene ("good" solvents for the crude fullerene
mixture) would be required for injection of I g of
this material. Furthermore, use of benzene or tolu
ene as a mobile phase with a column containing the
aforementioned n-acidic stationary phase results in
virtually no retention of the analytes. Use of hexane
as a mobile phase gives suitable retention, however,
several liters of hexane would be required to dis
solve 1 g of the fullerene mixture. In the previously
cited study, we settled upon a method using hexane
as a mobile phase with injection of the fullerene
mixture in benzene.

An efficient and convenient method for large
scale purification of buckminsterfullerene may be
beyong the scope of liquid chromatography, even
though the development of improved solvent sys
tems and improved stationary phases can be expect
ed. Nevertheless, investigation of the ever growing
family of fullerenes and fullerene derivatives, many
of which exist as closely related geometrical iso
mers, will require improved analytical tools. In this

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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study, the chromatographic behavior of C60 , C70,

and eight polycyclic aromatic hydrocarbons
(PAHs, Fig. I) was investigated using the ten high
performance liquid chromatography (HPLC) sta
tionary phases illustrated in Fig. 2.

The chromatographic separation of n-electron
rich polycyclic aromatic hydrocarbons on n-elec
tron deficient stationary phases has been known for
quite some time [9,10]. Thus, the report by Hawkins
et al. [5] of the ability of the n-acidic stationary
phase I to separate C60 and C70 was not without
precedent. The chirality of phase I is irrelevant to
the separation of achiral analytes such as C60 and
C70 . In these laboratories, chiral stationary phases
such as phase I are often used to separate non
enantiomeric analytes such as diastereomers, posi
tional isomers, etc.

Commercially available columns containing
phase I and the closely related phase II were used in
this study. In addition, commercially available col
umns containing n-basic phases TIT and TV were ex-
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amined to assess the ability of n-basic stationary
phases to afford retention for the fullerenes. The
n-acidic stationary phase V-X were prepared for
this study.

Phase V, an achiral glycine analog of phases I
and II, was prepared as illustrated in Fig. 3. Acyla
tion of glycine, 11, with 3,5-dinitrobenzoyl chloride
affords acid 12. Coupling with 4-aminobutyldi
methylmethoxysilane affords silane 13 which was
immobilized upon silica gel to give phase V.

Phase VI, which contains an isolated 3,5-dinitro
benzamide system, was prepared as illustrated in
Fig. 4. Acylation of 4-aminobutyldimethylmethox
ysilane, 14, with 3,5-dinitrobenzoyl chloride pro
vides silane 15 which was bonded to silica gel to
afford phase VI.

Phase VII, which contains the 2,4-dinitroaniline
system, was prepared as illustrated in Fig. 5. Reac
tion of allyl amine, 16, with 2,4-dinitrofluoroben
zene provides olefin 17 which was hydrosilylated to
afford silane 18. Immobilization of silane 18 on sil-

o
benzene,l

~{)
(0
phenanthrene, ~

0-0,.
- \
biphenyl, 2.

1,2-benzanthracene, Q

co
naphthylene, .3.

pyrene,l

anthracene, 1:

chrysene, ~

buckminsterfullerene (C60), .2
Fig. 1. Polycyclic aromatic hydrocarbons and fullerenes used in the study.
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Phase .Y.IIIo

Fig. 2. Stationary phases used in the study. Et = Ethyl; Ph = phenyl.

N02 N~

step a • A ~ i step b.A~ i . CHa,. rCHa

O:zN~'')('OH O:z ~~'OCHa
o HH 0 HH ~

.12 11

stepc
• PhaseY

fig. 3. Synthetic route for preparation of phase .. V. Step a: 3,5-dinitrobenzoyl chloride-triethylamine, tetrahydrofuran. Step b:
l-ethoxycarbonyl-2-ethoxy-I,2-dihydroquinoline (EEDQ)-aminobutyldimethylmethoxysilane, tetrahydrofuran. Step c: 5 ttmjlOO A
silica gel. 130°C. 1 Torr. 18 h.

H2~rOCHa

CH( 'CHa
II

Step a
•

step b.
PhaseYl

Fig. 4. Synthetic route for preparation of phase VI. Step a: 3,5-dinitrobenzoyl chloride-triethylamine, dichloromethane. Step b:
5 ttmjIOO A silica gel, 130°C, I Torr, 18 h.
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H2~

l§

. Slepa •
r. ?Ha.. ,CHa

Slepsb &; (Y'...............S~Et Stepd ..

NO~N02
il

PhaseYll

Fig. 5. Synthetic route for preparation of phase VIJ. Step a: 2,4-dinitrofluorobenzene-triethylamine, dichlormethane. Step b: dimethyl
chlorosilane, chloroplatinic acid (catalyst), dichloromethane. Step c: ethanol, triethylamine, diethyl ether. Step d: 5 JlmjlOO A silica gel,
130'C. 1 Torr. 18 h..

ica gel affords phase VI. Cox et al. [6] reported the
use of a "dinitroaniline stationary phase" for the
separation of the C60-C70 mixture. Although the
structure of this stationary phase was not reported,
it is probably similar, if not identical, to phase VII.

Phase VIII, which contains a 3,5-dinitrobenzoate
ester, was prepared as illustrated in Fig. 6. Acyla
tion of w-undecenylenyl alcohol, 19, with 3,5-dini
trobenzoyl chloride provides ester 20 which was hy
drosilylated to provide silane 21. Bonding of silane
21 to silica gel affords phase VIII.

Selector preorganization is known to have a dra
matic effect upon the binding guest molecules [11].
We reasoned that functionalization oftriols such as
23, readily prepared using a variation of the pentae
rythritol synthesis [12,13], could afford selectors
containing a concave disposition of n-acidic aro
matic rings complementary to the convex surface of
C6o ..Using this approach, phases IX (Fig. 7) and X
(Fig. 8) were prepared. While the selectors in these
stationary phases admittedly possess some degree
of conformational "floppiness" and are thus not
ideally preorganized, examination of Corey~Paul-

ing-Koltun (CPK) space-filling molecular models
indicates that they should be capable of some de
gree of simultaneous multipoint interaction with
the fullerene analytes.

The tripodal 3,5-dinitrobenzoate ester phase, IX,
was prepared as'illustrated in Fig. 7. Reaction of
w-undecenylenyl aldehyde, 22, with formaldehyde
under basic conditions provides triol 23, which was
acylated with 3,5-dinitrobenzoyl chloride to afford
triester 24. Hydrosilylation of 24, followed by im
mobilization on silica gel, affords phase IX.

The tripodal 2,4-dinotrophenyl ether phase, X,
was prepared as illustrated in Fig. 8. Reaction of
triol 23 with 2,4-dinitrofluorobenzene provides
triether 26 which was hydrosilylated to afford silane
27. Bonding of silane 27 to silica gel affords phase
X.

MATERIALS AND METHODS

Apparatus

Chromatographic analysis was· performed using

HO~

12

PhaseYW •
Stepd

Fig. 6. Synthetic route for preparation of phaxe VII. Step a: 3,5-dinitrobenzoyl chloride-triethylamine, tetrahydrofuran. Step b:
dimethylchlorosilane, chloroplatinic acid (catalyst), dichIoromethane. Step c: ethanol, triethylamine, diethyl ether. Step d: 5 JlmjIOO A
silica gel, I20'C, I Torr, 24 h.
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Phase IX ...._--

Step a
•

~o,

~
tepsc
•

, N~

N02

Fig. 7. Synthetic route for preparation of phase IX. Step a: formaldehyde-KOH, ethanol-water. Step b: 3,5-dinitrobenzoyl chloride
triethYlamine. dichloromethane. Step c: dimethyichlorosilane. chloroplatinic acid (catalyst), dichloromethane. Step d: ethanol. trieth
ylamine, diethyl ether. Step e: 5 Ilm/IOO A silica gel, 120OC. I Torr, 24 h.

a Beckman-Altex 100-A pump, a Rheodyne Model
7125 injector with a 20-fll sample loop, a Linear
UVIS 200 variable-wavelength absorbance monitor
set at 254 nm, and a Hewlett-Packard HP 3394-A
integrating recorder. All 1H NMR spectra were re
corded on a Varian XL 200 FT NMR spectrometer.
1H NMR chemical shifts are reported in ppm (<5)
relative to tetramethylsilane.

Materials

Rexchrom 5 flmjlOO A silica gel and columns

containing phases I-IV were obtained from Regis,
Morton Grove, IL, USA. Phases V-X were pre
pared as outlined in the Synthesis section below.
Dimethylchlorosilane and 4-aminobutyldmethyl
methoxysilane were obtained from Petrarch Sys
tems, Bristol, PA, USA. PAHs (analytes 1-8) were
available from previous studies. A crude mixture
containing C60 and C70 was obtained within the
department from Drs. John Shapley and Scott Koe
fod.

Step a
Triol~ •

Steps b & c
•

Stepd
---...~ Phase X.

Fig. 8. Synthetic route for preparation of phase X. Step a: 2,4-dinitrofluorobenzene-tr'iethylamine, dichloromethime. Step b: dimethyl
chlorosilane, chloroplatinic acid (catalyst), dichloromethane. Step c: ethanol, triethylamine, diethyl ether. Step d: 5Ilm/IOO A silica gel,
120OC, I Torr, 24 h.
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Methods

All chromatographic experiments were carried
out at a nominal flow rate of 2.00 ml/min. Column
void time was determined by injection of tri-tert.
butylbenzene [14].

Synthesis

Preparation ofphase V
The synthetic route for the preparation of phase

V is illustrated in Fig. 3.
Preparation of3,5-(dinitrobenzamido)glycine, 12.

Glycine (11, 5.0 g) was suspended in 100 ml of dry
tetrahydrofuran and cooled in an ice bath. 3,5-Di
nitrobenzoyl chloride (16.9 g) and propylene oxide
(7.0 m!) were added and the mixture was stirred
under a nitrogen atmosphere and gradually allowed
to warm to room temperature. After 10 h, the crude
reaction mixture was evaporated to afford a brown
oil. Addition of 100 ml of dichloromethane resulted
in crystallization after several min. Filtration, fol
lowed by several washes with dichloromethane and
drying under high vacuum, gave 13.9 g 12 (78%
yield) as a pale yellow powder. 1H NMR ([2H6]di
methyl sulfoxide) (j: 12.8 (s, IH), 9.6 (t, IH), 9.1 (s,
2H), 9.0 (s, IH), 4.0 (d, 2H).

Preparation of organosilane 13. To a cooled (ice
bath) solution of 1.0 g of acid 12 in tetrahydrofuran
was added 0.92 g l-ethoxycarbonyl-2-ethoxycarbo
nyl-2-ethoxy-I,2-dihydroquinoline (EEDQ). This
mixture was stirred 45 min. under a nitrogen atmo
sphere, 0.50 g of 4-aminobutyldmethylmethoxysi
lane was added, and the reaction mixture was al
lowed to gradually warm to room temperature. Af
ter 10 h, the crude reaction mixture was evaporated
and purified by flash chromatography on silica to
give 0.65 g (42% yield) of13 as a slightly pink foam.

Preparation of phase V. Silica gel (5.0 g, Rex
chrom, 5 j.tm/IOO A) was placed in a round-bottom
flask fitted with a Dean-Star trap, condenser, and
boiling stick. About 30 ml of benzene were added
and the mixture was heated to reflux for several
hours. Dimethylformamide (I ml) was then added
to the benzene slurry and the sample was evaporat
ed to near dryness on a rotary evaporator. A dichlo
romethane solution of silane 13 (0.65 g) was then
added and the resulting slurry was sonicated for
several minutes before being evaporated to near
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dryness. The sample was again slurried in dichloro
methane, sonicated, and evaporated to near dry
ness, this sequence being repeated several times to
insure complete coverage of the silica gel. The near
ly dry silica gel-silane mixture was then heated on
an oil bath under reduced pressure (130°C, I Torr,
18 h). The silica gel was then slurried in ethanol,
filtered through a fine sintered glass funnel, and
washed repeatedly with ethanol and then methanol.
Evaporation and analysis of the ethanol washes can
be done at this point to monitor degradation of the
silane during the course of the bonding reaction.
The washed silica gel was then slurried in methanol
and packed into a 25 cm x 4.6 mm J.D. stainless
steel HPLC column using an air-driven Haskell
pump operating at about 9000 p.s.i. Stationary
phase recovered from the column packer was dried
thoroughly under high vacuum and submitted for
elemental analysis (C 3.39%) which indicates a
loading of 1.9 . 10- 4 mol of selector per gram of
stationary phase. Residual silanols on the chro
matographic support were then "endcapped" by
passing a solution of I ml of hexamethyldisilazane
dissolved in 50 ml of dichloromethane through the
dichloromethane-equilibrated column at a flow rate
of I ml/min [15]. The column was then sequentially
eluted with dichloromethane, methanol and 20%
2-propanol in hexane.

Preparation ofphase VI
The synthetic route for the preparation of phase

VI is illustrated in Fig. 4.
Preparation of organosilane 15. Triethylamine

(0.69 g) and 4-aminobutyldimethylmethoxysilane
(1.00 g) were dissolved in 20 ml dichloromethane
and cooled in an ice bath. 3,5-Dinitrobenzoyl chlo
ride (1.43 g) dissolved in 10 ml of dichloromethane
was then added dropwise over several minutes with
stirring under a nitrogen atmosphere. The reaction
mixture was allowed to warm to room temperature
and stirred for an additional h. The crude reaction
mixture was evaporated to dryness and purified by
flash chromatography (silica gel, 5% acetonitrile in
dichloromethane) to afford 15 as a clear oil (840
mg, 69,4% yield). IH NMR (C2HCI 3) (j: 9.15 (s,
IH), 9.0 (s, IH), 6.8 (bs, IH), 3.55 (m, 2H), 4.3 (s,
3H), 1.75 (m, 2H), 1.5 (m, 2H), 0.65 (t, 2H), 0.15 (s,
6H).

Preparation ofphase VI The bonding of silane 15
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to silica and the subsequent packing of the resulting
stationary phase into an HPLC column followed
the procedure reported for the preparation of phase
V except that a Kiigelrohr distillation apparatus
was used in the bonding reaction (l30°C, 1 Torr, 18
h). Stationary phase recovered from the column
packer was submitted for elemental analysis (C
4.69%) indicated a loading of 3.0 . 10- 4 mol of
selector per gram of stationary phase.

Preparation ofphase VII
The synthetic route for the preparation of phase

VII is illustrated in Fig. 5.
Preparation ofolefin 17. To a cooled, stirred solu

tion of allylamine (16, 0.46 g) and triethylamine
(0.90 g) in dichloromethane was added 2,4-dinitro
fluorobenzene (1.5 g). After warming to room tem
perature, the reaction mixture was stirred for 3 h,
then evaporated to dryness and purified by flash
chromatography (silica, dochloromethane) to af
ford olefin 17 as a crystalline solid (1.09 g, 61 %
yield). IH NMR (C2HCI 3) <5: 9.25 (d, IH), 8.8 (bs,
IH), 8.3 (dd, IH), 7.0 (d, IH), 6.0 (m, IH), 5.8 (dd,
2H), 4.1 (t, 2H).

Preparation ofOrganosilane 18. Olefin 17 (1.09 g)
was dissolved in 10 ml of dichloromethane and 10
ml of dimethylchlorosilane. Chloroplatinic acid (l0
mg) dissolved in a minimum amount of 2-propanol
was then added and the mixture was heated at re
flux. Progress of the reaction was monitored by dis
appearance of starting material in quenched reac
tion aliquots (the quenching solution was composed
of 5 ml of absolute ethanol, 5 ml of triethylamine,
and 5 ml of diethyl ether). The assay procedure con
sists of removing several drops of reaction mixture,
evaporating to dryness under high vacuum to re
move excess dimethylchlorosilane, and addition of
several drops of quenching solution. The mixture
was then heated for several min on an oil bath, di
luted with dichloromethane, and examined by thin
layer chromatography (TLC). After about 3 h, TLC
analysis of quenched reaction aliquots indicated
complete consumption of starting material. The
crude reaction mixture was evaporated to dryness,
with several additions and evaporations of dichlo
romethane to insure complete evaporation of resid
ual dimethylchlorsilane, then quenched by addition
of the quenching solution with stirring for 30 min.
The quenched solution was filtered to remove pre-
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cipitated trithylamine hydrochloride, then evapored
and purified by flash chromatography on silica us
ing 2% ethanol in dichloromethane to afford 0.80 g
18 (50% yield). IH NMR (C2HCI 3) <5: 9.2 (s, IH),
8.6 (bs, IH), 8.3 (d, IH), 7.0 (d, IH), 3.6 (m, 2H),
3.4 (m, 2H), 1.8 (m, 2H), 1.2 (t, 3H), 0.7 (t, 2H), 0.1
(s,6H).

Preparation of phase VII Silane 18 was bonded
to silica and the resulting stationary phase was
packed into an HPLC column as described for
phase V, except that a Kiigelrohr distillation appa
ratus was used in the bonding reaction (l15"C, 1
Torr, 24 h). Packing material recovered from the
column packer was submitted for elemental analy
sis, the result (C, 3.28%) indicates a loading of2.5·
10- 4 mol of selector per gram of stationary phase.

Preparation ofphase VIII
The synthetic route for the prepartion of phase

VIII is illustrated in Fig. 6.
Preparation of olefin 20. To a cooled solution of

w-undecenylenyl alcohol (19, 1.0 g) and triethyl
amine (0.65 g) in 10 ml of dry tetrahydrofuran were
added 3,5-dinitrobenzoyl chloride (1.36 g) with stir
ring. The reaction mixture was allowed to warm to
room temperature and stirred for an additional h.
The heterogeneous solution was diluted with dieth
yl ether and extracted three times with a 1.0 M HCI
solution. The organic layer was washed with water,
then brine, then dried over anhydrous magnesium
sulfate. Filtration and evaporation yielded 20 (2.00
g, 93% yield) as a pale yellow solid. IH NMR
(C2HCl3) <5: 9.25 (d, IH), 9.2 (d, 2H), 5.8 (m, IH),
4.95 (m, 2H), 4.4 (t, 2H), 2.05 (m, 2H), 1.85 (m, 2H),
0.9 (m, 12H).

Preparation of organosilane 21. Olefin 20 was
converted into ethoxysilane 21 using the hydrosilyl
ation procedure reported for preparation of orga
nosilane 18. Crude 21 was purified by flash chroma
tography on silica using dichloromethane to afford
1.04 g 21 (80.6% yield) as a yellow oil. 1H NMR
(C2HCI3) <5: 9.25 (d, IH), 9.15 (d, 2H), 4.45 (t, 2H),
3.65 (q, 2H), 1.85 (m, 2H), 1.3 (m, 16H), 0.6 (t, 2H),
0.1 (s, 6H).

Preparation ofphase VIII Silane 21 was bonded
to silica and the resulting stationary phase was
packed into an HPLC column as described for
phase V (l20°C, 1 Torr, 24 h). Stationary phase re
covered from the column packer was submitted for
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elemental analysis, the result (C, 3.94%) indicates a
loading of 1.6 . 10- 4 mol of seector per gram of
stationary phase.

Preparation ofphase IX
The synthetic route for the preparation of phase

IX is illustrated in Fig. 7.
Preparation oftriol23. Undecylenic aldehyde (22,

50 g) and 200 g of 40% formaldehyde solution were
dissolved in 500 ml of ethanol-water (I: I). Potassi
um hydroxide (16.30 g) dissolved in 150 ml of etha
nol-water (1:1) was then added dropwise to the cold
(O°C) stirred solution. The reaction was allowed to
warm to room temperature, stirred for 4 h then
heated to 60°C and stirred for an additional 2 h at
which time TLC indicated complete consumption
of starting material and formation of a new prod
uct. The crude reaction mixture was concentrated
under vacuum to remove ethanol and then extract
ed several times with diethyl ether. The combined
ether extracts were washed several times with water,
washed with brine, dried over anhydrous magnesi
um sulfate, filtered and evaporated to dryness.
Flash chromatography on silica gel using 10%
methanol in dichloromethane gave triol 23 (28.2 g,
41.4% yield) as a white solid. 1H NMR (C2HCI3) 15:
5.85 (m, IH), 5.0 (m, 2H), 3.75 (d, 6H), 2.75 (t, 3H),
2.05 (m, 2H), 1.3 (m, 12H).

Preparation of triester 24. Triol 23 (1.0 g) and
triethylamine (1.5 g) were dissolved in 50 ml of dry
tetrahydrofuran and cooled in an ice bath. 3,5-Di
nitrobenzoyl chloride (3.0 g) was then added and
the solution was allowed to gradually warm to
room temperature, then stirred overnight under a
nitrogen atmosphere. Precipitated triethylammoni
urn chloride was removed by filtration and the fil
trate was washed several times with a I M HCI solu
tion dried over anhydrous magnesium sulfate, fil
tered, and evaporated to dryness. Ether trituration
of the resulting oil give triester 24 (1.64 g, 47%
yield) as a white solid. lH NMR (C2Cl3 , (2H6]di
methyl sulfoxide) 15: 9.2 (d, 3H), 9.1 (d, 6H), 5.75
(m, IH), 4.9 (m, 2H), 4.65 (s, 6H), 2.0 (m, 2H), 1.8
(m, 2H), 1.4 (m, 10H).

Preparation of silane 25. Triester 24 (1.60 g) was
converted into ethoxysilane 25 using the hydrosilyl
ation procedure reported for preparation of orga
nosilane 18. Crude 25 was purified by flash chroma
tography (silica, 5% acetonitrile in dichlorometh-
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ane) to afford 25 (1.03 g, 57.2% yield) as a yellowish
solid. lH NMR (C2HCI 3) 15: 9,25 (d, 3H), 9.15 (d,
6H), 4.6 (s, 6H), 3.6 (q, 2H), 1.8 (m, 2H), 1.6 (m,
2H), 1.3 (m, 12H), 0.5 (t, 2H), 0.05 (s, 6H).

Preparation ofphase IX. Silane 25 was bonded to
silica and the resulting stationary phase was packed
into an HPLC column as described for the prep
aration of phase V (120°C, I Torr, 24 h). Stationary
phase recovered from the column packer was sub
mitted for elemental analysis, the result (C, 6.30%)
indicates a loading of 1.5 . 10 - 4 mol of selector per
gram of stationary phase.

Preparation ofphase X
The synthetic route for the preparation of phase

X is illustrated in Fig. 8.
Preparation of triether 26. Triol 23 (1.0 g) and

triethylamine (2.2 g) were dissolved in 50 ml of di
chloromethane and cooled in an ice bath. 2,4-Di
nitrofluorobenzene (2.7 g) was then added. After 30
min, the ice bath was removed and the reaction mix
ture was allowed to stir overnight at room temper
ature under a nitrogen atmosphere. The crude reac
tion mixture was evaporated and purified by flash
chromatography on silica gel using dichlorometh
ane to give 26 (1.39 g, 44% yield) as a pale yellow
foam. lH NMR (C2HCI 3) 15: 8.8 (d, 3H), 8.5 (dd,
3H), 7.35 (d, 3H), 5.8 (m, IH), 4.95 (m. 2H), 4.5 (s,
6H), 2.05 (m, 2H), 1.85 (m, 2H), 1.4 (m, 12H).

Preparation of silane 27. Triether 26 (1.39 g) was
converted into ethoxysilane 27 using the hydrosilyl
ation procedure reported for preparation of orga
nosilane 18. Crude 27 was purified by flash chroma
tography on silica using 5% acetonitrile in dichlo
romethane as eluent to afford 1.0 g 27 (63% yield)
lH NMR (C2HCh) 15: 8.8 (d, 3H), 8,5 (dd, 3H), 7.35
(d, 3H), 4.45 (s, 6H), 3.65 (q, 2H), 1.85 (m, 2H), 1.25
(m, 14H), 1.2 (t, 3H), 0.55 (t, 2H), 0.1 (s, 6H).

Preparation ofphase X. Silane 27 was bonded to
silica, and the resulting stationary phase was
packed into an HPLC column as described for the
preparation of phase V (l30°C, I Torr, 24 h). Sta
tionary phase recovered from the column packer
was submitted for elemental analysis, the result (C,
6.29%) indicates a loading of 1.6· 10- 4 mol of se
lector per gram of stationary phase.
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RESULTS AND DISCUSSION

Evaluation ofphases I-X
All of the stationary phases evaluated in the

study provided some degree of retention and sep
aration for the C60-C70 mixture. Table I shows
chromatographic data relevant to the separation of
analytes 1-10 on phases I-X. Phase X affords the
largest capacity factor (k') for buckminsterfuller
ene, 9, and is the only phase to offer increased re
tention of this analyte relative to phase I. Phases
III-X all afford improved separation factors (a') rel
ative to phase I for separation of the C60-C70 mix
ture. Interestingly, even the n-basic phases III, and
IV, are quite effective in retaining and separating
the fullerenes although these phases provide only
marginal retention of the polycyclic aromatic hy
drocarbons (analytes 1-8).

The phenylglycine-derived phase, I, consistently
affords greater retention than does the leucine-de
rived phase, II. In the plot of the the relative capac
ity factors observed with the two columns (Fig. 9),
it can be seen that all of the data points fall approxi
mately on a line having a slope of about 0.37. A
linear plot indicates that each analyte in the series is
being retained by essentially the same mechanistic
process on each column, although the processes
may differ between columns. When comparing two
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identical columns, a slope of unity would be expect
ed. Two columns containing the same selector with
different loadings (i.e. surface coverage) would be
expected to give a straight line, the slope of which is
indicative of the relative loadings of the two phases.
When comparing two nonidentical columns, differ
ences in selector structure and differences in loading
will both contribute to the observed sloep.

The loadings of phases I and II are approximate
ly the same, thus the differences in retention ob
served with the two phases must reflect differences
in the selectors. We recently suggested that n-acidic
stationary phases such as phase I (which contains a
n-basic phenyl substituent at the stereogenic center)
may be capable of undergoing simultaneous face to
edge and face to face n-n interactions with n-basic
analytes [16]. If this is indeed the explanation for the
increased retention of the PAH analytes on phase I
relative to phase II, then the fullerenes, which have
no "edges', must derive a similar benefit from the
presence of the phenyl group in phase I, since the
data points for analytes 9 and 10 fall upon the line
described by the PAH analytes.

Stationary phases III and IV provide substantial
retention for the fullerene analytes but only moder
ate retention of the PAH analytes. Phases III and
IV were included in the study to assess the ability of
n-basic stationary phases to provide retention of the

TABLE I

CAPACITY FACTORS FOR ANALYTES 1-10 ON STATIONARY PHASES I-X

Conditions: mobile phase = 5% dichloromethane in hexane, flow-rate = 2.00 ml/min, ambient temperature. Void time determined
using 1,3,5-tri-tert.-butylbenzene [14]. ex = separation factor for C60 and C 70 .

Ana1yte

1
2
3
4
5
6
7
8
9

10

Stationary phase

II III IV V VI VII VIII IX X

0.18 0.15 0.11 0.12 0.12 0.13 0.10 0.10 0.14 0.17
0.53 0.35 0.19 0.17 0.33 0.34 0.22 0.19 0.38 0.44
0.77 0.46 0.19 0.19 0.40 0.44 0.26 0.27 0.58 0.58
2.19 1.06 0.34 0.30 1.12 1.24 0.70 0.70 1.74 1.28
2.57 1.19 0.34 0.31 1.22 1.35 0.72 0.81 2.06 1.41
5.55 2.27 0.57 0.47 3.00 3.31 1.97 1.88 5.61 3.30
5.96 2.27 0.43 0.39 2.53 2.73 1.49 2.11 5.84 2.68
6.30 2.43 0.60 0.50 3.23 3.46 2.09 2.13 6.45 3.57
2.99 1.19 1.98 2.62 1.01 2.26 2.45 0.50 1.61 6.59
4.65 1.90 4.16 5.31 1.80 4.76 7.10 0.80 3.28 20.77

1.60 1.56 2.10 2.03 1.78 2.11 2.89 1.60 2.03 3.15
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Fig. 9. Relative capacity factors for analytes 1-10 (as indicated)
on phases I and II.

fullerenes. In the plot of the the relative capacity
factors observed with the two columns (Fig. 10), it
can be seen that the data points for fullerene ana
Iytes 9 and 10 fall far from the line defined by the
PAH analyte data points (slope = 0.07). This in
dicates that adsorption of the fullerenes occurs by a
different mechanism than adsorption of the PAH
analytes on phases III and IV. This unexpected
finding suggests that the fullerene analytes may be
polarized during adsorption so as to respond as ei
ther n-bases' or n-acids. Alternatively, the aniline
hydrogens ofphases III and IV may hydrogen bond
to the n-clouds of the fullerene analytes. Hydrogen
bonds to n-clouds of aromatic systems are well
precedented [17] and the convex surface of the ful
lerenes may render these analytes better able to un
dergo this interaction than the planar PAH mole
cules.

The glycine-derived phase V offers little advan-

•10

o
9

o 1

k' Phase I

Fig. 10, Relative capacity factors for analytes 1-10 (as indicated)
on phases I and III.

Fig. II. Relative capacity factors for analytes 1-10 (as indicated)
on phases V and VI.

tage over the related n-acidic amino acid-derived
phases, I and II. Capacity factors on phase V are
similar those provided by phase II and smaller than
those provided by phase I, again suggesting the in
volvement of the phenyl ring of phase I in interac
tion with the analytes.

The isolated dinitrobenzamide system of phase
VI retains the PAH analytes to about the same ex
tent as do phases II and V but to a lesser extent than
the phenylglycine-derived phase I. Fig. 11 shows the
relative retentions ofanalytes 1-10 on phases V and
VI. The data points for tl1e PAH analytes 1-8 fall
on a 'line having a slope of 1.08, the fullerene aha
lytes lying off of this line owing to their selective
adsorption by phase VI. Whatever the nature of this
selective adsorption, it can be readily seen that the
second amide group of the amino acid-derived
n-acidic phases, II and V, makes little contribution
to the retention of the fullerenes. Possibly, intramo
lecular hydrogen bonding between the 3,5-dinitro
benzamide hydrogen and the C-terminal carbonyl
oxygen may interfere with the ability of phases II
and V to hydrogen bond to the fullerenes .

The dinitroaniline-containing phase, VII, does
not retain the PAH analytes as well as the dinitro
benzamide-containing phase, VI, but retains the
fullerene analytes rather more strongly than does
phase VI. Fig. 12 illustrates the relative capacity
factors of analytes 1-10 on these two stationary
phases. The data points for the PAH analytes fall
on a line of slope 0.58 with the data points for the
fullerene analytes lying considerably off of this line.
The selective retention of the fullerene analytes (es
pecially C70) on phase VII relative to phase VI may
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be attributable to a difference in the hydrogen
bonding ability of the aniline and amide hydrogens
which may be oriented differently with respect to
the n-acidic aromatic ring. The 3,5-dinitrobenz
amide and 2,4-dinitroaniline moieties differ in
n-acidity but this might not be expected to differ
entially affect the PAHand fullerene retentions.

As shown in Fig. 13, the dinitrobenzoate ester
phase, VIII, shows reduced retention for the PAH
analytes relative to the dinitrobenzamide phase, VI,
the best line through these data points having a
slope of 0.63. The data points for the fullerene ana
lytes fall significantly below the line described by
the PAH analyte data points, reflecting the poor
retention of the fullerenes on the ester phase (which
contains no hydrogen bond donors) relative to the
amide phase (which does contain such a donor).
This result may again indicate the importance of

o •
7 .. 8

6

k' Phase VI

Fig: 13. Relative capacity factofs fOf analytes 1-10 (as indicated)
on phases VI and VIII,

k' Ph,« VIII

Fig. 14. Relative capacity factofs fOf analytes 1-10 (as indicated)
on phases VIII and IX.

hydrogen bonding interactions in the retention of
the fullerene analytes.

The tripodal ester phase, IX, is similar to phase
VIII, except that it may be capable of simultaneous
multipoint interaction with the fullerene and PAH
analytes. Interestingly, phase IX is the only one of
the stationary phases examined which shows reten
tions for the PAH analytes which are comparable to
those provided by phase I. Phases VIII and IX have
similar loadings (about 1.5 . 10- 4 mol/g). However,
since phase IX contains three n-acidic dinitroben
zoyl groups on every strand of selector, the "effec
tive" loading of phase IX is roughly three times that
of phase VIII. Fig. 14 depicts the relative capacity
factors of analytes 1-10 on these two stationary
phase.s The best line through the data points for the
PAH analytes has a slope of 3.03, which would
seem to indicate that each of the n-acidic rings of
the tripodal phase IX are acting independently in
retention of the PAH analytes. The data points for
the fullerene analytes fall only slightly above the
line defined by the PAH analytes, suggesting that
simultaneous multipoint interaction of phase IX
with the fullerene analytes is not a predominant re
tention mode.

Tripodal phase X afford excellent retention and
separation for all of the analytes, showing the great
est retention for the fullerenes and the best separa
tion factor for the C60-C70 mixture. The relative
capacity factors for analytes 1-10 on the two tripo
dal phases IX and X are illustrated in Fig. 15. The
reason why phase X provides the degree of in~

creased retention for the fullerenes relative to the
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tripodal ester phase IX is currently not well under
stood. A dinitrophenyl ether stationary phase anal
ogous to phase VIII would be helpful in determin
ing the contribution of the 2,4-dinitrophenyl group
itself to this behavior. The n-acidic groups in phase
X are positioned one atom closer to the branching
point than those of phase IX, and this might con
ceivably impart some degree of conformational rig
idity or a more favorable geometry for simultane
ous multipoint interaction than in the case of phase
IX.

Development of improved selectors
Although phase X provides superior retention

and separation for the fullerene analytes, the cur
rent study suggests several possibilities for further
improvements. The apparent ability of n-basic se
lector to afford significant retention for these com
pounds should be further investigated to determine
whether it is n-n interaction or hydrogen bonding
which retains the fullerenes on phases III and IV.
The apparent importance of hydrogen bonding in
fullerene retention and the complete absence of hy
drogen bond donors in phase X (the best phase de
veloped to date) suggests that phases such as the
triamine-derived analogues of phases IX and X may
prove even more useful for fullerene separation. In
addition to having both n-acidic and hydrogen
bonding groups, such phases may also adopt con
formations in which intramolecular hydrogen
bonding stabilizes the concave disposition of aro
matic groups, thus providing a more preorganized
selector for the fullerenes.

We recently described the use of the "immobi-
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lized guest method" in the development of im
proved selectors for enantioselective recognition of
the non-steroidal anti-inflammatory drug, naprox
en [18]. In this approach the "guest" is immobilized
on silica gel to afford a stationary phase which is
used to evaluate candidate "hosts". Such an ap
proach offers the advantage of requiring only very
small amounts of prospective selectors for analysis,
in contrast to developing a new stationary phase for
every selector to be evaluated. We initially reasoned
that such an approach would be impossible for the
fullerenes since they possess no functionality
through which they can be conveniently immobi
lized. However, recent advances in the functional
ization of buckminsterfullerene [19,20] suggest that
this approach may, at some point, be feasible.

CONCLUSIONS

All of the stationary phases examined in the
study provide some degree of retention and separa
tion for the fullerenes, C60 and C70 • The n-acidic
tripodal phase, X, designed for simultaneous multi
point interaction with the fullerenes, provides the
highest degree of retention and the highest separa
tion factor for C60 and C70 . This stationary phase
may prove useful for preparative scale chromato
graphic purification of buckminsterfullerene as well
as for chromatographic analysis and purification of
the ever growing family of fullerenes and fullerene
derivatives.

In one sense, this study raises a many questions
as it answers. For example, it suggests that fullerene
selectors affording greater retention and selectivity
than does phase X may be developed. Selectors with
dramaticaly increased retention and/or selectivity
might allow for purification ofmultigram quantities
of buckminsterfullerene, perhaps through batch ad
sorption techniques or other non-tranditional puri
fication methods. In broader terms, polypodal se
lectors may prove useful in a host of other molec
ular recognition and nanotechnological applica
tions.
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ABSTRACT

We describe here a resin-based derivatization reagent, containing a 9-fluoreneacetyl tag on a controlled-pore substrate, for direct
injection analysis of amphetamine in plasma. On-line, pre-column derivatization was performed by directioninjection of diluted plasma
sample into an sodium dodecyl sulfate-containing mobile phase. Amphetamine was trapped in the hydrophobic derivatization column
and derivatized at elevated temperature by the activated solid-phase reagent. The derivatized 9-fluoreneacetyl amphetamide was
separated by reversed-phase high-performance liquid chromatography with a step gradient and determined by fluorescence detection.
The synthesis scheme, characterization, and optimization of the derivatization conditions for the solid-phase reagent are described. The
method was evaluated by reproducibility tests and single blind spiking analysis. This solid-phase reagent combined with a surfactant
containing mobile phase provided a sensitive and simple procedure for on-line derivatization in direct injection analysis of biological
fluids.

INTRODUCTION

Liquid chromatography is a principal method for
analysis of drugs in biological fluids [1]. Plasma, se
rum, urine, etc., are complex mixtures that contain
a, multitude of components. When analyzing for
drugs, some special problems arise due to the nature
of the samples. The presence of large amounts of
protein in serum or plasma, the strong affinity be
tween these proteins and drugs, the low levels and
poor UV absorbance for some drugs and/or the
small amount of sample available, all put high de
mands on effective sample preparation and chro
matographic separation. Sample pre-treatment is

Correspondence to: Dr. 1. S. Krull, Department ofChemistry and
The Barnett Institute (341 MU), Northeastern University, 360
Huntington Avenue, Boston, MA, 02115, USA.

the most laborious step and the main source affect
ing accuracy of the analytical procedures, especialIy
for such biological samples. The extensive pre-treat
ment removal of the protein content is necessary for
drug analysis in biological fluids, otherwise these
proteins would denature and accumulate on the
surface of conventional octadecylsilica reversed
phase packings, causing column clogging after only
a few sample injections.

The sample treatment process includes extraction
of the drugs or protein precipitation by an organic
solvent, evaporation of the organic solvent, dissolu
tion of the extracted drugs in mobile phase, etc. As
analytes can co-precipitate with the proteins and
only be partially extracted from the supernatant,
inaccuracy and reduced detectability can be expect
ed. Recently, high-performance liquid chromatog
raphy (HPLC) column packings with a hydrophilic

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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Fig. I. Synthesis of 9-fluoreneacetyl-tagged solid-phase reagent.

as long as the conditions causmg protein denatura
tion and precipitation are avoided [9]. After solid
phase derivatization, low-molecular-mass analytes
modified with the chromophore can be detected
with high sensitivity. Detailed chemical procedures
for synthesizing similar solid-phase reagents have
been published [10-15].

This paper describes the preparation ofa cova
lently bound, fluorescence (FL)-sensitive tag, 9-flu
oreneacetyl (FA), on a pore size-controlled, rigid
polystyrene-divinylbenzene resin (Figs. 1 and 2).
Gradient elution, using SDS surfactant in the mo
bile phase, was applied for direct injection of plas
ma samples containing amphetamine. The FL-sen
sitive tag was covalently bonded to the resin
through a nitrobenzophenol ester linkage. Deriv
atization conditions were tested in the on-line, pre
column mode using amphetamine. Controlled pore
size of the polymeric reagent restricted the access of
high-molecular-mass serum components into the
pores, where the chromophore was immobilized.'
This restriction prevented blocking of the reagent
inside the pores by protein precipitation. Low de
tection limits were achieved for diluted plasma
without extraction. Reproducibility and accuracy
of the analysis were shown by repeated injections
and single blind spiked sample tests.

outer zone and a hydrophobic inner zone were de
veloped for direct analysis of drugs in biological
fluids [1-3]. Protein precipitation is avoided by re
stricting the access of the larger proteins to the hy
drophilic zone only.

Another way to directly analyze drugs is by using
surfactants in the mobile phase [4-6]. Under re
versed-phase conditions, the surfactants solubilize
the denatured proteins and modify the reversed
phase column creating an external hydrophilic sur
face. The surfactant also helps to displace the drug
from the serum proteins and increases retention by
the stationary phase. Various types of surfactants
can be used as mobile phase modifiers, including
anionic, cationic, or non-ionic compounds. For ex
ample, the surfactant sodium dodecyl sulfate (SDS)
has been used successfully, below its critical micelle'
concentration (CMC), for direct drug analysis un
der reversed-phase conditions without protein pre
cipitation [5]. However, poor detectability and low
concentrations of many analytes still prevent these
direct injection methods from becoming a good
tool.

By derivatization with an appropriate chromo
.phore, separation and more importantly detection
of analytes at low concentration can be drastically
improved with the most commonly used detection
techniques (UV, fluorescence, electrochemical de
tection) in HPLC [7]. Compared to derivatization in
solution, solid-phase derivatization reagents have
the following advantages: (i) they give more selec
tive derivatization with fewer side products; (ii) they
are non-volatile and thus have greater stability in
air and during storage; and (iii) excess reaction re
agents are not present with the soluble products [8].
In solid-phase derivatization, the detection-sensi
tive tags are immobilized on solid supports. Ana
lytes must diffuse into the pores of the solid-phase
reagent in order to react with the bonded, reactive
tags. By restricting the pore size of the rigid resin,
the large protein molecules are excluded from the
pores. This has two effects. First, proteins cannot
precipitate on the hydrophobic internal surface.
Consequently, they do not block the access of ana
lyte to the active tag. Second, the nucleophilic resid
ues on the proteins will not deplete the solid-phase
reagent of its activity. The proteins contact only the
external part of the solid-phase reagent particles.
Protein will stay completely in the external solution

@-D
I

~CI-_ \...(_ CI

NO,. ~ 9-l>,...
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Fig. 2. Derivatization ofamphetamine by FA-tagged solid-phase
rea!!ent.

EXPERIMENTAL

Reagents
9-Fluoreneacetic acid (99%), triethylamine

(TEA, 98%), SDS and dichloromethane (99%)
were obtained from Aldrich (Milwaukee, WI,
USA). IMPAQ RG 1020 Si silica was obtained
from the PQ CO. (Valley Forge, PA, USA). Omni
solv brand acetonitrile (ACN) was donated by EM
Science (Gibbstown, NJ, USA). HPLC mobile
phases were prepared based on volume ratio, and
used after filtration through a OA5-/lm HVHP type
solvent filter (Millipore, Bedford, MA, USA), and
degassed under vacuum with stirring. Amphet
amine sulfate was obtained from Research Bio
chemicals (Natick, MA, USA). Lyophilized human'
plasma was obtained from Sigma (St. Louis, MO,
USA), reconstituted in deionized water and diluted
5-fold with 0.05 M NaOH before spiking. The pH
of this plasma solution was 11.

Apparatus

The HPLC system consisted of a Waters 6000A
solvent-delivery pump (Waters Chromatography
Division, Millipore, Milford, MA, USA), two Rhe
odyne Model 7125 injection valves (Rainin, Wo
burn, MA, USA), a Waters 420 FL detector (excita
tion wavelength 254 nm, emission wavelength 313
nm), a LiChrospher C t8 reversed7phase columl} (5
/lm, 250 x 4 mm I.D., EM Science), a Supelcosil
LC-ABZ column 150 x 4.6 mm I.D. (Supelco, Bel
lefonte, PA, USA). Data were recorded on a Linear
strip-chart recorder (Linear Instruments, Reno,
NV, USA), a Hewlett-Packard 3380A integrator
(Hewlett-Packard, Avondale, PA, USA) or a Dyna
max data system (Rainin). The UV and FL spectra
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were measured on an LDC Spectronic 1201 UV
spectrophotometer (Milton RoyjLDC Division,
Riviera Beach, FL, USA) and a Perkin-Elmer 650
105 fluorescence spectrophotometer (Perkin-Elmer,
Norwalk, CT, USA), respectively.

Procedures

Synthesis
Preparation of controlled pore size polystyrene

divinylbenzene. The porous rigid resin was prepared
by a templated polymerization technique of a
24:6:70 (vjvjv) mixture of divinylbenzene--ethylsty
rene-styrene using trimethylsilyl-modified silica
(IMPAQ RG 1020 Si, having 102 A average pore
size, 1.08 mljg pore volume, 366 m 2 jg surface area
and 16-20 /lm irregular particle shape) [16].

Synthesis of nitrobenzophenol intermediate. The
porous rigid resin was extracted with dioxane for 8
h in a Soxhlet apparatus to remove impurities and
unreacted monomers. Modification of the cross
linked polystyrene followed literature procedures,
to produce nitrobenzophenol intermediate III (Fig.
1)[17].

Synthesis of9-fluoreneacetyl acid chloride. To 4.0
g of 9-fluoreneacetic acid (17.7 mmol), 3.9 ml of
oxalyl chloride (44.6 mmol), 30 ml of benzene (dried
with anhydrous sodium sulfate) and 3 drops of
triethylamine were added. The mixture was heated
at 55°C for 1 h. Excess oxalyl chloride was removed
by rotary evaporation. The product was dissolved
in 35 ml of dichloromethane, to yield a solution of
0.12 gjml 9-fluoreneacetyl chloride, based on total
conversion of 9-fluoreneacetic acid [18].

Preparation ofnitrobenzophenol 9-fluoreneacetate
IV (Fig. 1). A 1.3-g amount of intermediate III, 4.2
ml of 9-flouoreneacetyl chloride solution (2.0
mmol), and 0.3 ml of triethylamine (2.0 mmol) in 20
ml of dichloromethane was stirred at room temper
ature for 1 h. The solid reagent IV (Fig. 1) was fil
tered and washed with 2 x 30 ml acetonitrile.

Synthesis and characterization of 9-fluoreneace
tyl-tagged amphetamine standard derivative V (Fig.
2). A solution of 0.032 g amphetamine sulfate (0.17
mmol), 004 ml of TEA (1.7 mmol) and 0.18 g of
9-fluoreneacetyl chloride (0.8 mmol) in 20 ml of di
chloromethane was stirred at room temperature for
2 h. The reaction mixture was evaporated to dry
ness under vacuum. The solid was dissolved in 40



106

ml of ethyl acetate and extracted with 3 x 50 ml of
0.5 M aqueous HCI, followed by 3 x 50 ml of 0.5
M aqueous NaOH. Preparative-scale reversed
phase HPLC with ACN-water (60:40, v/v) mobile
phase, using a Waters Novapak 100 x 25 mm I.D.
C18 column, a Waters WISP 712 auto-injection sys
tem and a ISCO FOXY 2150-001 fraction collector
(ISCO, Lincoln, NE, USA) was used for further
purification. The melting point of derivative V was
163.0-163SC. Mass spectrometry with chemical
ionization was used to identify the product. Major
fragments (m/z) were 342.3 (M + 1+), 250.2, 178.1,
165.1 and 91.0. Elemental analysis results were: C%
= 84.61 (84.45), H% = 6.89 (6.74) and N% = 4.08
(4.10). Numbers in parentheses represent the calcu
lated values for C24H 23NO. UV maximum was de
termined at 260 nm with E (molar absorptivity) =
2.0 . 104 cm- 1 M- 1

• Maximum excitation and
emission wavelengths were 308 and 320 nm, respec
tively, in the FL spectrum. For fluorescence detec
tion in HPLC, 254 nm instead of 308 nm was used
as the excitation wavelength to avoid interference
from the scattering of incident light.

Characterization of the tagged resin
Hydrolysis. A sample of20 mg of solid reagent IV

was vigorously agitated in 4.0 ml of 0.5 M aqueous
NaOH-ACN (2:1, v/v) solution and heated at 70°C
for 20 min. The released 9-fluoreneacetic acid was
diluted to 80 ml after filtration and quantified by
HPLC-FL. The recovery percentage of standard 9- .
fluoreneacetic acid was 99.95 ± 0.05% (mean ±
standard deviation, n = 3) under hydrolysis condi
tions. A calibration plot of standard 9-fluoreneacet
ic acid was used for concentration determinations
by HPLC, using 0.03% trifluoroacetic acid in
ACN-water (50:50, v/v) mobile phase.

Elemental analysis of intermediates II and III
(Fig. 1). Polymeric reagent intermediates II and III
were dried to constant weight. Approximately 20
mg of each product were sent for elemental analysis
(Galbraith Laboratories, Knoxville, TN, USA).
The results were: intermediate II: C% = 85.71, H%
= 7.03, N% = 1.29 and Cl % = 3.47; intermediate
III: C% = 85.99, H% = 6.67, N% = 1.27 and
C1 % = 0.19. Loading capacity, in mmol/g, was
calculated based on: (1) decrease in chloride content
from the intermediate II to III, and (2) nitrogen
content in the intermediates II and III, respectively.
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On-line, pre-column derivatization. A stainless
steel reaction column (35 x 2 mm I.D.) capped
with a porous 2-J.lm frit was packed with solid
phase reagent IV in an ACN slurry by applying vac
uum to one end. The surface was flattened by re
moving excess reagent particles from the column
after packing, then a 2-J.lm frit was placed at this
end of the reaction column. The packed reaction
column was installed on-line in the HPLC system,
between the injection valve and the analytical col
umn (Fig. 3). A defined amount of sample was in
jected at room temperature. After 10 s, the second
valve was rotated to trap the sample within the de
rivatization column. Then the derivatization col
umn was heated in a thermostated water bath (30
8YC) for a set time. The switching valve was rotat
ed again to wash out the reaction product and the
derivatization column was cooled to room temper
ature. Mobile phase was continuously passed
through the derivatization column, at room temper
ature, during the chromatographic separation. In
jection and derivatization of amphetamine spiked
plasma were performed in 1 mM SDS in ACN
water (10:90) mobile phase. The 9-FA derivative
was eluted from the derivatization column by step
gradient elution, from 1 mM SDS in ACN-water
(10:90) to 1mM SDS in ACN-water (55:45), for the
analytical separation. Low ACN concentrations in
the initial mobile phase wash avoided the precip
itation of protei~s and the gradient elution proce
dure decreased the total analysis time. Complete
elution of derivatives from derivatization column
has been demonstrated by using authentic 9-fluore
neacetyl amphetamide under the same gradient
conditions.

RESULTS AND DISCUSSION

The purpose of this work was to develop a fluo
rescent reagent, covalently attached to a resin, to
derivatize nucleophilic analytes during direct injec
tion of biological fluids. Solid-phase reagents show
selective derivatization of small molecules, with
high yields. Controlled pore size reagent-resin and
the use of SDS-containing mobile phases allow se
lective modification of small analytes in the pres
ence of large amounts of protein. Here, a polysty
rene-divinylbenzene resin modified with an activat
ed FA tag was synthesized and evaluated by on-line
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Fig. 3. Block diagram for on-line pre-column solid-phase derivatization.

derivatization of amphetamine (Figs. 1 and 2). The
phenol content of the intermediate III was deter
mined to be 0.92 mmol/g, based on elemental analy
sis results (see Experimental). Actual available
loading of the FA tag on the solid-phase reagent
was 0.83 ± 0.03 mmol/g (mean± standard devia
tion, n = 3), as determined by hydrolysis of the FA
tag.

Temperature and time optimizationjor derivatization
To obtain an efficient derivatization of amine

samples, the solvent, temperature and other condi
tions should be optimized. Acetonitrile was found
to be a good solvent for amine derivatizations [11].
A short derivatization time, combined with low de
rivatization temperatures, should be used to obtain
a reasonably short analysis time, less decomposi
tion of the solid-phase reagent, and higher selec-

tivity. This combination also provides longer re
agent life, lower detection limits, and fewer interfer
ences during the chromatographic separation.

The effect of temperature was studied by using
on-line, pre-column derivatization of amphetamine
in ACN-water (65:35, v/v). Fig. 4 describes the con
version yield at different temperatures. At 60°C an
optimum value was obtained, as shown by the turn
ing point of the curve in Fig. 4. The time optimiza
tion curve at 60°C is shown in Fig. 5. There i~ no
apparent increase in derivatization yield after 10
min. Based on these results, 60°C for 10 min was
selected as the optimum combination for on-line de
rivatization of amphetamine in ACN-water (65:35,
v/v) mobile phase. Under these conditions, a 70%
derivatization yield was obtained for amphetamine
on this resin-based reagent.

For direct injection of biological samples, espe-
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Fig. 6. Optimization of derivatization time under I mM SDS in
ACN-water (10:90, v/v) mobile phase at 75°C. Sample: 20 pi of
10 pg/ml amphetamine-spiked plasma.

Calibration plot for amphetamine derivqtization
The calibration curve for on-line derivatization

of amphetamine sample [prepared in ACN-water
(65:35, v/v), pH 10] was obtained with ACN-water
(65:35, v/v) mobile phase (without SDS). The rela
tionship was linear for a 0.03-30 ppm concentration
range, as shown by eqn. 1:

phase. At this temperature, the derivatization time
dependency was determined for the on-line deriv
atization of 10 ppm amphetamine spiked plasma, as
shown in Fig. 6. A reaction time of 8 min was select
ed as the optimum time for derivatization under
these conditions.

where x is the concentration of standard free am
phetamine in JIg/ml and y is the peak area ( x 10- 6,

arbitrary units from Hewlett-Packard integrator) of
the amphetamine-FA derivative from the solid
phase derivatization. Standard deviations of the
slope and intercept are 0.7 and 0.4, respectively.
Non-linear relationship between peak area and am
phetamine concentration was observed for concen
trations higher than 100 JIg/ml.

The calibration curve for the on-line derivatiza
tion of amphetamine in plasma was determined
from standard addition analysis of amphetamine
spiked plasma. The plasma sample wasderivatized
on-line in ACN-water (10:90, v/v) with I mM SDS
at 75°C for 8 min. The relationship was linear for a

. 2--40 ppm concentration range, as shown by eqn. 2:

o
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Fig. 5. Time optimization for on-line derivatization. COI1l.hllulb
as in Fig. 4, except derivatization at 6()OC.

Fig. 4. Temperature optimization of on-line pre-column deriv
atization. Conditions: mobile phase: ACN-water (65:35. v/v);
l1ow-rate: 1.5 ml/min; injection volume: 20 Ill: sample: 10 Ilg/ml
amphetamine in ACN-water (65:35, v/v) (pH 10); separation
column: LiChrospher 250 x 4 mm I.D. ODS; FL detection:
excitation wavelength: 254 nm, emission wavelength: 313 nm;
derivatization column: 35 x 2 mm I.D.; derivatization time: 2
min.

cially plasma samples, onto a conventional C I8 col
umn, SDS containing mobile phase was used to
avoid protein precipitation [5]. In this study, a 1
mM SDS in ACN-water (10:90, v/v) mobile phase
was used for solid-phase derivatization of ~mphet
amine spiked plasma. SDS in the mobile phase ac
celerated hydrolysis of the bonded reagent;.partic
ularly at elevated temperatures, resulting in more
9-fluoreneacetic acid in the front peak of the chro
matogram. A lower derivatization yield (25%) was
obtained in 1 mM SDS containing ACN-water
(10:90, v/v) than in ACN-water (60:40, v/v) without
SDS (70% yield), under the same derivatization
conditions. To get a higher yield and reproducible
derivatization in a practical derivatization time,
75°C was. selected as the amphetamine derivatiza
tion temperature for the SDS containing mobile
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where x is the ppm concentration of amphetamine
in plasma and y is peak area (x 10- 6

, arbitrary
units from Dynamax data system) of ampheta
mine-FA derivative from solid-phase derivatiza
tion. Standard deviations of the slope and intercept
are 0.06 and 0.5, respectively.

Regeneration of reagent
A given amount of the bonded FA reagent in the

reaction column is used up for each sample. The
tagged reagent is quickly depleted by a high concen
tration of amines or by derivatization at elevated
temperatures, which accelerates hydrolysis. Since
compound III is,. the resulting product, reactivity
can be regenerated by tagging with more 9-fluo
reneacetyl chloride. To demonstrate this possibility,
100 mg of the polymeric reagent was depleted off
line by derivatizing 5 samples of 1 ml 0.1 % butyl
amine in ACN. The exhausted reagent was washed
with 3 x 50mlO.5MaqueousHCI-ACN(2:1,vjv),
followed by 3 x 50 ml ACN-water (1:1, vjv) and
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finally dried in vacuum. The depleted reagent was
regenerated off-line as described for the preparation
of compound IV. The recovered activity was dem
onstrated by the percent derivatization of ampheta
mine. The derivatization yield was 69.2 ± 3.6% (x
± S.D., n = 3) with the fresh reagent, 5.1 ± 0.7%
with the exhausted reagent, and 66.2 ± 4.6% with
the regenerated reagent, respectively. Derivatiza
tion yield tests were performed on-line with 20 fll of
10 flgjml amphetamine in ACN-water (65:35, vjv)
mobile phase, at 60°C for 10 min, and expressed as
x ± S.D. (n = 3). Here a fresh reagent means that
the solid-phase reagent was prepared and used the
same day.

Shelf life determination
Freshly prepared reagents are always needed for

solution derivatizations to ensure high yields, fewer
side products and reproducible results. Solid-phase
reagents, on the other hand, can be stored for pro
longed time periods without affecting their activity.

0.0 min 10 min

• FA-amphetamine derivative

•

20.0 min

Fig. 7. Chromatograms for repeated on-line derivatizations of 10 pg/ml amphetamine-spiked plasma. Chromatographic conditions:
mobile phase: step gradient from I mM SDS in ACN-water (10:90, v/v) to I mM SDS in ACN-water after derivatization; flow-rate: 1.5
ml/min; injection volume: 20 pI; separation column: Supelcosil LC-ABZ, 150 mm x 4.6 mm l.D.; derivatization column: 35 x 2 mm
I.D.; derivatization temperature: 7SOC; derivatization time: 8.0 min.
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Activity of a freshly prepared resin tagged reagent
was compared to its activity after 3 months storage
in a capped glass bottle at room temperature with
out any special protection. Derivatization yield of a
10 fig/ml standard amphetamine solution, was 69.2
± 3.6% (x ± S.D., n = 3) for freshly prepared
reagent and 67.5 ± 2.9% for the stored reagent.
These results show good storage stability of the sol
id-phase reagent for at least 3 months under lab
oratory conditions.

Reproducibility of on-line solid phase reagent deriv
atization of amphetamine spiked plasma

Forty 20-fil aliquots of 10 fig/ml amphetamine
spiked plasma were injected with an on-line, stop-
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flow, pre-column derivatization. For these 40 injec
tions, the relative standard deviation for the deriv
ative peak heights was 5.87%. Fig. 7 shows chro
matograms of some of these runs with on-line, pre
column derivatization.

Minimum detectable amount of amphetamine in
A eN-water and in plasma

The minimum detectable amount of ampheta
mine solutions in ACN-water and in plasma, 0.4 ng
(33 ng/ml, 20-fil injection) and 4.0 ng (200 ng/ml, 20
fil injection), respectively, was attained by norma
lizing the signal-to-noise ratio to 3: I with on-line
solid-phase. derivatizations in ACN-water and
SDS-ACN-water mobile phases. respectively. Figs.

(a) (b)

*FA-amphetamine derivative

i i
o 5 10 min 0 5 10 15 20 min

Fig. 8. Chromatogram for on-line derivatization ofamphetamine in water. (a) Blank test with 20 pi ACN-water (65:35, v/v) (pH 10), (b)
20 pi of 33 ng/ml amphetamine in ACN-Water (65:35, v/v) (pH 10). Conditions as in Fig. 4, except derivatization at 60"C for 10 min.
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(b)

20 min

• FA-amphetamine derivative

15105omin20

(a)

15105o

Fig. 9. Chromatogram for on-line derivatization of amphetamine in plasma. (a) Blank test with 20 tIl of diluted plasma, (b) 20 tIl of 0.2
I'g/ml amphetamine-spiked plasma. Conditions as in Fig. 7.

TABLE I

DETERMINATION OF AMPHETAMINE SPIKED INTO
HUMAN PLASMA

Derivatization conditions: 75°C, 8.0 min at I mM SDS in ACN
water (10:90, v/v); mobile phase: step gradient from I mM SDS
in ACN-water (10:90, v/v), to I mM SDS in ACN-water (55:45,
v/v) after derivatization; flow-rate: 1.5 ml/min; column: Supelco
sil LC-ABZ 150 mm x 4 mm I.D., 5 tIm; FL detection: excita
tion wavelength 254 nm, emission wavelength 313 nm.

Sample Spiked Found (S.D.) R.S.D. RE(%)'
(tIg/ml) (fIg/ml)" (%)b

No. I 2.25 2.36 ± 0.21 8.89 4.89
No.2 5.87 6.29 ± 0.37 5.88 7.16
No.3 11.52 11.80 ± 0.79 6.69 2.43

8 and 9, respectively, are the chromatograms of
these low-concentration amphetamine derivatiza
tions.

Single blind spiked amphetamine detection
To validate the use of this on-line derivatization

system, three spiked plasma samples were analyzed
by the standard addition method. The spiked plas
ma (diluted before spiking, see Experimental) was
injected into a solid-phase reactor and derivatized
in 1 mM SDS in ACN-water (10:90, v/v) at 75°C.
The results are shown in Table I. The detected am
phetamine concentrations were in agreement with
the spiked levels.

CONCLUSIONS

" Mean ± standard deviation (n = 3).
2 Relative standard deviation = s/x' 100.
e Relative error = (value found - true value)/true value' 100.

We have demonstrated the synthesis and evalua
tion of a resin-based derivatization reagent contain-
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ing 9-fluoreneacetyl tag. This reagent was used for
on-line derivatization of amphetamine by the direct
injection analysis of plasma. Under optimized con
ditions, approximately 70% derivatized amphet
amine was obtained. This approach is compatible
with reversed-phase HPLC separations for direct
drug analysis in plasma or in other biological fluids.
The overall approach was simple, accurate and re
producible. This method is fully compatible with all
commercially available HPLC equipment, and in
combination with an automatic sample pre-treat
ment system, it should have a wide range ofapplica
tions [19].
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Liquid chromatography-electrochemistry procedure for
the determination of chlorophenolic compounds in pulp
mill effluents and receiving waters
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ABSTRACT

An isocratic, reversed-phase liquid chromatography procedure is described for the separation and determination of chlorophenolic
compounds, including several priority pollutant chlorophenols. The separation was experimentally optimised, and selective and sensi
tive detection was obtained by dual electrode amperometry. The most suitable combination was a silica-based column with phenyl
functional groups, and a mobile phase of acetonitrile-acetate buffer (40:60, pH 5). Dual glassy-carbon electrodes were used in a parallel
configuration in a thin-layer flow cell, with differential current measurement (+ 0.90 V relative to + 0.60 V).

A solid-phase extraction scheme using a polymeric sorbent (Chromosorb 102) was devised for the extraction and preconcentration of
selected chlorophenols, chloroguaiacols, and a chlorosyringol from aqueous samples. Use of tribromophenol as an internal standard
was also investigated. The total procedure -preconcentration and chromatography- was applied to the analysis of effluents dis
charged by a paper mill, and a pulp mill.

INTRODUCTION

The industrial discharge of chlorinated organic
compounds into natural waters, and the environ
ment in general, has caused concern now for several
decades [1,2]. It should be noted that not all of these
organochlorines are necessarily harmful [3]; indeed
such compounds are also produced by natural
processes [4]. Therefore, it is essential to develop
sensitive analytical methods capable of detecting in
dividual organochlorines in order to characterise
toxicity or other harmful effects.

The pulp and paper industry, through the chlo
rine bleaching of pulp, are major producers of orga
nbchlorines. Some of the compounds derived from
the chlorination of the organic components of
wood are both toxic and persistent [5-7]. One such

Correspondence to: Dr. E. C. V. Butler, CSIRO Division of
Oceanography, Marine Laboratories, GPO Box 1538, Hobart,
Tasmania 7001, Australia.

group of compounds are the chlorophenolics,
which are derived from the action of chlorine, and
its hydrolysed derivatives, on the phenolic units
that arise from the breakdown of lignin in the pulp
ing process. World-wide, there is a growing require
ment to monitor organochlorines, including chlo
rophenolics, in receiving waters as well as effluents
[8,9]. The US Environmental Protection Agency
(USEPA) lists eleven phenols as priority pollutants
-among these are the chlorinated compounds 2
chlorophenol, 2,4-dichlorophenol, 4-chloro-3
methylphenol, 2,4,6-trichlorophenol and penta
chlorophenol [10]. In Australia, recent common
wealth guide-lines for bleached kraft pulp mills
[11,12] state that total levels of chlorophenolics
must be measured in effluent, water, sediments and
biota, with the additional qualification that individ
ual chlorinated phenols found to be important may
be included in revised monitoring schedules.

Analysis of aqueous samples for phenolics has
traditionally involved methods that provide a mea-

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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sure of the total phenol concentration (phenol in
dex). Spectrophotometric procedures with 4-ami
noantipyrine [13] are examples of such procedures.
More recently analytical methods have been
evolved that can determine individual phenolic
compounds. The gas chromatography procedure of
Voss et al. [14], with its preliminary formation and
extraction of the acetate derivatives, is a commonly
used procedure for the determination ofchlorinated
phenolic compounds in pulp mill effluents. High
performance liquid chromatography (HPLC) is an
alternative and complementary proct;dure for the
measurement of chlorophenolics. Early work with
this technique used spectrophotometric [15,16] and
fluorimetric detectors [17,18], in most instances de
rivatisation steps were necessary. The combination
of HPLC with electrochemical detection (ED) has
proved to be well-suited for determining phenolic
compounds, because the sensitivity and selectivity
of the detector permit the use of a simple isocratic
mobile phase [19-22] with minimal pretreatment
and without\ the requirement of derivative forma
tion.

In this paper we present the results of an optimi
sation of an LC-ED procedure to determine chlo
rophenolics (especially those with multiple chlorine
substitution) in both pulp and paper mill effluents
and natural receiving waters. Also considered are
means of pretreatment and preconcentration of
chlorophenolics from natural waters. Chromato
grams are presented for total effluents from repre
sentative pulp and paper mills as an application of
the recommended procedure.

EXPERIMENTAL

Instrumentation
The components of the LC-ED system were a

Waters M45C pump, 0.2 flm in-line filter, a Rheo
dyne 7125 injector (with 200-fllloop and position
sensing switch), and an EG&G Princeton Applied
Research Model 400 electrochemical detector. To
reduce pulsation at the detector, a Waters high
pressure noise filter was installed between the pump
and injector. The analytical column was a Waters
Nova-Pak Phenyl cartridge (8NVPH4, 100 mm x 8
mm) mounted in a Waters RCM-IOO Compression
Module. A Brownlee PRP-I guard cartridge (PRP
GU, 30 mm x 4.6 mm), in a Brownlee 30 mm

MPLC cartridge holder, protected the main re
versed-phase column. All tubing in the LC-ED sys
tem was conventional 316 grade stainless steel.
Chromatograms were displayed on a Yew Type
3056 dual-pen recorder; the detector output was al
so fed, via an analog-to-digital interface, to an
IBM-style personal computer for processing with
integration and data analysis software (DAPA Sci
entific).

The thin-layer flow cell used in the electrochem
ical detector was that supplied by the manufacturer,
as were the reference (Ag/AgCl) and auxiliary elec
trodes. However, we used a BAS MF-1000 dual
glassy carbon electrode (3-mm diameter disks) as
the working electrode. The channel in the flow-cell
gasket was enlarged to a width of7.5 mm to accom
modate the electrodes mounted in the parallel con
figuration.

We used a syringe apparatus similar to that de
scribed by Renberg and Lindstrom[23] for precon
centration of phenolic compounds from aqueous
samples. Solid-phase sorbents, not supplied in car
tridges, were dry-packed into empty polyethylene
cartridges (Dionex OnGuard) that contained filter
inserts.

Reagents
All reagents salts were of analytical grade or bet

ter. We used 2,4,6-tribromophenol as supplied
(99% pure; Aldrich). Standards for the chlorinated
phenolics (Chern Service or Helix Biotech.) were
dissolved in acetonitrile, with working standard so
lutions typically at a concentration of 10 flg/ml.
Aqueous standards for preconcentration studies
were prepared by diluting saturated aqueous (stock)
solutions of the individual phenolic compounds
with high purity water. The concentration of each
aqueous stock solution (10--40 flg/ml) was deter
mined by comparison with the detector response for
standards dissolved in eluent. Whereupon working
solutions of the aqueous standards (typically 2 flg/
ml) were prepared by dilution of the stock solu
tions, and were refrigerated in borosilicate-glass,
screw-cap vials with PTFE cap-liners. Acetonitrile
in the eluents was of liquid chromatography grade.
High-purity water was prepared by distillation, and
then by passing the distillate through a three-car
tridge Milli-Q water purification system (Milli
pore). All eluents were filtered under vacuum
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through an 0.45-j.tm Millipore HV Durapore mem
brane in an all-glass apparatus, and just prior to use
a litre of eluent was degassed by ultra-sonicating
under vacuum.

The recommended eluent was prepared in the fol
lowing manner. 10 ml of a stock acetic acid-sodium
acetate buffer solution (2.0 M sodium acetate ad
justed to pH 4.15 with glacial acetic acid) was
passed through a cartridge packed with XAD-4 res
in (75-125 j.tm). The first 3 ml were discarded; the
next 6 ml were added to pure water, and the volume
made up to 600 ml. To this solution, acetonitrile
was added to bring the final volume to 1 1 (pH is
5.0).

Procedures
Eluents were pumped through the LC-ED sys

tem at 1.5 ml/min. Apart from dilute standard solu
tions prepared in the eluent that were injected di
rectly onto the column, samples were pre-treated as
described below before chromatographic analysis.
In general, we attempted to ensure that the bulk
composition of the injected analyte solutions was as
similar as possible to the eluent. Chromatography
was performed at 20 ± 2°e.

Preliminary surface treatment of the electrodes
required only polishing with alumina paste (0.05
j.tm), and then washing with pure water. The elec
trochemical detector was operated in the dual po
tentiostat mode, with the lower potential (£1) at +
0.60 V vs. Ag/AgCl, and the upper (£2) at + 0.90 V
vs. Ag/Agel. Current sensitivity was set between 2
and 20 nA, and the filter time constant was 2 s.

Pretreatment of samples involved acidification to
pH 2.8 with sulphuric acid. With pulp and paper
mill effluents it was advantageous to centrifuge the
sample (1500 g for 15 min) to deposit the flocculate
of fine particles resulting from the initial acid treat
ment. The samples were cleaned up and preconcen
trated by extraction onto solid-phase sorbents. Sor
bents were activated by passing acetonitrile (5 ml)
through the cartridge, and then washing with pure
water (10 ml). The sample volume of 5 to 500 ml
was injected through the sorbent cartridge by gas
tight glass syringe; flow-rates were between 1 and 2
ml/min. For volumes greater than 10 ml, we used an
apparatus similar to Renberg and Lindstrom [23]
for refilling the syringe, and collected the effluent in
a measuring cylinder to monitor throughput. After

loading the sample, the sorbent was rinsed with 5 ml
of pure water, and dried by passing through 250 ml
of air. The chlorophenolics were then eluted with
2.0 ml of acetonitrile. Before chromatography, the
eluate from the sorbent was made up to 5.0 ml with
0.02 M acetate buffer (pH 4.15).

Effluent samples were collected by immersing a
sample bottle in the mill's effluent discharge chan
nel, and filling to the bottle's lip to avoid any air
space above the liquid. The sample (and storage)
bottle were either glass or high-density polyethylene
with screw caps. These containers were typically
pre-cleaned with methanol, and rinsed with pure
water. To preserve effluent samples they were sim
ply refrigerated at 4°C, or refrigerated after addi
tion of anhydrous copper sulphate (3.25 g per 4 I).
The copper salt serves as a bio-toxin to prevent bi
ological transformation of effluent constituents [21],
and it could also remove interference from sulphide
in the LC-ED procedure.

RESULTS AND DISCUSSION

Initial experiments
Chromatography of the chlorophenol com

pounds and their derivatives may be effected by us
ing their general phenolic character, and the subtle
differences in chemical properties that result from
changes in substituents. Another characteristic that
is relevant to the chromatography of these com
pounds is the increase in acidity that is linked with
increasing degree of chlorination (cf phenol, pKa =

10.1; pentachlorophenol, pKa = 4.9) [24]. The for
mer aspects of chlorphenolics favour the use of re
versed-phase chromatography, whereas the varying
acidity of these compounds suggest that ion-exclu
sion chromatography might be possible (by analogy
with the separation of other weak organic acids).

We confirmed the work of Jupille et al. [19] [using
a Brownlee Polypore-H column (250 mm x 4.6
mm), and phosphoric acid-acetonitrile eluents] that
ion exclusion chromatography with amperometric
detection could separate chlorinated phenolic com
pounds dissolved in the eluent. The order of elution
was not in the order expected if the separation of
the chlorophenolics was by an ion exclusion mecha
nism, but rather it was akin to a low-efficiency re
versed-phase process. To test the procedure with a
real sample matrix, pulp mill effluent samples were
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spiked with chlorophenolics, pretreated as above,
and then injected directly onto the column. The re
sult in each case was a total loss of chromatograph
ic resolution; the chlorophenolics could not be de
tected. We suspected that the many other weak or
ganic acids (such as resin acids and fatty acids) pres
ent in the effluents interfered strongly in the chro
matography step. Therefore, a more practicable
option was to improve the reversed-phase chro
matographic method for chlorophenolics determi
nation, and tailor it for analysis of pulp mill ef
fluents and receiving waters.

In applying published LC-ED methods based on
reversed-phase chromatography [20-22], the ap
proach appeared quite feasible, but we identified a
number of drawbacks for our intended application.
These were: (i) a large background current at the
detector, (ii) excessive baseline noise, (iii) lengthy
retention of pentachlorophenol, and (iv) inadequate
resolution of early eluting chlorophenols when ef
fluent samples were analysed. It was anticipated
that the first problem may contribute to the second.

Optimisation
We adopted an experimental approach to im

prove the performance of the reversed-phase LC
ED procedure for chlorophenolics determination.
The presence of contaminants in reagents used for
preparing the mobile phase was checked, sequen
tially, by solid-phase extraction of 100-ml volumes
onto XAD-4 resin. The procedure was essentially
that described above for the purification of eluents,
with adsorbed contaminants being stripped from
the resin with 1.5 ml of acetonitrile. Phenol, itself,
proved to be a abiquitous trace impurity in all re
agents. Clean-up of the mobile phase reagents by
solid-phase extraction proved to be effective in both
decreasing the magnitude of the background cur
rent at the detector, and suppressing baseline noise.

The composition of the eluent reported in pub
lished papers on LC-ED of chlorophenolics [20-22]
seemed unnecessarily complex and of high ionic
strength. Modern electrochemical detectors per
form well with minimal supporting electrolyte.
Therefore, we dispensed with the often used sodium
perchlorate. A mixed pH buffer of acetic acid and
citrate, was replaced with a simple sodium acetate
acetic acid buffer solution. The citrate may have
been added previously to combat the formation of

iron(III)-phenolate complexes. In analyses of nat
ural waters and pulping effluents, iron(IlI) concen
trations are unlikely to reach levels that would
cause interference.

A Nova-Pak C i8 column was used in initial ex
periments, but. this was later replaced with the same
type of column, but with phenyl functional groups.
The phenyl packing proved to separate the early
eluting chlorophenolics with at least equal efficiency
to the C i8 packing, but for the same eluent, reten
tion times of the polychlorinated compounds were
much shorter. The factor that has a strong impact
on retention of the later eluting, polychlorinated
phenols -2,4,6-trichlorophenol and pentachloro
phenol- is the pH of the eluent (Fig. 1). The low
pKa values of these chlorophenols (6.5 and 4.9, re
spectively [24]) mean that, with the increased ion
isation of their hydroxyl groups under more alka
line conditions, retention time declines sharply for
pentachlorophenol and begins to fall for 2,4,6-tri
chlorophenol for pH> 6. Shoup and Mayer [20]
made a similar observation, but here we have used
these properties to enhance the performance of the
analytical column so that separation of the full
range of chlorophenolics is effected in under 25 min
(Fig. 2).

To augment chromatographic resolution when
complex samples are analysed, LC-ED procedures
benefit from the selectivity of the electrochemical
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·Fig. I. Relationship of retention time of phenolic compounds
with pH, under the chromatographic conditions described in the
text. 0 = rn-Cresol; • = 2-chlorophenol; 0 = 2,4-dichlo
rophenol; • = 2,4,6-trichlorophenol; f'::, = 3,4,5-trichloro
guaiacol; .6. = pentachlorophenol. Conditions: acetonitrile-so
dium acetate buffer (40:60), flow-rate 1.5 ml/min.
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Fig. 2. Separation of standard suite of chlorophenolic com
pounds and l11-cresol under the recommended chromatographic
conditions described in the text. Peaks: I = l11-cresol; 2 = 6
chlorovanillin; 3 = 2-chlorophenol; 4 = 4-chlorophenol; 5 =

4-chloro-3-methylphenol; 6 = 2,4-dichlorophenol; 7 = 4,6-di
chloroguaiacol; 8 = 2,4,6-trichlorophenol; 9 = 4,5,6-trichloro
guaiacol; 10 = 3,4,5-trichloroguaiacol; 11 = trichlorosyringol;
12 = pentachlorophenol.

Fig. 3. Hydrodynamic voltammograms for the oxidation ofchlo
rophenolic compounds 2,4-dichlorophenol (0), 2,4,6-trichloro
phenol (.), 4,5,6-trichloroguaiacol (D) and pentachlorophenol
(.), and tribromophenol (6) in eluent at a glassy carbon elec
trode (vs. Ag/AgCI).
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detector. When a two-electrode flow cell is used the
opportunities for specific detection are even greater
[25]: with the electrode in a seri8S configuration,
analytes can be oxidised or reduced at the upstream
electrode before detection at the second working
electrode; in parallel configuration, the difference
current can be monitored between the two working
electrodes, set at different potentials (E1 , E2 ). We
chose the latter approach to discriminate against
some of the more easily oxidised compounds (i.e.
oxidised at potentials < E 1) in pulp mill effluents
and natural waters that might co-elute with chlo
rophenolic compounds.

Hydrodynamic voltammograms are depicted in
Fig. 3 for the oxidation of some of the chlorophe
nolic compounds at a glassy carbon electrode (vs.
Ag/AgCl). There is anodic . response from most
chlorophenolics for potentials greater than 600 mV,
with limiting currents at about 900 mY. These re
sults are consistent with hydrodynamic voltammo
grams presented by Galceran and Santos [26]; their
investigations were performed at neutral pH, which
causes a general shift to slightly lower potentials.
Therefore, using the eluent and pH recommended
above, we should be able to ~ccentuate the anodic
detection of chlorophenolic compounds by moni
toring the difference in output current (Ll i) for dual
parallel electrodes with E 1 = 600 mV and E2 = 900
mV. The effectiveness o'f this approach is addressed
in the applications discussed below.

Performance characteristics
A standard suite of 11 chlorophenolics and one

alkylphenol were used for testing the optimised
LC-ED procedure. This included the five chioro
phenols in the USEPA designation of priority pol
lutant phenols, and five chlorophenolic compounds
known to occur in pulp mill effluents [5,6] -6-chlo
rovanillin, 4,6-dichloroguaiacol, 3,4,5-trichloro
guaiacol, 4,5,6-trichloroguaiacol and trichlorosyr
ingol. 4-Chlorophenol and m-cresol were also add
ed to the mixed standard solutions; the former to
test the chromatographic separation of positional
isomers, and the latter provided an example of a
non-chlorinated simple phenol. Fig. 2 shows the
separation of the standard compounds when inject
ed in a solution identical to the eluent.

Precision was assessed by repeatedly injecting
samples of the mixed standard solution, with each
component at a concentration of 40 Ilg/l. For 50-Ill
injections, the relative standard deviation (n = 10)
for the 12 standard phenolic compounds was 1-3%.
Limits of detection (3 x baseline noise) for the
same compounds using 50-Ill injections ranged
from 0.4 Ilg/l (or 4 nM, for m-cresol) to 6 Ilg/l (or 23
nM, for pentachlorophenol). In general, the limit of
detection decreased for the chlorophenolics with
longer retention times. Much lower limits of detec
tion are possible with preconcentration, as dis
cussed below.
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The response index, r, defined in the power fUl1l;

tion:

y = AcT

(where y is detector output, c is solute concentration
and A is a constant) is a measure of detector linea
rity [27]. For a truly linear detector r = 1, but the
practical bounds for response linearity given by
Scott [27] are 0.98-1.02. Linear regression analysis
of peak area data in the concentration range 10-100
j1g/1 for all phenolic compounds in the mixed stan
dard, generally produced results 0.98 < r< 1.02. For
low signal-to-noise ratios (i.e. at concentrations
< 10 j1g/I), artefacts arising from the peak integra
tion can produce slight curvature; very occasionally
this may extend to higher concentrations.

Calibration
Peaks in the chromatogram were identified from

their co-elution with standard chlorophenolics add
ed to the sample matrix. Further corroboration
may be obtained from peak current ratios for indi
vidual peaks at different detector potentials, that
are compared with ratios for likely standard com
pounds. This approach has been recommended by
Shoup and Mayer [20]; it is a useful adjunct to the
co-elution technique, but was not used in this study.
Definitive characterisation of chlorophenolics may
require collection of eluate fractions for subsequent
gas chromatography-mass spectrometry, or possi
bly the use of a parallel LC-mass spectrometry pro
cedure.

To quantify the concentrations of chlorophenol
ics in samples, the method of standard additions is
appropriate, but laborious. An alternative proce
dure is to use an internal standard. If an analytical
method involves a preconcentration step, an inter
nal standard not only permits estimation of the ana
Iytes, but it also can obviate the need to continually
monitor extraction recoveries. 2,4,6-Tribromophe
nol (TBP) has already been used as an internal stan
dard in gas chromatography procedures, and it is
suitable for our LC-ED system because it elutes in a
vacant region of the chromatogram (retention time,
tr ~ 17.8 min with pH 5.0 eluent). Investigation of
TBP as an internal standard is discussed in the fol
lowing section on preconcentration.

Preconcentration
For analysis of natural samples, it is often neces

sary to both separate and preconcentrate the ana
Iytes. Chlorophenolics can be extracted from the
sample matrix using either organic solvents or sol
id-phase sorbents. Extraction of acidified aqueous
samples with one of the solvents, methylene chlo
ride, diethyl ether or hexane, and then back-extrac
tion into dilute alkali was unsuitable in each case
because of incomplete recovery of the chlorophe
nolics. There was also the disadvantage that the so
lution for injection onto the chromatography col
umn was quite unlike the eluent. We attempted to
overcome this problem by re-acidifying the back ex
tract, and passing it through a reversed-phase sor
bent. However, this too was unsuccessful because
traces of the original organic solvent remaining in
the back-extract led to incomplete sorption of the
chlorophenolics. Another problem with liquid
liquid extraction of complex natural samples, such
as effluents, is the formation of emulsions among
other factors that can cause incomplete phase sep
aration. Therefore, no further investigations were
made of liquid-liquid extraction as a means of pre
concentration.

A range of solid-phase sorbents were tested as
listed in Table 1. Those marked with an asterisk in
the table proved to be the most suitable in initial
experiments. Recoveries of chlorophenolics (added
to pure water) for these three sorbents -Sep-Pak
CiS, Amberlite XAD-4 and Chromosorb 102
ranged between 70-90%, depending upon the indi
vidual compound, and the total concentration of
adsorbed compounds. Other solid phases returned
lower recoveries of the analytes.

After more detailed investigations, the Sep-Pak
CiS phase was set aside because it bled contami
nants that eluted late in the LC-ED chromatogram
(see Fig. 4). The loading of weakly acidic samples
(pH ~ 3) seemed to generate these artefacts, partic
ularly from fresh or little used Sep-Pak sorbents. At
this pH there was also the added problem of the
hydrolysis of the silica support. Of the polymeric
phases, Chromosorb 102 was the more suitable. It
did not have to be ground and sieved to produce the
appropriate particle size; it was less prone to swell
ing and shrinking with changes in solution pH and
ionic strength; and it contained fewer contaminants
than Amberlite XAD-4. Otherwise, both polymeric
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TABLE I

SOLID-PHASE SORBENTS TESTED FOR PRECONCENTRATION OF CHLOROPHENOLIC COMPOUNDS

For meaning of asterisks, see text.

119

Solid-phase sorbents

*Sep-Pak CIS (Waters Associates)
Sep-Pak Accell QMA (Waters Associates)
*Amberlite XAD-4 (Rohm and Haas)
BN-X4 (Benson)
Chromosorb 101 (Johns-Manville)
*Chromosorb 102 (Johns-Manville)
Bond-Elut -PH, -Cs' -CIS' -CN, -CBA and -NH2
(Analytichem)

Particle size (/lm)

55-105
37-55
75-125
50
45-75
45-75
40

sorbents behaved similarly; they were more efficient
extractants than Sep-Pak C1S for phenol and early
eluting phenolics, but at the same time tended to
adsorb a wider spectrum of organic compounds (as
also noted recently by Hennion [28]). We found that
salt (NaCl) addition was unnecessary for the effi
cient adsorption of the chlorophenolics used in this
study.

A thorough evaluation of recoveries for a selec
tion of chlorophenolic compounds was made using
the recommended preconcentration procedure with
Chromosorb 102 as sorbent. The compounds cho
sen for the study generally covered the range of po
larities for multiple chlorine substitution. Detector
response, after preconcentration, for an individual
analyte dissolved in pure water was compared with
the response for the same level of analyte spiked in a
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Fig. 4. LC-ED chromatogram of a total effluent from Paper mill
A using the recommended chromatographic procedure after ex
traction on a Sep-Pak CIS cartridge. Peaks as in Fig. 2; the peaks
marked with an asterisk are artefacts introduced by the Sep-Pak
CIS sorbent, and the one with a question mark is unidentified.

paper mill effluent. All results were related to the
detector response for direct injection of standard
solutions of the chlorophenolics made up in the
aqueous acetonitrile eluent. The investigation was
run over a range of concentrations to permit regres
sion analysis. In parallel experiments, the spike was
added to (i) the effluent sample before loading onto
the Chromosorb 102 cartridge, and (ii) the aceto
nitrile eluate resulting from extraction of the ef
fluent sample. Hence, it should be possible to dis
cern the efficiency of adsorption/desorption of chlo
rophenolics oIl Chromosorb 102 in contrast to the
interference from co-extracted organic compounds
at the detector's working electrode. To assess TBP
as an internal standard, it was added initially to all
sample and standard solutions.

Calculated recoveries for selected chlorophenol
ics and TBP preconcentrated on Chromosorb 102
are presented in Table II. When the standard spike
was added to the effluent extract after the precon
centration step, there appeared to be some diminu
tion of peak currents for all compounds, apart from
pentachlorophenol. Since the decrease in detector
response varied for each chlorophenolic, interfer
ence in the LC-ED chromatography from other ex
tracted compounds is more likely than depressed
working electrode performance. For additions of
the chlorophenolics to the paper mill effluent prior
to the preconcentration, recoveries ranged from 84
to 100%. Recoveries increased with increasing de
gree of chlorine substitution and more non-polar
character. This trend is more obvious when recov
eries are calculated on the basis of peak areas ob
tained from preconcentration of aqueous standards
on Chromosorb 102 (figures in parentheses in Table
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TABLE II

RECOVERIES OF CHLOROPHENOLIC COMPOUNDS AND TRIBROMOPHENOL AFTER PRECONCENTRATION ON
CHROMOSORB 102 SORBENT

DCP = 2,4-dichlorophenol; DCG = 4,6-dichloroguaiacol; TCP = 2,4,6-trichlorophenol; TCG = 4,5,6-trichloroguaiacol; PCP =

pentachlorophenol; TBP = 2,4,6-tribromophenol. Recoveries are related to standard solutions for each compound that were made up
in eluent and injected directly onto the analytical column, apart from figures in parentheses that are related to standards that were put
through the preconcentration procedure.

Experiment Recovery (%)

DCP DCG TCP TCG PCP TBP

Standards 109.4 96.7 101.0 95.2 102.9 102.2
Effluent (post-)a 97.2 (88.9) 86.6 (89.6) 92.1 (91.2) 92.3 (97.0) 101.6 (98.8) 92.2 (90.2)
Effluent (pre-)b 91.9 (84.0) 84.2 (87.0) 86.3 (85.5) 84.4 (86.6) 101.0 (98.8) 87.0 (85.2)

a Spike added to effluent extract after preconcentration.
b Spike added to effluent sample before preconcentration.

II). Some sources of random error are removed
from these latter data, because additions of stan
dards were made from the one spiking solution for
all preconcentration trials.

In a second trial of the preconcentration tech
nique with a total effluent from the paper mill col
lected at later date, the same chlorophenolics were
added, but with trichlorosyringol in place of 4,6
dichloroguaiacol. Recoveries were quantitative in
this instance, apart from 2,4-dichlorophenol which
was marginally diminished at 96%. The discrep
ancy between these two recovery trials can be attri
buted to differences in the sorbent loading caused
by variability in (i) effluent composition (from
changes in feedstock, and variation of pulping and
bleaching chemistry), and possibly (ii) slight chang
es in sample pre-treatment. The original mill ef
fluent had a pH of 6; while effluent used in the sub
sequent trial had a pH of9.5, and it also had a high
clay particulate loading that necessitated filtration
(0.5 .urn, Whatman GF/F) in place of centrifuga
tion. The former effluent was diluted 6% with pure
water in pretreatment procedures whereas the latter
was diluted by 16%. In monitoring effluents for
chlorophenolic compounds it is recommended that
extraction recoveries are monitored regularly.

Very similar recoveries were recorded for TBP as
for the chlorophenolics. Hence, on the basis that
TBP does not interfere in the chromatographic sep
aration of the chlorophenolics, and that it behaves
very similarly in the preconcentration procedure, it

can function as an internal standard. The other im
portant proviso is that the compound chosen as an
internal standard cannot be present in samples to be
analysed. TBP is not a natural compound, and it
has not been observed in pulp mill effluents (al
though in one instance with mill effluent samples we
have observed an unknown compound that over
lapped with TBP). Even for a compound like penta
chlorophenol which is often extracted with different
efficiency than TBP, it is still possible to calibrate
via the internal standard method provided that the
analyte: internal standard ratio is calculated from
data derived from the preconcentration procedure,
rather than from comparison of detector response
for standards that are injected directly onto the LC
ED column. For accurate assessment of recovery or
use of an internal standard it should also be empha
sised that complete dissolution of chlorophenolic
compounds should be ensured in aqueous stan
dards; many of these compounds have very low sol
ubilities in water, and tend to remain as a surface
film.

Application
Effluent samples were obtained from a paper mill

processing softwood and hardwood pulps (hereaf
ter referred to as Paper mill A), and a pulp mill that
uses mostly hardwoods as feedstock (hereafter re
ferred to as Pulp mill B). The chlorophenolics
proved to be quite stable under the storage condi
tions described above, and we noticed no difference
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Fig. 5. LC-EO chromatograms of total effluent samples collect
ed from Pulp mill B on two separate occasions (a and b), with
different AOX levels: (a) 17 mgjl, (b) II mgjl. The analyses were
performed on extracts from Sep-Pak C I8 cartridges. Peaks as in
for Fig. 4.

between samples treated and not treated with the
copper sulphate.

Chromatograms for the total effluents from the
mills are shown in Figs. 4 and 5. Chlorophenolics
identified in the effluent from Paper mill A were
4,6-dichloroguaiacol and 2,4,6-trichlorophenol;
their concentrations were estimated by standard ad
ditions technique to be 213 ± 20 ttg/l and 9.9 ± 0.5
ttg/l, respectively. Confirmation of peak identity in
collected fractions from the HPLC column was
made by gas chromatography-mass spectrometry
[29], after derivatising chlorophenolics in the mill
effluent by using essentially the method of Voss et
al. [14]. Effluents from Pulp mill B contained lesser
amounts of the polychlorinated phenolics. Only the
4,6-dichloroguaiacol was tentatively identified.
Pulp mill B provided data from "adsorbable orga
nohalogen" (AOX) measurements for the two ef
fluent samples analysed here (Fig. 5). As expected,

Fig. 6. LC-ED chromatograms of Fig. 5b effluent sample after
spiking with the standard mixture of chlorophenolic compounds
(chlorophenols: 7 Jlgjl, other chlorophenolics: 10 Jlgjl). Peaks as
in Fig. 2; the asterisk indicates a change in current sensitivity
from 100 to 10 nA f.s. (a) Single-electrode amperometry: current
trace recorded at an applied potential of + 600 mV vs. AgjAgCI
(E1). (b) Dual-electrode amperometry: differential current trace
(Ai), for E 1 = + 600 mV vs. AgjAgCI, E2 = + 900 mV vs.
AgjAgCI.

concentrations (by inspection) of polychlorinated
phenolics diminish with a decrease in AOX level of
the effluent.

The efficacy of using dual-electrode detection,
and monitoring the differential current is demon
strated in Fig. 6. We added the standard suite of
chlorophenolic standards to the effluent sample
shown in Fig. 5b. The current trace recorded at an
applied potential of + 600 mV (E() shows no re
sponse to the chlorophenolics (Fig. 6a). However,
the differential current trace (Lli, for E( = 600 mY,
E2 = 900 mV) shows peaks for all the chlorophe
nolics apart from 6-chlorovanillin which is masked
by other clearly eluting compounds in the mill ef
fluent (Fig. 6b). We found that there was no need to
frequently re-polish the electrodes, as there was no
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obvious deterioration in electrode performance
over several days with the repeated injection of ex
tracted effluent samples.

In a preliminary experiment, we attempted to re
move some of the maze of early eluting peaks that
can interfere with the determination of the mono
chlorophenolic compounds. Ultra-filtration was the
method of choice. A sample of Paper mill A effluent
was filtered through a GF/F filter (Whattnan), and
then a lS-ml aliquot was ultra-filtered using a cen
trifugation process (Millipore Ultrafree-20 filter
unit; 10 000 NMWL polysulfone membrane). The
ultra-filtration using the procedure as recommend
ed by the manufacturer should yield a filtrate with
10 000 molecular mass cut-off. Comparative analy
sis of this filtrate with a sample that was subjected
to primary filtration alone, with the GF/F filter, in
dicated that < 3% of the chlorophenolics were re
covered. Either the chlorophenolic compounds ad
sorbed to the membrane, or more likely they were
mostly associated with > 10 000 molecular mass
organic material in a hydrophobic interaction. Fur
ther investigations are required to find pretreatment
procedures that will more selectively extract the
early eluting chlorophenolics from samples of pulp
mill effluents.

Although we did not analyse a natural receiving
water sample, the capabilities of the analytical pro
cedure were tested by successively diluting Paper
mill A effluent with 1% NaCI solution. These dilut
ed samples were preconcentrated by solid:phase ex
traction using the recommended procedure to give a
final concentration equivalent to that in the original
effluent. The recovery was gauged by comparing the
concentration determined in the concentrate with
that of the undiluted effluent. Within the precision
of the analytical procedure, recovery was complete
for at least a 50-fold dilution of the effluent. A lack
of interference from natural organic compounds in
individual receiving waters would need to verified
for legitimate application of the preconcentration
procedure.

The LC-ED method for determining chlorophe
nolics as described here, is not intended to supplant
existing analytical procedures that definitively iden
tify chlorophenolic compounds in aqueous samples,
such as that of Voss et al. [14] when coupled with
mass spectrometry. It is a complementary technique
that with its simpler pretreatment steps is well suit-

ed to routine monitoring once an effluent or receiv
ing water has been well characterised. As demon
strated by Rennie [30] with an earlier HPLC method
for phenols, it could also be automated easily.
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NOTE ADDED IN PROOF

A very recently published paper (Tolosa et aI.,
Mar. Pollut. Bull., 22 (1991) 603-607) reports on
the occurrence of 2,4,6-tribromophenol in estuarine
sediment extracts. Therefore, TBP might be dis
qualified as an internal standard for the analysis of
some environmental samples by our LC-ED proce
dure. Some of the isomers of tetrachlorophenol
could be suitable substitutes.

REFERENCES

I S. Jensen, New Sci., 32 (1966) 612.
2 J. Paasivirta, Wat. Sci. Tech., 20 (1988) 119-129.
3 J. E. Portmann, in G. Kullenberg (Editor), The Role of the

Oceans as a Waste Disposal Option, D. Reidel, Dordrecht,
1986, pp. 427--440.

4 D. J. Faulkner, in O. Hutzinger (Editor), The Natural Envi
ronment and the Biochemical Cycles- The Handbook ofEn
vironmental Chemistry, Vol. lA, Springer, Berlin, 1980, pp.
229-254.

5 K. P. Kringstad and K. Lindstrom, Environ. Sci. Technol., 18
(1984) 236A-248A.

6 C. Leuenberger, W. Giger, R. Coney, J. W. Graydon and E.
Molnar-Kubica, Water Res., 19 (1985) 885-894.

7 D. J. McLeay, B. McKague and C. C. Walden, Aquatic Tox
icity of Pulp and Paper Mill Effluent: a Review; Report EPS
4/PF/l, Environment Canada, Ottawa, 1987, p. 191.

8 A. Sodergren, Biological Effects of Bleached Pulp Mill Ef
fluents; SNV Report 3558, Bratts Tryckeri, Jonkoping, 1989,
p.139.

9 D. Halliburton and A. Chung, in Proc. Int. Con! on Bleached
Kraft Pulp Mills - Technical and Environmental Issues, Mel
bourne, Australia, February 4-7, 1991, National Pulp Mills
Research Program, Canberra, 1991, pp. 397--408.

10 L. H. Keith and W. A. Telliard, Environ. Sci. Technol., 13
(1979) 416--423.

11. C. B. Fandry, R. E. Johannes and P. J. Nelson, Pulp Mills:
Modern Technology and Environmental Protection; Report to
Senator the Hon. John Button, Minister for Industry, Tech
nology and Commerce. CSIRO, Canberra, 1989, p. 68.



E. C. V. Butler and G. Dal Pont / J. Chromatogr. 609 (1992) 113-123 123

12 Environmental Guidelines for New Bleached Eucalypt Kraji
Pulp Mills, Commonwealth of Australia, Canberra, 1989.

13 W. Fresenius, K. E. Quentin and W. Schneider (Editors),
Water Analysis -a Practical Guide to Physico-Chemical,
Chemical and Microbiological Water Examination and Qual
ity Assurance, Springer, Berlin, 1988, pp. 536-540.

14 R. H. Voss, J. T. Wearing and A. Wong, in L. H. Keith
(Editor), Advances in the Identification and Analysis ofChlor
inated Phenolics in Pulp Mill Effluents, Ann Arbor Sc. Pub!.,
Ann Arbor, MI, 1981, pp. 1059-1095.

15 K. Kuwata, M. Uebori and Y. Yamazaki, Anal. Chern., 52
(\ 980) 857-860.

16 H. C. Smit, T. T. Luband W. J. Vloon, Anal. Chim. Acta, 122
(1980) 267-277.

17 A. W. Wolkoff and R. H. Larose, J. Chromatogr., 99 (1974)
731-743.

18 J. F. Lawrence, J. Chromatogr. Sci., 17 (1979) 147-151.
19 T. Jupille, M. Gray, B. Black and M. Gould, Am. Lab., 13

(1981) 80-86.

20 R. E. Shoup and G. S. Mayer, Anal. Chern., 54 (1982) 1164
1169.

21 T. J. Cardwell, I. C. Hamilton, M. J. McCormick and R. K.
Symons, Int. J. Environ. Anal. Chern., 24 (1986) 23-35.

22 G. E. Batley, J. Chromatogr., 389 (1987) 409-416.
23 L. Renberg and K. Lindstrom, J. Chromatogr., 214 (1981)

327-334.
24 L. Song, M. Paleologou and W. C. Purdy, J. Chromatogr.

Sci., 29 (1991) 66-69.
25 D. A. Roston, R. E. Shoup and P. T. Kissinger, Anal. Chern.,

54 (\982) 1417A-1434A.
26 M. T. Ga1ceran and F. J. Santos, Water Supply (Barcelona),

7 (1989) 69-75.
27 R. P. W. Scott, Liquid Chromatography Detectors, Elsevier,

Amsterdam, 2nd ed., 1986, p. 12.
28 M. C. Hennion, Trends Anal. Chern., 10 (1991) 317-323.
29 T. O'Leary and J. K. Volkman, unpublished results.
30 P. J. Rennie, Roy. Chern. Soc., Anal. Proc., 24 (1987) 295

297.





Journal o/Chromatography, 609 (1992) 125-131
Elsevier Science Publishers B.V., Amsterdam

CHROM. 24434

High-performance liquid chromatography of
oligosaccharide alditols and glycopeptides on a
graphitized carbon column

Michael Davies, Kevin D. Smith, Anne-Marie Harbin and Elizabeth F. Hounsell
Glycoconjugates Section, Clinical Research Centre, Watford Road, Harrow, Middlesex HAl 3UJ (UK)

(First received April 15th, 1992; revised manuscript received June 12th, 1992)

ABSTRACT

The chromatographic behaviour of oligosaccharide alditols and glycopeptides containing neutral and acetamido sugars and sialic
acid has been investigated on a HyperCarb porous graphitised carbon column. The alditols were substantially retained and could be
eluted in 0-25% acetonitrile---{).05% trifluoroacetic acid in 0.05% aqueous trifluoroacetic acid between 3-30 min for mono- to hexa
saccharides. Elution patterns were based on both size, charge and linkage such that isomeric compounds could be separated from each
other.

INTRODUCTION

The diversity of closely related carbohydrate
structures found in nature provides a unique chal
lenge for the chromatographer. Purification of iso
meric oligosaccharides is essential for assigning spe
cific functions and antigenicity [I] and improved
methods for high-resolution separation are con
stantly being sought. A porous graphitised carbon
(PGC) stationary phase [2,3] (Shandon Hypercarb)
has therefore been investigated as a possible addi
tional column material providing an alternative
separation potential to reversed-phase (RP), nor
mal-phase (NP) and anion exchange packings. In
order to separate series of related oligosaccharide
sequences a combination of RP (normally octade
cylsilyl) and NP (amine-bonded) high-performance
liquid chromatography (HPLC) has usually been
adopted [4,5]. More recently high-pH anion-ex
change chromatography has been introduced for

Correspondence to: Dr. E. F. Hounsell, Glycoconjugates Section,
Clinical Research Centre, Watford Road, Harrow, Middlesex
HAl 3Ul, UK.

isomer separation [5,6]. In the latter methodology
neutral reduced oligosaccharides are in general not
retained sufficiently for adequate separation and re
producible chromatography and therefore we have
been particularly interested in studying the PGC
phase for chromatography of isomeric alditols.
Koizumi et al. [7] have recently published HPLC on
PGC columns of monosaccharides and malto-oli
gosaccharides which show good separation of the ex
and f3 anomers. It is therefore more appropriate to
use this phase for alditol or glycopeptide separation
without the additional complication of anomerisa
tion.

EXPERIMENTAL

Materials
The oligosaccharides studied are shown in Table

I together with the abbreviations used. GlcNAc,
CB, Ct,. SAL, fetuin and trypsin were obtained
from Sigma Poole, UK. 1H NMR studies showed
that SAL (sialyllactose or N-acetylneuramin-lac
tose) from bovine colostrum (Sigma batch No.
A3001) consisted of approximately 75% of the

002 I-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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TABLE I

STRUCTURES OFTHE OLIGOSACCHARIDFS STUDIED AS THEIR'-ALDlTOLS

GalNAc = N-Acetylgala"tosamine; GlcNAc = N-acetylglucosamine; Gal = galactose;Glc = glucose; Fuc = fucose; NeuAc =
N-a6etylneuraminic acid.

CB

CT
(G:3GN)

(G40N)

(G6GN)

03

04

Nr·

1<:5(3)

LNT

LNNT

LNFIII

LNFII

LNFI

SA3L
SA6J"

DSLNT

D~GaINAc.

D-GlcNAc

p-D-GlcNAc-(l-+4)-o-GlcNAc (chitobiose)

P~o~GI<;NAc-(I.:-+4)-P-o-GlcNAc-(I-;+4)-O-GlcNAc(chitotriose)

p-D-Gal-(l-+3)-o-GlcNAc'

p-o-Gal-(1 4 4)-o-GlcNAc

p-o~Gal-(l-+6)-D-GlcNAc

p-o-Gal-(1-+4)-P-o-GlcNAc-(1-+6)-o-GaINAc

{
p-O-Gal-(1-+3)-P-O-GlcNAC-(l-+3)-D:GaINAC
p-o-Gal-(1-+4)-P-o-GlcNAc-(1-+3)-o-GaINAc

p-o-Gal-( 1-+4)-P-o~GlcNAc-(l
'I.

6)
~b-GaINAc

3)

?
p-o-Gal-(1

p~D:Gal-(1-+4)-P-o-GJcNAc-(r

'I.

6)
-o-GaINAc

3)
?

p-o-Gal-(I-+3/4)-P-o-GJcNAc-(1

p-o-Gal-(1-+3)-P-o-GlcNAc-(1-+3)-p-o-Gal(l-+4)-o-Glc

p-o-Gal-(I-+4)-P-o-GlcNAc-(1 -;3)-p-o-qal(I-+4)-o-Glc

p-o-Gal-(1-+4)-P-o-GJcNAc-(1-+3)-p-o-Gal(l-+4)-o-Glc
3

i
1

a-L-Fuc

a-L-Fuc
I

!
4

p-o-Gal-(1-+3)-P-o-GlcNAc-(1-+3)-p-o-Gal-(I -+4)-D-Glc

a-L-Fuc-,C!-+ 2)-p-o-Gal-( 1-+3)-P-o-GlcNAc-(l-+3)-p-o-Gal-(1-+4)-o-GJc

a-o-NeuAc-(2-+3)-p-o-Gal-(1-+4)-o-Glc
a-'o-NeuAc-(2-+6)-p-o-Gal-(1-+4)-o-Glc .

a-o,NeuAc
2 .

!
6

a-o-NeuAc-(2-+ 3)-p-o-Gal-(I-+3)-P-o-GJcNAc-(I-+3)-p-o-Gal-(l-+4)-o-Glc



M. Davies et al. I J. Chromatogl". 609 (1992) 125-131

(2-43) isomer (SA3L) and also contained 10% of
the (2-46) isomer (SA6L) and 15% of a third un
identified sialylated component, whereas SAL from
human milk (Sigma batch No. A2423) was predom
inantly the (2-46) isomer. The disaccharides
G3GN, G4GN and G6GN were obtained by chem
ical synthesis and kindly supplied by Dr. A. Vey
rieres (Universite Pierre et Marie Curie, Paris,
France). The oligosaccharides designated 03, 04,
NI and K5(3) purified from meconium glycopro
teins as previously described [8,9] were obtained as
their aiditoIs after alkaline-borohydride release of
oligosaccharides. The oligosaccharides LNT,
LNNT, LNFIII, LNFII, LNFI and DSLNT were
from Research Sugars, Long Crendon, Aylesbury,
UK. The oligosaccharides obtained from commer
cial sources and by chemical synthesis were reduced
using 20 mM sodium borohydride in 0.05 M NaOH
at 4°C for 18 h, excess borohydride was then de
stroyed by addition of acetic acid and the sample
desalted using Dowex 50-X8 acetate form (3 x I
cm column) eluted with water.

Apparatus and columns
HPLC analysis was performed using a Gilson

system (Anachem, Luton, UK) consisting of two
302 pumps, a 116 UV monitor, 802 manometric
module, 802B mixing chamber, Gilson 715 Systems
Manager and a Rheodyne 7125 injector. The col
umn was Shandon Hypercarb (Shandon Scientific,
Runcorn, UK) 100 x 4.6 mm with an ODS (Hy
persil) guard column.

HPLC of oligosaccharide aldUols
The flow-rate was 0.75 ml/min using an eluent of

acetonitrile-water-0.05% trifluoroacetic acid
(TFA) and UV detection at 206 nm. The gradient
for neutral oligosaccharide alditols was as follows
for eluent A (0.05% aqueous TFA) and B (aceto
nitrile-o.05% TFA): 0-5 min, 0% B; 5-20 min, 0
15% B; 20-30 min, 15% B; 30-40 min, 15-0% B.
For sialylated oligosaccharide alditols the gradient
was: 0-5 min, 0% B; 5-40 min, 0-40% B; 40-50
min, 40-0% B.

Glycopeptide mapping
Fetuin was digested with chymotrypsin-free N to

syl-L-phenylalanine-chloromethylketone (TPCK)
treated trypsin (Sigma) as described previously [10]
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and chromatographed on the PGC column using
detection at 210 nm, a flow-rate of I ml/min and
solvent system as follows for eluent A (0.1 % aque
ous TFA) and B (acetonitrile/O.I % TFA): 2% B to
82% Bin 80 min. Peaks were monitored for hexose
using a modification [10] of the method ofDubois et
al. [11] and the amino acid sequence of peptides in
selected peaks were determined using a Model 473A
protein sequencer (Applied Biosystems, Warring
toil, UK) in the pulsed liquid mode. The sample was
applied to a polybrene treated filter disc which had
been subjected to three pre-wash cycles in 30 J.lI
0.1 % aqueous TFA. Sequencing was carried out for
6-7 cycles of the instrument.

RESULTS

Table II shows the retention times for HPLC of
alditols of the oligosaccharides shown in Table 1.
Monosaccharide acetamido sugar alditols (D
GlcNAc-ol and D-GaINAc-ol) were eluted early

TABLE II

THE RETENTION TIMES OF THE ALDITOLS (-01) STUD
IED USING THE GRADIENT DESCRIBED IN EXPERI
MENTAL. RETENTION TIMES (tR) ARE GIVEN FOR THE
ALDITOLS RUN SEPARATELY AND AS A MIXTURE OF
THE GROUPS INDICATED BY THE BRACKETS (tR MIX)

tR tR mix

GalNAcol

)
3.64 3-4

GlcNAcol 3.94 3-4
CB-ol 16.97 16.73
CT-ol 18.18 18.15

G3GN-ol } 12.75 12.72
G4GN-ol 13.40 13.41
G6GN-ol 15.82 15.75

LNT-ol

)
20.51 20.42

LNNT-ol 20.98 20.87
LNFII-ol 17.73 17.71
LNFIII-ol 17.65
LNFI-ol 19.74

03-01

)
18.06

04-01 16.90 and 17.25
NI-ol 18.06
K5(3)-01 20.78 (single peak)

SA3L-ol } 22.03 22.03
SA6L-ol 18.50 18.62
DSLNT-ol 27.46 27.56
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a

eluted before those having a (J ~4) linkage as
shown by separation of the two isomers in 04-01

.from each other and LNT-01 from LNNT-01 (Fig.
1)_ However, separation could not be achieved of
LNFII-ol and LNFlII-ol which vary in the C-3 and
C-4 linkage of D-Ga1 and L-Fuc to D-GlcNAc, nor
of the two isomers present in K5(3)-01.

The sialic acid-containing oligosaccharide aldi
tols were amongst the longest retained of the aldi
tols tested, but still gave symmetrical peaks with
baseline separation, eluting within less than 1 min
(Fig. 2). Here the (2~3)-linked trisaccharide alditol
was retained longer than the (2~6) which differed
from that shown for the neutral oligosaccharide al
ditols. This represents a facile separation and iden-

and could not be separated from each other on the
gradient used. There was a good separation of the
mono-, di- and trisaccharide alditols of D-GlcNAc
(D-GlcNAc-ol, CB-ol and CT-ol) showing a general
increased elution time with increased size. The same
resolution was achieved when 2 mg of material were
loaded and a prepa~ative recovery of > 90% was
achieved. The presence of a hexose residue as in
G3GN-ol, G4GN-ol and G6GN-ol reduced the elu
tion time as compared to CB-ol and the presence of
a fucose residue reduced the retention time further,
as shown for example by a comparison of the reten
tion 'times of the linear tetrasaccharide alditols
(LNT-ol and -LNNT-ol) and their fucosylated ana
logues (LNF III-ol, LNFII-ol and LNFI-ol).

. Within isomeric groups of neutral oligosaccha
rides the presence of a (1 ~6) linkage increased the
retention time as shown for the disaccharide aldi
tols G3GN-ol, G4GN-ol and G6GN-ol and the tri
saccharide alditols 04-01 and 03-01. More impor
tantly, oligosaccharides having a (1 ~3) linkage
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u
c:
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CE
~.g
«0
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'"

'"uc:
'"-eE
C <::
V>
.0",

«~

>::::l",

SA3L-01

SA6L
.• -01

I

15.00 20.00 25.00 30.00 35.00

12 14 16 18 20 22 24 b

DSLNT-ol

Q)
u

,C:

'".0
~ E
V> c:
.0",

«~

>::::l",

b LNFI/-ol
LNT-ol

LNNT-ol

Q,
u
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3S~0030~00
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I
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Fig. 2. HPLC on Hypercarb PGC using an acetonitrile-wa
ter-D.05% TFA gradient of the alditols obtained from (a) 10 Jlg
of the preparation of SA3L from Sigma, containing 10% SA6L
and 15% unknown (*), and (b) DSLNT~oI.

24221412 16 18 20
Time (minutes)

Fig. I. HPLC on Hypercarb PGC using an acetonitrile-wa
ter-D.05% TFA gradient of (a) 1 Jlg and 3 Jlg, respectively, of
04-01 (two isomers) and 03-01, and (b) 10, 5 and 2 Jlg, respec
tively, of LNFII-ol, LNT-ol and LNNT-oI.
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Fig. 3. HPLC on Hypercarb PGC using an acetonitrile-wa
ter-Q.I % TFA gradient of 200 pmol of a tryptic digest of fetuin;
* = peaks containing major glycopeptides.
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tification of these oligosaccharides from each other
and from an as yet unidentified sialylated compo
nent. The chromatographic behaviour of sialylated
oligosaccharide sequences has· also been studied by
analysis of glycopeptides in a trypsin digest of fe
tuin which has three N-linked and three a-linked
sialylated oligosaccharide chains [10]. The condi
tions chosen for PGC chromatography were the
same as those previously used for RP-HPLC on an
ODS column [10]. Glycopeptides were identified by
hexose assay (Fig. 3) and characterised further by
peptide sequence analysis (Table III). The results
summarised in Table III show the relative hydro
phobicity of the peptides and the diagnostic amino
acids detected. The hexose-positive peak eluting at
44-45 min contained the glycopeptide AA 127-168

TABLE III

CHARACTERISATION BY PEPTIDE SEQUENCING OF THE HEXOSE POSITIVE PEAKS IN THE PGC PROFILE OF
TRYPSIN DIGESTED FETUIN (GLYCOSYLATION SITES ARE IDENTIFIED BY ASTERISKS)

Elution time (min)

PGC ODS"

44

Sequence identification
(detected amino acids in bold)b

VWPR

Hydrophilicityl
hydrophobicity
indexc

-357

44

48

55

55

42

50

54

62

*
LCPDCPLLAPLNDSR-"

*VVHAVEVALATFNAESNGSYLQLVEISR

EPACDDPDTEQAALAAVDYINK
I

LCPGR-"IRYFK

*R-PTGEVYDIEIDTLETTCHVLDPTPLANCSVR-"

QQTQHAVEGDCDIHVLK

AQFVPLPVSVSVEFAVAATDCIAK
I

EVVDPTK-CNLLAEK

-170

-94

175

-402

-77

232

-130

29

" Data taken from Smith et al. (10].
b I = disulphide bond.
C Calculated for individual non-glycosylated peptides by dividing the sum of the free energy of transfer from solution to surface (LlE)

values for each amino acid [23] by the total number of amino acids present [24]. The most hydrophobic peptides have the lowest
negative value.

d ND = Not detected.
" - = Previously identified (10] non-digested tryptic cleavage site due to close proximity of a glycosylation site or disulphide bond.
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having two N-glycosylation sites due to inhibition
of hydrolysis of the tryptic cleavage site at arginine
141 by the oligosaccharide chain at asparagine 138.
The hydrophobic tetrapeptide VWPR was also de
tected in this peak. The peak eluting at 48-49 min
contained the peptides AA 11-32 and AA 331-335
which are disulphide bonded together. Hexose de
tection is due to the additional presence of the large
glycopeptide AA 228-288 having three a-linked
chains, for which peptide sequence data are not ob
tained [10]. The peak eluting at 55-58 min con
tained the glycopeptide AA 54-113 having one N
linked chain and two non-digested tryptic cleavage
sites. This peak also included a disulphide-linked
peptide pair AA 169-103 and AA 194-207 with an
undigested tryptic cleavage site adjacent to one of
the cystines involved in the disulphide bond.

DISCUSSION

The separation of oligosaccharide aiditoI isomers
differing only by a (1->3) or (1->4) linkage confirms
PGC chromatography as a useful adjunct to RP
and NP HPLC. The oligosaccharide isomers in 04
for example were not separated in our earlier study
[8] although separation was achieved by Lamblin et
al. [12] who introduced an anion-exchange chroma
tography step on Durrum AX4 resin (a forerunner
of Dionex pellicular anion-exchange resin now be
ing used so successfully in high-pH anion-exchange
chromatography to give separation of isomers of
non-reduced oligosaccharides [6,13]). In addition,
the good baseline and reproducible chromatogra
phy together with the high loading that can be
achieved without loss of resolution add further to
its efficiency. The chromatographic behaviour of al
ditols on RP (ODS), NP (amine-bonded) and PGC
HPLC is different in each case as shown from the
following relative tR data for 03-01, 04-01 and NI-ol,
respectively, RP 1.0/1.2/0.8; NP 1.0/0.9/1.2; PGC
1.0/0.9-0.95/1.0 i.e. in RP oligosaccharides having a
(1->6) linkage are eluted first and separation is not
achieved of the (1->4) and (1->3) isomers [4],
whereas in NP the order is reversed [4]. The elution
pattern of PGC is similar to NP in that 03-01 and
NI-ol elute after the isomers in 04-01 but differs by
the fact the separation of the (1->6) containing tri
and tetrasaccharide is not achieved, whereas sep
aration of (1->3) and (1->4) trisaccharide alditols
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is. A combination of the three phases is probably
therefore still required for more complete separa
tion of oligosaccharides of different linkages and
sizes. Unfortunately PGC HPLC failed to separate
the fucosylated pentasaccharide isomers LNFII-ol
and LNFlII-ol which have been successfully re
solved only in unreduced form by high-pH anion
exchange [6,13], recycling cation-exchange [14] or
RP [4] chromatography.

The separation of non-reduced oligosaccharides
varying in their linkage of sialic acid has previously
been achieved by HPLC on an amine-bonded NP
column using phosphate buffer [5] and more recent
ly by high-pH anion-exchange chromatography [6].
Sialylated oligosaccharide alditols have also been
separated by high-pH anion-exchange chromatog
raphy [15,16]. The disadvantage of these methods is
that they require a high salt concentration which is
not as readily removed compared to TFA, thus in
hibiting further analysis and making the PGC sep
aration by far the preferred chromatography. For
sialylated glycopeptides, similar retention times
were found by PGC to HPLC on ODS [10] using
the same solvent elution conditions (Table III).

The chromatographic behaviour described herein
for oligosaccharide alditols, peptides and glycopep
tides and by Koizumi et at. [7] for reducing mono
and disaccharides adds to the debate on the mecha
nism of separation achieved by PGC [17-22]. Com
pared to the study of Koizumi et at. on neutral oli
gosaccharides we have used 0.05%-0.1 % TFA in
the eluent in order to widen the scope of the tech
nique to sialylated oligosaccharides and glycopep
tides as used by the previous authors [21,22] study
ing PGC chromatography of other classes of com
pounds. These authors found the retention of
anionic compounds to be dominated by electronic
interaction between the solute and delocalised elec
tron clouds on the graphitised carbon whilst cation
ic compounds were mainly retained by reversed
phase interaction with the hydrophobic carbon sur
face. Our results agree with a dual chromatographic
mechanism based on long retention of glycopep
tides having a low negative hydrophilicity/hydro
phobicity index (Table III) and others having acidic
amino acids and/or sialic acids ionised at pH 2.0 of
the eluent. The unique physicochemical properties
ofPGC provide us with an additional column pack
ing for separation of oligosaccharide alditols, glyco-
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peptides and peptides at high sensitivity and prepar
ative efficiency.
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ABSTRACT

Silver ion high-performance liquid chromatography was used to study the retention characteristics of series of monoenoic, dienoic
and polyunsaturated esters. Two columns with stationary phases consisting of bonded phenylsulphonic moieties in the silver ion form
were used, with a mobile phase consisting of dichloromethane-dichloroethane (1:1) with various proportions of acetonitrile at fixed
temperatures. Accurate capacity factors relative to octadecene as an internal standard were obtained. Each column had distinctive
characteristics, and methyl ester derivatives were less well resolved than phenacyl derivatives. For example, baseline resolution of three
naturally occurring isomers (6-,9- and 11-18:1) was possible. The distance of the double bond from the carboxyl group was much more
important than the nature of the terminal moiety in its effect on retention values. Fixed temperatures were necessary for reproducible
retention times, but lowering the temperature improved the resolution merely by extending the time ofchromatography. The results are
discussed in terms of a hypothetical mechanism involving simultaneous interaction between one silver ion and either two double bonds,
or one double bond and one other electron-rich moiety such as the ester group.

INTRODUCTION

Since its introduction in .1962, silver ion or argen
tation chromatography has been one of the more
important tools available to. lipid analysts for the
separation of molecular species of lipids[I,2]. The
topic has been the subject of many reviews[3-5],
most recently by Nikolova-Damyanova [6]. Per
haps surprisingly for such a well established tech-

Correspondence to: Dr. W. W. Christie, Hannah Research In
stitute, Ayr KA6 5HL, UK.

Present address: Institute of Organic Chemistry, Centre of
Ph~tochemistry,Sofia 1113, Bulgaria.

nique, the mechanism of the interaction between
unsaturated centres and silver ions in chromato
graphic systems is poorly understood. In most of
the published work, the technique has been used in
conjunction with thin-layer chromatography (TLC)
with silver nitrate being incorporated into a silica
gel G layer by various means. RF values of different
components are then highly variable, being depen
dent on such factors as the proportion of silver ni
trate in the layer, its degree of hydration, atmo
spheric humidity and temperature and the nature of
the mobile phase. These are not easily controlled.

Recently, a stable silver ion column for high-per
formance liq).lid chromatography (HPLC) has been

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.Y. All rights reserved
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developed in which the silver ions are linked via
ionic bonds to phenylsulpilOnic acid moieties which
are in turn bound to a silica matrix [7]. This column
has been used extensively for the separation of fatty
acid derivatives [8-11] and triacylglycerols [12-16].
In particular, excellent separations of positional
and configurational isomers of derivatives of unsat
urated fatty acids were achieved [10].

With this column, it is possible to control many
of the chromatographic parameters, especially mo
bile phase composition, flow-rate and column tem
perature, with a high degree of accuracy. The chro
matographic behaviour of derivatives of isomeric
fatty acids were investigated in this study in order to
obtain a better understanding of the quantitative
nature of the interactions between the double bonds
in lipids and silver ions.

EXPERIMENTAL

Materials and reagents
Most of the isomeric cis-octadecenoic acids [17],

the isomeric methylene-interrupted cis,cis-octade
cadienoic acids [18] and the non-methylene-inter
rupted cis,cis-octadecadienoic acids [19] had been
prepared earlier by total synthesis. 9,1O-0ctadeca
dienoic acid was a gift from Dr. M. S. F. Lie Ken
lie, University of Hong Kong. All other fatty acids
and reagents were purchased from Sigma (Poole,
UK). All solvents were analytical reagent or HPLC
grade and were supplied by FSA Scientific Appara
tus (Loughborough, UK).

High-performance liquid chromatography
The HPLC equipment and the silver ion column

were as described previously [7]. In brief, a Spectra
Physics (St. Albans, UK) Model 8700 solvent-deliv
ery system was used, together with an Applied
Chromatography Systems (Macclesfield, UK)
Model 710/14 mass detector. A column (250 mm x
4.6 mm I.D.) ofNucleosil5SA (HPLC Technology,
Macclesfield, UK) was flushed with 1% aqueous
ammonium nitrate solution at a flow-rate of 0.5 ml/
min for 1 h, then with distilled water at 1 ml/min for
1 h. Silver nitrate (0.2 g) in water (1 ml) was injected
on to the column via the Rheodyne valve in 50-J11
aliquots at I-min intervals, and 20 min after the last
injection the column was washed with methanol for
1 h, then with 1,2-dichloroethane-dichloromethane
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(1:1, v/v) for a further 1 h. A commercial silver ion
column prepared in a similar way (ChromSpher
Lipids; Chrompack International, Middelburg,
Netherlands) was donated by the manufacturer.
The column was fitted into a water jacket (Alltech
UK, Carnforth, UK) through which ethylene glycol
was pumped from a Chrompack Model RTE-IIOB
temperature control unit, so that the temperature
could be maintained at predetermined levels. In
general, 1,2-dichloroethane-dichloromethane (1: 1,
v/v) admixed with varions proportions of acetoni
trile at a flow-rate of 1.5 ml/min was the mobile
phase.

Derivatization
Esterified fatty acids were hydrolysed with 1 M

potassium hydroxide in 90% ethanol at room tem
perature overnight. After acidification and extrac
tion, the free fatty acids were converted into the
phenacyl derivatives as described by Wood and Lee
[20]. Prior to HPLC analysis, phenacyl esters were
purified by elution from a Bond Elut NH2 column
(Analytichem International, Cambridge, UK) with
hexane-diethyl ether (9:1, v/v). Alternatively, a
Bond Elut ODS column was used, with impurities
being eluted with acetonitrile-water (1:1, v/v) be
fore the pure phenacyl esters were recovered by elu
tion with acetone. The methyl ester derivatives of
the fatty acids were prepared by acid-catalysed es
terification [5].

RESULTS

In preliminary work to optimize the system, ester
derivatives of the cis-6-, cis-9- and cis-ll-octadece
noates were used, as these are the most important
naturally occurring isomers. In earlier work [7-16],
chlorinated solvents in general were found to give
the best results in terms of resolution and peak
symmetry, and no improvement upon 1,2-dichlo
roethane-dichloromethane (1:1, v/v) was observed
with chloroform or carbon tetrachloride. Only ace
tonitrile as a polar modifier gave consistently good
results. For the monoene standards, a mobile phase
of 1,2-dichloroethane--dichloromethane-acetoni
trile (50:50:0.025, v/v/v) was selected as the stan
dard as it gave good resolution of the standards in
10-20 min. When the flow-rate was reduced from
1.5 ml/min, a small improvement in resolution was



Fig. 1. Separation of the phenacyl esters of cis-ll-, cis-9- and
cis-6-octadecenoic acids and octadec-I-ene (internal standard)
(0.1 mg of each) by silver ion HPLC on the silver-loaded Nuc1eo
sil 5SA column at 20·C with 1,2-dichloroethane-dichlorometh
ane-acetonitrile (50:50:0.025, v/v/v) at a flow-rate of 1.5 ml/min
as mobile phase and with evaporative light-scattering detection.

[2,3]. However, there does not appear to be any sys
tematic data to support this contention. The chang
es in the capacity factors (k') for methyl and phena
cyl oleate at temperatures from 0 to 3YC on the
Nucleosil 5SA column are shown in Fig. 2; a three"
fold difference was found between the two ex
tremes. On the other hand, the k" values remained
constant over this temperature range. The
ChromSpher Lipids column appeared to operate
satisfactorily only at temperatures of 20°C or be
low; at higher temperatures, the analytes were
strongly retained and gave badly shaped peaks. It is
possible that some phase change in the organic
moiety of the stationary phase occurs at this tem
perature, but it is not clear how this could affect
silver ion complexation. The resolution of the phe
nacyl esters of 6-18:1 and 9-18:1 fatty acids de
creased from 2.2 to 1.35 as the temperature was in
creased from 0 to 35°C. On the other hand, similar
effects were seen on increasing the flow-rate or the
.concentration of acetonitrile in the mobile phase.
When the latter was adjusted to give comparable
retention times at different temperatures, little or no
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obtained but with some decrease in peak symmetry.
In general, the Nucleosil 5SA and the ChromSpher
Lipids columns gave similar results, except for
strange temperature effects with the latter (see be
low), with slightly stronger complexation to the Nu
cleosil. 5SA column.

The dead volume of the column was measured by
using octadecane as an unretained molecule. The
capacity factor (k') was used as. a measure of the
retention characteristics in some experiments, but in
others detailed below more reproducible results
were obtained by using the ratio (k") of the capacity
factor of the analyte to that of octadec-l-ene. This
was selected as an unsaturated internal standard,
because it is a simple hydrocarbon where the main
interaction with the support would be via silver ion
complexation.

The nature of the ester moiety had an effect on
the capacity factors and on resolution. Methyl es
ters are widely used in the analysis of fatty acids, so
it was important to determine their retention char
acteristics. Phenacyl, naphthacyl and anthrylmethyl
derivatives, which are commonly used as UV-ad
sorbing derivatives in reversed-phase HPLC separa
tions of fatty acids [21] and also give good separa
tion in silver ion HPLC [10], were also prepared and
tended to give similar results. On the other hand,
2,4-dinitrophenylmethyl esters, i.e. with powerful
electron-withdrawing substituents, gave poorly
shaped peaks and the standards were not separated.
Phenacyl esters were selected as an example of the
second type of derivative for further study. The sep
aration of the phenacyl esters of the standard mo
nenesat 20°C on the Nucleosil 5SA column with
1,2-dichloroethane-dichloromethane-acetonitrile
(50:50:0.025, v/v/v) is illustrated in Fig. 1. Each iso
mer was resolved to the baseline, with the 11-18:1
isomer eluting first and 6-18: 1 last. The only sep
arations by silver ion TLC that are at all compara
ble were achieved under extreme conditions, i.e.
with 30% silver nitrate in the sorbent layer and at
- 25°C [22] or with 10% silver nitrate at - 20°C
[23]. The first of these has not proved easy to repro
duce (Nikolova-Damyanova, unpublished observa
tion).

It is well established that stronger complexation
between silver ions and unsaturated lipids occurs as
the temperature is lowered, and it has been suggest
ed that improved resolution is thereby obtained
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Fig. 2. Variation of the capacity factor ratios (k"), i.e. k'(ana
lyte)/k'(octadecene), for the (.) methyl and (e) phenacyl esters
of oleic acid with respect to temperature. Chromatographic con
ditions as in Fig. 1.

effect of temperature on resolution was apparent.
The k" values of the methyl and phenacyl esters

of a series of cis-octadecenoates (3- to 17-18:1) on
the silver-loaded Nucleosil column and ofthemeth
yl esters on the ChromSpher Lipids column are il
lustrated in Fig. 3. Values were obtained in tripli
cate and standard deviations were generally of the
order of 0.1. Note that the chromatographic condi
tions for the two columns were not identical. As
these were considered to be the optimum for each,
the results are only comparable in a qualitative
sense. With this proviso, the methyl ester data for
the two columns are broadly similar. When the dou
ble bond is close to the carboxyl group, the reten
tion time was lower, reaching a maximum for 5- and
6-18:1, falling for 7-18:1 and rising to almost a pla
teau for the 8- to 14-isomers; a further small maxi
mum was evident for the IS-isomer. If the 11k" val
ues were plotted against double bond position, the
results would be comparable to Rp values from sil
ver ion TLC, but the data would not resemble the
smooth "sinusoidal curve" seen with the latter tech
nique [22,24]. The Nucleosil column tended to give

Fig. 3. The k" values for silver ion HPLC of the methyl (.) and
(e) phenacyl esters of the series of cis-octadecenoates at 10'C on
the Nucleosil column with the mobile phase as Fig. I, and for the
methyl esters on the ChromSpher Lipids column (0) at 15'C
with 1,2-dichloroethane--dichloromethane-acetonitrile (50:50:
0.01, v/v/v) as mobile phase.

rather better separations of the natural isomers. A
difference of 0.2 in the k" values was sufficient for
baseline separation. In contrast, there tended to be
much greater differences between the chromato
graphic behaviour of isomers when they were in the
form of the phenacyl esters, especially when the
double bonds were relatively close to the carboxyl
group. There was a maximum in this instance at the
7-18:1 derivative. It was evident that phenacyl (as
opposed to methyl) esters would give better resolu
tion of isomers in which the double bond was in
positions 3 to 11, although beyond that point the k"
values were similar. The maxima and minima for
the 15- and 16-isomers, respectively, were real and
reproducible.

Both the proximal and terminal part .of a mono
enoic molecule have some potential to influence the
interaction between silver ions and the double
bond, and to determine which of these was more
important methyl ester derivatives of 9-18:1, 11
18:1 and 11-20:1 fatty acids were chromatographed,
with the results illustrated in Fig. 4. The 11-18:1
(k" = 3.20) and 11-20:1 (k" = 2.90) fatty acids,
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TABLE I

CAPACITY FACTOR RATIOS (k"), i.e. k'(ANALYTE)/
k'(OCTADECENE), FOR THE METHYL AND PHENA
CYL ESTERS OF STANDARD OCTADECENOATES DIF
FERING IN THE POSITION AND CONFIGURATION OF
THE DOUBLE BOND AND FOR ANALOGOUS LONG
CHAIN ALCOHOLS AND AN ACETYLENIC FATTY
ACID

Fatty acid k"

Methyl
ester"

Phenacyl
esterb

Alcoholb

Fig. 4. Separation (partial chromatograms) of methyl esters of
fatty acids by silver ion HPLC. Chromatographic conditions as
in Fig. 1. (A) 11-20:1 and 9-18:1; (B) II-20:1 and 11-18:1.

15 20 25

time (min)

15 20 25 trans-6- I8: I
trans-9- I8: I
trans-I 1-18:1
cis-6-18: I
cis-9- 18: I
cis-lI- I8: I
9-0ctadecynoate

0.94
1.00
0.88
2.96
3.20
2.91

2.45
2.57
2.12
4.9
3.8
3.2
2.9

44.6
37.6
24.4

which have the same proximal structure, emerged
as two peaks but were only partially separated. On
the other hand, 11-20:1 and 9-18:1 (k" = 3.75),
which share the same terminal moiety, were fully
resolved. Similarly, 9-16:1 (k" = 3.86) was only
partially separated from 9-18: I (not illustrated), but
9-16:1 and 11-18:1 with the same terminal moiety
were well resolved. Both parts of the molecule have
some influence on resolution, but the major effect is
that of distance from the carboxyl group. However,
it was not possible to assign partial kIf values to
each part of the molecule to predict the retention
characteristics of other isomers, presumably be
cause the overall hydrophobicity of the molecule is
also relevant.

As expected, trans-isomers were less strongly re
tained than the corresponding cis compounds, as
can be seen from the kIf values listed in Table 1.
Phenacyl esters were retained appreciably more
than methyl esters, and the order of elution of the
corresponding trans- and cis isomers was not al
ways the same. Isomeric cis-octadecenols interacted
very strongly with the stationary phase, possibly
with oxygen atoms of the sulphonic acid moiety [25]
or with residual silanol groups, as well as with the
silver ions. However, the isomers were still well sep
arated from each other. The only acetylenic fatty
acid derivative available (9a-18:1) was less strongly
retained than oleate, as has been reported for silver
ion TLC [26].

• ChromSpher Lipids column.
b Nucleosil 5SA column, conditions as in Fig. I.

Limited amounts of a number of isomeric meth
ylene-interrupted cis,cis-octadecadienoic acids were
also available and their retention characteristics
were determined as the methyl and phenacyl esters
(Fig. 5). In this instance, the mobile phase was 1,2
dichloroethane-dichloromethane-acetonitrile (50:
50:0.35, v/v/v). Again, when the first double bond
was close to the carboxyl group, the retention time
was low, increasing to a maximum in the region
around the 6,9- to 8, II-isomers before tending to
fall, although not uniformly. It appeared that ad
jacent isomers were in general more easily resolved
as the phenacyl esters. The kIf values of specific
dienes tended to be much greater than the sum of
the kIf values for the appropriate cis-monoenes. For
example, the sum of kIf for the phenacyl esters of
6-18:1 and 9-18:1 was 7.1 (with the same mobile
phase), whereas that for 6,9-18:2 was 12.8. The dif
ference of 5.7 units may represent some increase in
the interaction of silver ions with the bis-double
bond system because of its spatial arrangement.
Only with the isomer with double bonds closest to
the carboxyl group was the difference slightly nega
tive. Note that kIf values of specific components in
creased as the concentration of acetonitrile in the
mobile phase was increased, and factors were in
troduced into the calculations to ensure that all the
data referred to a common base value. Similarly.
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double bond positions

Fig. 5. The k" values for silver ion HPLC of isomeric methylene
interrupted cis,cis-octadecenoates. 0 = Methyl esters on the
ChromSpher Lipids column with 1,2-dichloroethane-dichloro
methane-acetonitrile (50:50:0.35, v/v/v) as mobile phase at 15T;
• = phenacyl esters on the Nucleosil 5SA column under the
same conditions; • = difference between the k' values for the
dienes imd those calculated by summation of the data for the
appropriate monoenes.

small amounts of some non-methylene-interrupted
octadecenoic acids were available, and k" values
were obtained and are listed in Table II. The allenic

TABLE II

CAPACITY FACTOR RATIOS (k"), i.e. k'(ANALYTE)/
k'(OCTADECENE), FOR THE METHYL AND PHENA
CYL ESTERS OF ISOMERIC OCTADECADIENOATES

TABLE III

RATIO OF THE CAPACITY FACTORS (k') OF METHYL
AND PHENACYL ESTERS OF SOME POLYUNSATU
RATED FATTY ACIDS (PuFA) TO THAT OF OLEATE

The Nucleosil 5SA column was used with a mobile phase of
1,2-dichloroethane-dichloromethane-acetonitrile in the propor
tions 50:50:1 (v/v/v) for the diene to tetraene and 50:50:1.5 (v/v/
v) for the pentaene and hexaene at a flow-rate of 1.5 ml/min at
100 e.

compound, 9,10-18:2, was retained much less than
oleate, presumably because of a very weak interac
tion between silver ions and the delocalized n-elec
trons of the double bonds, as had been reported
earlier for silver ion TLC and methyl laballenate
(5,6-18:2) [27]. For a similar reason, the conjugated
diene (9-cis,ll-trans-18:2) was only weakly re
tained, as for silver ion TLC [28]. In contrast, iso
mers with more than one methylene group between
the double bonds were very strongly retained, those
with two methylene groups between the double
bonds being held most strongly of all, followed by
those with three and then those with five.

It was not possible to find isocratic elution condi
tions to permit the separation of a wide variety of
polyunsaturated fatty acid derivatives in a reason
able time. To obtain quantitative information on
the degree of retention of such compounds, there
fore, capacity factors for a range of fatty acids with
3-6 double bonds were determined relative to that
of the corresponding linoleate derivative, which was
in turn related to that of the oleate derivatives (tak
en as 1.0). The results are given in Table III. It ap
peared that the capacity factors of polyunsaturated
esters on silver ion HPLC rose in an almost expo
nential manner with the number of double bonds,
so that docosahexaenoate was retained up to 30
times as strongly as oleate. Phenacyl esters were

Phenacyl
esterb

k"

Methyl
esterO

~\ \\ ""
\(/ 'Ir"...o

\
C\I ,co) 'If 10 ~ :::

rxj m 0 ~ ~ i

Fatty acid

o ChromSpher Lipids column.
b Nucleosil 5SA column, conditions as in Fig. 5.
, Conditions as in Fig. I.

9,10-18:2
9-cis,ll-trans-18:2
9-cis,12-cis-18:2
6-cis, 10-cis-18:2
8-cis,12-cis-18:2
6-cis,ll-cis-18:2
7-cis,12-cis-18:2
5-cis, 12-cis-1 8:2

10.3
45.0
42.5
29.0
26.6
17.7

0.7'
2.2'
10.9

Fatty acid

9-18: I
9,12-18:2
6,9,12-18:3
9,12,15-18:3
5,8,11,14-20:4
5,8,11,14,17-20:5
4,7,10,13,16,19-22:6

Methyl Phenacyl
ester ester

1.0 1.0
2.9 3.5
7.1 9.4
7.9 9.9

10.3 14.2
16.7 19.7
21.5 30.1
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again held consistently more strongly than methyl
esters.

DISCUSSION

The mechanism of the interaction of silver ions
with double bonds in chromatographic systems has
never been fully elucidated. It is known that a single
silver ion can interact with two double bonds simul
taneously, since crystalline complexes with two
moles of ethylene [29] and other oleflns [30] have
been isolated. In favourable circumstances, a silver
atom may interact with two double bonds in the
same molecule [31]. It would be expected that de
gree of retention would depend mainly on the
strength of the interaction between the silver ions
and the n-electrons of the double bonds. However,
in silver ion TLC, interactions between parts of the
molecule and silanol groups on the surface of the
silica must also be considered. In the HPLC system
described here, some interactions with residual sila
nol moieties are also possible, as is some form of
bonding with the oxygen atoms of the sulphonic
acid group or hydrophobic interactions with the
propylphenyl moieties. Morris et at. [22] suggested
that the greater mobility of the isomers with a dou
ble bond near the ester group in silver ion TLC was
due to the partial withdrawal or delocalization of
the n-electrons of the double bond caused by the.
inductive effect of the ester group. However, as such
an effect decreases rapidly with increasing distance
between the double bond and the ester group, it can
explain the behaviour of the first members of the
series only. Others [24] considered that a fatty acid
methyl ester was held both by the double bond com
plex with the silver ion and by the interaction be
tween the silanol groups and the ester group. Any
isomer with a favourable conformation would be
held more strongly.

On the other hand, results that were broadly
comparable in a qualitative sense to those given by
silver ion TLC were obtained with this HPLC sys
tem in which the presence of the propylphenylsul
phonic acid moiety ensured that the distance be
tween the silver ions and residual si1anol groups was
very different from that in a TLC system. The find
ing that one silver ion may interact with two unsat
urated centres at the same time may point to an
alternative explanation for the effect of double
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bond positiOn on retention characteristics. Thus,
there may be some form of dual interaction with a
silver ion and both the n-electrons of the double
bond and those of the carbonyl moiety of methyl
esters or the benzene ring of phenacyl esters. From
9-18:1 onwards, when the possibility of such a si
multaneous interaction would seem to be less likely,
there was no significant difference between methyl
and phenacyl esters.

This suggestion does not imply that there is no
effect of the oxygen atoms of the sulphonic acid
group or of silanol moieties from the stationary
phase on retention, merely that they are separate
from the complexation effect. Thus, monoenoic al
cohols were very strongly retained and positional
isomers were completely resolved.

An interaction between one silver ion and two
double bonds simultaneously may also explain the
chromatographic behaviour of dienoic derivatives
with silver ion HPLC. When the distance between
the double bonds was optimum, i.e. with a 1,5
cis,cis-diene system as with 1,5-hexadiene [31], fatty
acids were very strongly retained, and the effect di
minished as the number of methylene groups be
tween the double of bonds changed. The k" values
remained higher than those of methylene-interrupt
ed dienes, however, and the effect of double bond
position was diminished. The theory of complexa
tion between silver ions and his-double bond sys
tems could potentially be applied to polyenes. It
would predict that a triene would be held twice as
strongly as a diene, a tetraene three times as strong
ly, and so forth. Such a simple relationship was not
found here, possibly because interactions with the
ester moiety have to be taken into consideration
and because the conformations of polyenes may
permit some interactions between silver ions and
double bonds that are remote from each other.
With bulky molecules such as triacylglycerols,
where an ester effect might be less important, one
triene residue was retained by the same amount ex
actly as two dienes in the molecule [12].

This study has confirmed the value of silver ion'
HPLC for the separation of isomeric fatty acids,
and it has shown that phenacyl esters have distinc
tive properties that facilitate separations. The abil
ity of the system to give reproducible numerical val
ues to describe retention characteristics has given
some insight into the mechanism of the interaction
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between silver ions and double bonds, and in partic
ular has led us to suggest a mechanism involving a
simultaneous interaction between one silver ion and
either two double bonds, or one double bond and
one other electron-rich moiety. Further work is
planned to test this hypothesis.
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ABSTRACT

The analysis of glutathione transferase (GST) isoenzyme patterns is of interest in many fields as hepatic glutathione transferase
activity is increased by exposure to a variety ofxenobiotics and its isoenzymatic forms are induced differentially. A high-performance
liquid chromatography method has been developed for the rapid determination of individual isoenzyme levels in crude extracts using an
anion-exchange column connected to an on-line system to automatically detect GST activity with l-chloro-2,4-dinitrobenzene as the
substrate. When 50-200 Jll of a cytosolic fraction of fish liver containing up to 15 mg/ml of protein and less than 2 units of GST were
injected, a high resolution and highly reproducible chromatogram was obtained. The activity profile determined automatically showed
eight to twelve peaks (depending on the sample) that were quantified and could be classified into three groups. Starting from intact
tissue, a complete isoenzyme pattern could be obtained in less than 3 h. The method has been applied to ecotoxicological studies with
fish samples.

INTRODUCTION

Glutathione transferases (GSTs) are a widespread
family of isoenzymes implicated in the detoxifica
tion of electrophilic xenobiotics as well as in several
endogenous functions. One isoform is membrane
bound [1] and another is nuclear [2]. Cytosolic GST
isoenzymes are dimers of a number of subunits with
molecular masses of about 25 000 and have been
grouped into four classes with respect to physiologi
cal, structural and genetic similarities: IX, {t, 11: and ()
[3,4]. l-Chloro-2,4-dinitrobenzene (CDNB) is used
as a universal substrate for GST isoenzymes.

A wide variety of structurally unrelated. com
pounds have been shown to increase hepatic GST
activity in a number of organisms, mostly in labora
tory animals (mice and rats). Differential induction
of GST isoenzymes has been reported [5,6]. Induc
tion of a particular isoform by a given compound

Correspondence to: Dr. J. A. Barcena, Departamento de Bio
quimica y Biologi:i Molecular, Facultad de Veterinaria, Univer
sidad de Cordoba, 14071 Cordoba, Spain.

can be masked if only the overall GST activity of a
crude extract is analysed, hence the whole isoenzyme
pattern needs to be determined. To this end, several
methods have been devised which include an initial
affinity chromatography step on GSH-Sepharose
or S-hexylgluirring (500 rpm). The levels ofperoxy
acids and hydrogen peroxide were expressed as the
mean value of five repeated experiments.

Chromatographic apparatus and conditions
The chromatographic apparatus consisted of an

LC-6A HPLC pump (Shimadzu, Japan) equipped
with an additional external pulse damper (Shi
madzu) and a Type 7125 injection valve (Rheodyne,
Cotati, CA, USA). Solvents were degassed using a
Type ERC-3110 degasser (Erma Optical Work,
Japan). A LiChrosorb RP-18 (10 {tm do not bind or
bind loosely lowering recovery yields [6,9,12].

This paper reports a single-step analytical method
based on ion-exchange HPLC with automatic on
line detection of activity for the rapid determination
of GST isoenzymes in crude biological samples,
using CDNB as a non-specific substrate.

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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1 mVmin

MATERIALS AND METHODS

Assays
GST activity was assayed at 37°C following the

method of Habig and Jakoby [13] using I mM

Preparation of crude extracts and pure GST
Livers from the marine fish MugU sp. were

obtained immediately after .capture and frozen in
liquid nitrogen. They were ground in a mortar while
immersed in the same coolant. The powder was kept
at - 80°C and, when needed, was suspended in
extraction buffer (4 ml/g) and disrupted using an
Ultra Turrax homogenizer. The resulting homo
genate was centrifuged at 31 000 g for 30 min at 4°C
in a 12-21 Beckman centrifuge. The supernatant was
further cleared by ultracentrifugation at 105 000 g
for I h at 4°C in a Beckman L8-80M apparatus. The
first centrifugation step was occasionally omitted. In
some experiments GST was further purified by
affinity chromatography in a column (6 x 0.5 cm) of
hexylglutathione-agarose equilibrated in 50 mM
phosphate buffer (pH 7.0), I mM EDTA and 2 mM
DTT. The column was washed with 50 mM KCI in
the same buffer and eluted with a pulse of 5 mM
hexylglutathionein 50mMTris-HCI buffer (pH 9.6).
The pooled fractions were concentrated by vacuum
evaporation and dialysed against extraction buffer
without PMSF.

solution. Solutions C and D were sonicated. All
solutions were filtered through a 0045-/lm Millipore
membrane and degassed.

Chromatographic arrangement
A schematic description of the HPLC set-up is

presented in Fig. I. P4 and D2 were a pump from a
Series 2 liquid chromatograph and LC-55 B spectro
photometer, respectively, both from Perkin-Elmer.
The rest of the equipment was from Beckman
Instruments unless stated otherwise. PI, P2 and P3
were I lOB pumps; DI was a 263 UV variable-wave
length detector; the system was controlled by a 406
analog interface module; data collection and pro
cessing was carried out by an AT computer and
System Gold software. The column was a DEAE
Spherogel TSK, 10 /lm particle size (7.5 x 0.75 cm).
Extracts were passed through a 0045-/lm Millipore
filter before injection into the column. A precolumn
was used to avoid clogging and contamination of the
analytical column.

-- - -- - -- -- -- -- --ICOMPUTER ~ -- - -- -- -- D2'"

Co

01210

Fig. 1. Schematic diagram of the experimental set up. A =
Loading buffer; B = elution buffer; C = CDNB solution; D =
GSH solution; PI and P2 = buffer pumps; P3 and P4 = reagent
pumps; I = sample injector: Co = anion-exchange chromatogra
phic column; D1 280 = protein detector set at 280 nm; D2 340 =

activity detector set at 340 nm; T = T union; R = reactor coil in a
water-bath at 40°C; W = waste.

Buffers and reagents
Buffers were prepared at working temperatures

(4°C and room temperature). The extraction buffer
contained 10 mMTris-HCI (pH 7.5), I mMEDTA,
5 mM GSH, 2 mM DTT and PMSF at a final
concentration of 0.5 mg/g of tissue. The loading
buffer (A in Fig. I) contained 10 mM Tris-HCI
(pH 8.0), 0.2 mM EDTA and 0.2 mM DTT; the salt
buffer (B) was the same as the loading buffer
supplemented with 0.5 M NaCI. To prepare 100 ml
of reagent C the following solutions were mixed at
room temperature in the order indicated: 30 ml of
13.3 mM CDNB in ethanol; 42 ml of water; 25 ml of
004 M sodium phosphate, pH 6.5; I ml of 0.1 M
EDTA; 2 ml of 10 mg/ml BSA. The same procedure
was followed to prepar:e 100 ml of reagent D except
that CDNB was substituted for 30 ml ofethanol and
0.121 g of crystalline GSH was dissolved in the final

Chemicals
CDNB and salts for the mobile phases were

from Merck; bovine serum albumin (BSA), reduced
glutathione (GSH), dithiothreitol (DTT), hexylglu
tathione, phenylmethylsulphonylf1uoride (PMSF)
and S-hexylglutathione-agarose were from Sigma.
HPLC-grade water was obtained with a Milli-Q
system (Millipore). All chemicals used were of
analytical-reagent grade.
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Fig. 2. GST activity profiles of an extract from fish liver. The
sample was the soluble fraction from a pool of fish (MugU sp.)
livers with 16.0 Ulml GST. Volumes injected were 50 JlI of
undiluted preparation in A and lOa JlI ofa 1:3 dilution in Band C.
The small downward vertical lines are integration marks indi
cating the beginning and end of each peak. See text for other
details of the procedure.
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A

activity. Variation of sample volume in the range
50-200 Ill, containing up to 15 mg/ml protein, did
not affect separation, but too much activity in the
sample saturated the detection system. Hence the
GST activity of the extract was previously deter
mined to define the amount of sample to be injected
and this should not be higher than 2 units. If
necessary, the sample was conveniently diluted in
extraction buffer immediately before injection.
Another way to circumvent the problem of satu
rating the detection set-up could be to shorten the
length of the reactor or to lower its temperature, but
we preferred to keep these factors unchanged to
maintain the standard conditions of the whole
arrangement. Alernatively, the length of the reactor
could be increased to detect the isoenzyme pattern of
samples with low GST activity towards CDNB (e.g.,

CDNB and 1 mM GSH. When dilute enzyme
preparations were assayed, 0.1 mg/ml BSA was
included in the reaction mixture. The protein con
centration was determined by the method of Lowry
et ai. [14] using BSA as the standard.

System design and optimization ofreaction conditions
Solutions C and D, containing CDNB and GSH,

respectively (Fig. 1) were intended to have the same
viscosity to allow for good mixing, thus giving a
low-noise baseline. This is particularly important if
only one reagent pump is available. Ethanol was
needed to dissolve CDNB, but its concentration was
compromised to allow good solubility of CDNB
without reaching a limit above which phosphate
might crystallize. The final composition of the assay
mixture in the reactor was 15% (v/v) ethanol, 1mM
CDNB, 50 mMphosphate (pH 6.5), 0.5 mM EDTA,
0.1 mg/ml BSA and 1 mM GSH. With a 5 m long
reactor the reaction time was 0.5 min. The effect of
15% ethanol on the enzymatic activity under the
standard assay conditions was to decrease the
activity by 11 %, which was considered acceptable.

Initially, the response of the system was checked
without the column. There was an excellent linearity
between the amount ofenzyme injected and the peak
area. The peaks were symmetrical and their reten
tion times, that is from the time the signal starts until
the baseline value is reached again, were always
between 1.6 and 1.9 min for sample volumes greater
than 25 J.d. This was taken as an indication that
mixing and flow through the coils were good.

The set-up of Fig. 1 without the column can be
used as a spectrophotometric flow injection analysis
(FIA) system. This application could be ofvalue as it
would allow the analysis of about 30 samples/h.
Optimization would be completed by an automatic
sample injector.

RESULTS AND DISCUSSION

Chromatographic behaviour
Crude extracts from fish livers were run on the

system equipped with a DEAE-Spherogel column
equilibrated in loading buffer and eluted with a
linear NaCl gradient (Q-{).35 M) starting at 15 min
and ending at 60 min. The separation was excellent
and repetitive a judged either from the A 280 profile
for total protein or from the A 340 profile for GST
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TABLE I

DETERMINATION OF INDIVIDUAL ISOENZYME CON
TENTS

The data presented are averages of the three chromatograms
shown in Fig. 2.

Peak Retention time Peak area"
No. (mean ± S.D.)

(min) Mean ± S.D. Relative standard
(UIIlI) deviation (%)

I 3.50 ± 0.17 17.77 ± 1.90 11
2 5.68 ± 0.36 1.73 ± 0.51 29

3b n.d. n.d. n.d.
4 28.8 ± 0.32 6.64 ± 0.60 9
5 30.4 ± 0.09 3.40 ± 0.32 9
6 31.7 ± 0.09 1.38 ± 0.13 9
7 34.0 ± 0.30 5.47 ± 0.04 I

8 41.9 ± 0.29 1.87 ± 0.03 2
9 42.7 ± 0.32 2.80 ± 0.11 4

10 44.2 ± 0.44 0.97 ± 0.07 7
11 47.0 ± 0.22 1.71 ± 0.08 5

Total 43.74 ± 1.64 4

" One arbitrary unit of peak area corresponds to 0.367 ±
0.017 mUnits of GST activity. Peak area values have been
divided by the volume ofundiluted preparation injected, that is,
50 III for A and 33.3 III for Band C.

b Peak No.3 was not clearly separated in chromatogram A and
for that reason was considered as part of peak 4 in all three
chromatograms when calculating average peak areas. n.d. =

Not determined.

< 2 units/ml). However, this situation did not arise
during this study.

Fig. 2 shows the activity profiles obtained when
different volumes, 50 ,ul in A and 100 ,ul of a 1:3
dilution of the same sample in Band C, were
injected. The repeatability of the method is demon
strated by the striking coincidence of the chromato
grams. The results of integrating these chromato
grams are summarized in Table 1. Depending on the
sample, between eight and twelve peaks were re
solved and were numbered according to their order
of elution from the column. Previously reported
anion-exchange HPLC of GST from human pla
centa resolved just three peaks [15], whereas Foure
man and Bend [16] separated five peaks ofGST from
the liver of skate on a peparative DEAE-cellulose
column. Lee et al. [17] also separated five peaks on a
DEAE-eellulose column from the anionic forms of
rat liver.

E. Martinez-Lara et al. I J. Chromatogr. 609 (1992) 141-146

The isoenzymes could be classified into three
groups. Group I was composed of the isoforms that
either passed through the column or were retarded
but not adsorbed. Two isoenzymes were resolved in
this instance. A prominent shoulder around 4.5 min
was considered as part of the first peak, although.
many other samples gave three well separated peaks
in this zone, whereas in conventional low-pressure
DEAE-Sepharose chromatography they co-elute
[18,19]. Theoretically, these are the basic and neutral
species comparable with those from other organ
isms. However, with ion-exchange chromatography
apparently contradictory results can be obtained.
For instance, Kispert et al. [20] found that "neutral"
GST-,u from rat testes behaves as a true acidic form
as it binds to a Mono-Q (anionic) column at pH 8.0
requiring 0.15 MNaCI for elution. Hence the order
of elution from an ion-exchange chromatographic
column cannot be used with confidence to classify
the isoenzymes according to their acid-base or
electrical properties. Other non-ionic interactions
taking place between the exchanger matrix and the
proteins have marked effects on their chromato
graphic behaviour.

Among the isoenzymes retained in the column,
those interacting more weakly eluted before 35 min
and were included in group II. Acidic isoenzymes
that were more tightly bound to the column be
longed to group III and were eluted with higher ionic
strength (later than 35 min).

The data of Table I show how reproducible the
method is, with the variability of peak elution times
never exceeding 30 s, that is, less than 1% of the total
elution time. The table also shows a very good
proportionality between volume of sample injected
and peak area (both total and individual). The
highest deviations were found among isoenzymes of
group I considered individually, although taken
altogether their average total area per microlitre
injected was 19.51 ± 1.75, that is, a relative standard
deviation of 9%.

When affinity purified GST preparations were
run and protein profiles were matched with activity
profiles, it was observed that isoenzymes of group II
were those with the highest specific activity, whereas
those eluting in group III had the lowest specific
activity. Occasionally the column eluate was col
lected in fractions of 300 ,ul to determine the activity
manually. The chromatographic activity profile
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obtained in this way basically coincided with that
obtained automatically although, as expected, reso
lution of the peaks was lower (Fig. 3). When CDNB
was replaced by ethacrynic acid in the manual assay
of fractions, most of the activity was found in
group III and particularly around 47 min (Fig. 3B).
A similar result was obtained by Lee et al. [17].

Comments
It has been argued [12] that the determination of

GST isoenzymes by methods based on activity
measurements is not as reliable as that based on
protein subunit determination. The method de
scribed herein, with the automatic on-line detection
ofactivity, can be performed in less than 3 h from the

SO4030

j~
20

Elution lime (min)

0.0 -"

o 10

intact tissue to production of the chromatogram
(centrifugation at 30 000 g during preparation of the
soluble fraction can be bypassed). This rapid pro
cessing allows for the control of activity losses. It
gives information on isoenzymes as they are in vivo
and not of the subunit components artificially
separated by the denaturing conditions of sodium
dodecyl sulphate-polyacrylamide gel electrophore
sis or reversed-phase HPLC. Moreover, when an
affinity chromatography step is included before the
determination of isoenzyme content, some of the
isoenzymes may be lost in the fraction which is not
bound to the affinity matrix [6,9,12]. Actually, in
this work, unbound GST typically accounted for
10% of the total activity recovered after the affinity
chromatography under conditions such that the
capacity of the column was not exceeded. Fig. 4
shows the activity profile obtained when the un
bound fraction was run on our HPLC-DEAE
system. The chromatogram showed two main peaks
at 30.4 and 31.6 min with small shoulders at 29 and
33 min and minor peaks at 37, 42 and 45 min, thus
supporting the idea that the affinity chromatogra
phy step discriminates against some isoenzymes of
group II and group III present in crude extracts.

Van Ommen et al. [21] have pointed out that GST
determination using CDNB does not properly ex
press sample variability due to the lack of specificity
of this substrate, whereas other substrates give
differences of several orders of magnitude between
certain isoenzymes. We believe that it is most
convenient to use a universal substrate that gives the
maximum activity with all the isoforms, provided

Fig. 4. GST activity profile of the fraction not bound to
hexylglutathione-Agarose. A 100-pl volume containing 630 mU
ofGST activity were injected into the column. The sample was the
fraction ofcytosolic extract from fish liver that passed unretained
through a hexylglutathione-agarose column. Other conditions as
in Fig. 2.
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Fig. 3. Comparison of GST aclivity profiles obtained automat
ically and manually. The sample was a soluble fraction from fish
(Mugil sp.) liver that had been purified by hexylglutalhione
affinity chromatography. The preparation had 66 U/ml GST. (A)
80 pI of a five-fold diluled solution were injected and the activity
was determined automatically. (B) 100 pI of undiluted prepara
tion were injected and the activity was determined manually in
300-pl fractions; the elution time was obtained by extrapolation
from the elution volume. Heavy line: activity with CDNB; light
line: activity with ethacrynic acid. Other conditions as in Fig. 2.
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that each isoenzyme has been characterized ad hoc.
To set a "specificity calibration" is the aim of
present investigations.

In preliminary experiments, the method has
worked satisfactorily for the detection ofdifferences
in the levels of individual isoenzymes in hepatic
extracts from fish captured in contaminated and
non-contaminated waters [22].
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ABSTRACT

No satisfactory high-performance liquid chromatographic (HPLC) method is currently available for the separation of the major
dideoxyribonucleosides (ddNs) and their derivatives. A method involving HPLC has been developed for the separation of five major
ddNs [ddA, ddC, ddI, azT and 2',3'-dideoxy-2',3'-didehydrothymidine (d4T)]. Elution of the common and modified components of
DNA was also examined under the selected separation conditions of HPLC. The elution characteristics of these compounds were
studied using serum plasma samples spiked with ddN derivatives. In addition, capillary electrophoresis (CE) was investigated for the
separation of ddNs and their derivatives. Picomolar amounts of the five major ddNs and the metabolic product of azT [SO-O-glucuro
nide-3'-azido-3'-deoxythymidine (Glo-azT)] were satisfactorily resolved in 10 min by using a modification of CEo The spectral proper
ties of the ddNs were characterized under different pH conditions and compared with those of their parent deoxyribonucleosides (dNs)
because these compounds are commonly measured in HPLC by their spectral properties. The spectra of ddC and ddT derivatives
resemble very closely those of dC and dT, but those ofddA and ddI differ to some extent from their parent dNs. The HPLC method was
extensively examined for satisf~ctory resolutions of these compounds. For example, an isocratic elution method, although simple, failed
to resolve these compounds and ion-pair chromatography did not offer any advantage. Gradient elution involving buffered solutions
and increasing amounts of an organic modifier yielded satisfactory results. Methanol appeared to be the organic modifier of choice.
A reversed-phase matrix with smaller than octadecyl alkyl chains did not produce the necessary interactions. Uniform spherical beads
of smaller diameter produced superior resolutions. The separation of these compounds on three commercially available columns
is discussed. The separation of human plasma samples spiked with dideoxynucleoside derivatives by HPLC was accomplished in ca.
16 min. The presence of the dNs did not interfere in their separations.

INTRODUCTION

Simple, rapid, and accurate methods for the sep
aration of dideoxyribonucleoside derivatives are
needed to study the compounds directed towards
suppressing human immunodeficiency virus (HIV).
These methods are necessary to provide pharmaco
kinetics in patients with AIDS and related disor
ders. The distribution of 3'-azido-3'-deoxythymi
dine (azT) and its metabolic end product, 5'-O-glu-

Correspondence to: Professor R. P. Singhal, Department of
Chemistry, Wichita State University, 1845 N. Fairmount, Wich
ita, KS 67208, USA.

curonide-3'-azido-3'-deoxythymidine (Glo-azT) in
blood plasma and urine samples and different or
gans has been examined by numerous investigators
using high-performance liquid chromatographic
(HPLC) methods [1-13]. Pharmacokinetics of dide
oxyribonucleoside derivatives [such as 2',3'-dideox
yadenosine (ddA), 2',3'-dideoxycytidine (ddC),
2' ,3'-dideoxyuridine (ddU) and 2',3'-dideoxyino
sine (ddI)] have also been studied by using different
HPLC methods [14-20]. Other techniques used for
the study of these compounds include radioactive
tracers [21], enzyme-linked time-released fluoroim
munoassay [22,23], and liquid chromatographic
thermospray mass spectrometric methods [24,38].

0021-9673(92($05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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In addition, 3'-azido-2' ,3'-dideoxy-5-methylcyti
dine [25] and 3'-azido-2',3'-dideoxythymidine [26]
have also been separated by HPLC methods. A
two-column HPLC method was recently employed
for the separation of mono-, di- and triphosphates
of azT [27].

The separation method of choice for the dideoxy
ribonucleosides (ddNs) appears to be HPLC and it
has been used more extensively than other methods.
Recently, lang and Brown [28] described guidelines
for predicting the resolutions of different ddNs and
3'-azido-3'-deoxy thymidine monophosphate
(azTMP) in HPLC separations. In addition, they
examined the effects of temperature, eluent pH and
methanol. At present, no satisfactory HPLC meth
od is available for the separation of major ddN de
rivatives. Here, we describe the development of an
HPLC method for the separation of five drugs of
major clinical significance [ddA, ddC, ddI, azT, and
2' ,3'-dideoxy-2',3'-didehydrothymidine (d4T)] and
demonstrate the elution of the common and mod
ified components of DNA under the selected sep
aration conditions.

Electrokinetic chromatography is applied to both
HPLC and capillary electrophoresis (CE). It is most
effective for the separation of electrically neutral
substances. Micellar electrokinetic capillary electro
phoresis (MEKC) is most commonly used, and in
volves the electrophoretic migration of ionic mi
celles with a velocity different from that of the bulk
solution [29-32]. In micellar EKC, the separation is
based on differential partition of the solute between
the micelles and the surrounding aqueous (polar)
phase. Micelles display electrophoretic migration,
often towards the sample electrode; the mobile po
lar solution (buffer) on the other hand, exhibits
stronger movement towards the detector electrode
because of electroosmosis. MEKC offers extremely
high efficiency of separation in comparison with
HPLC. In contrast, HPLC separation is based on
the partition of the solute between the mobile polar
phase and the stationary phase (non-polar in the
reversed-phase mode). Not only does MEKC offers
powerful separations of neutral substances, but it
also enhances the selectivity of the ionic substances,
in contrast to conventional CEo In this work, we
examined the separation of the five representative
ddNs and their derivatives by employing the
MEKC principle. The separation of these com-
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pounds by MEKC is compared with that obtained
by HPLC.

EXPERIMENTAL

Analytical system and data-processing equipment
The chromatographic system utilized a manual

injection valve (Rheodyne Model 7125), a program
mable mobile phase gradient-elution pump (Perkin
Elmer Series LC 4), a reversed-phase liquid chro
matographic (RP-LC) column and a diode-array
detector (Pharmacia LKB Model 2140 rapid spec
tral detector). A microcomputer (Zenith Model
Z-248, IBM-AT compatible) was used to operate
the detection unit and also to collect and store the
absorption spectra of the effluent every 1.0 s with
the aid ofPharmacia LKB Wavescan-EG software.
Analyses were carried out using the diode-array de
tector. Here the results are shown as topograms,
and for clarity some chromatographic peaks are
shown at only two wavelengths (260 and 280 nm).
Details of this automated equipment have been
published elsewhere [33,34].

Chromatographic columns
SiliCa-based RP-LC (octadecylsilane, CIS) col

umns from three manufacturers were employed:
Econosphere CIS, 5-Jlm beads (25 x 0.46 cm I.D.),
from Alltech (Deerfield, IL, USA), Supelcosil CIS,
5-Jlm beads (25 x 0.46 cm I.D.), from Supelco (Bel
lefonte, PA, USA), and Vydac CIS, 5-Jlm beads (25
x 0.46 cm I.D.) and Vydac CIS (lO-Jlm beads) (25
cm x 4.63 mm I.D.), from Separation Group (Hes
peria, CA, USA). Each column was installed with a
guard column.

Nucleoside samples
ddC, azT and Glo-azT were obtained from Sigma

(St. Louis, MO, USA) and ddI, ddA and d4T were
gifts from Dr. C. Sapino, Site Director, Bristol
Myers (Syracuse, NY, USA). Human plasma sam
ples were obtained from normal donors (see below
for sample preparation).

Preparation of dideoxyribonucleoside solutions
Concentrated stock solutions of ddNs were pre

pared in 1.0 ml of 20 mM succinate buffer (pH 5.5)
in a I.5-ml polyethylene micro centrifuge tube. To
enhance the solubility of the purine derivatives and
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that of d4T, 0.1 ml of methanol was added to the
solution. Each solution was filtered through a
0.2-,um filter tip-syringe assembly (Millipore, Bed
ford, MA, USA). Necessary dilutions were carried
out with appropriate solutions (0.1 M HCI or 0.1 M
NaOH or a buffer of pH 5.5 or 7.0) and the UV
spectrum of each sample under different pH condi
tions was measured. The spectra were collected
from 200 to 310 nm with a wavelength step of 0.5
nm. For spectral analyses, a Gilford Response spec
trophotometer (Ciba Corning, Oberlin, OH, USA)
was used and the data were downloaded using Re
sponstar software (Gilford-Corning) to an IBM
compatible microcomputer and the results were
analyzed using a spreadsheet software Excel version
3.0a (Microsoft, Redmond, WA, USA). For HPLC
analyses, artificial mixtures of known concentra
tions of the five ddNs and also six dNs were pre
pared by mixing appropriate amounts of each com
pound.

Preparation ofnormal human plasma samples
A human blood sample (1 ml), drawn using a

tuberculin syringe and transferred to a tube con
taining EDTA, was centrifuged at 1000 g at 10°C
for 10 min. The supernatant (plasma) was trans
ferred into Eppendorf tubes using a micropipette
and diluted (1: 10) using physiological saline solu
tion.

Separation of dideoxyribonucleosides and spiked
plasma samples

The dideoxyribonucleoside mixture was analysed
by HPLC utilizing solvents of different polarities
[methanol, tetrahydrofuran (THF) and acetoni
trile], different buffer solutions containing an ion
pairing reagent [octanesulphonic acid (OSA)], and
different RP-LC columns (see above). Analyses
were carried out by using different solvent systems
(see Table II in Results). The eluent which produced
the best separations contained 20 mM sodium suc
cinate-succinic acid and 1 mM sodium azide (pH
5.50) and various amounts of methanol. A 5-10 ,ul
sample was applied by using a 25-,u1 sample loop.

Capillary zone electrophoresis system
The CE equipment, designed in this laboratory

[35], consisted of the following four basic compo
nents: (a) a polyimide-coated fused-silica capillary
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tube (80 cm x 75,um J.D. x 280,um O.D.; 52 cm
from sample-end electrode to the detector); (b) a
specifically designed on-line Z-shaped flow cell with
a light path of 3 mm (LC Packing, San Prancisco,
CA, USA); (c) a Spectroflow 757 variable-wave
length UV monitor (Kratos, Ramsey, NJ, USA),
which was modified to accommodate the above
mentioned flow cell; and (d) a high-voltage power
supply (0-30 kV) with features of programmable,
reversible-polarity output (Bertan, Hicksville, NY,
USA). The electric current was monitored by a dig
ital multimeter (John Fluke, Everett, WA, USA).
An elution pump (Waters Assoc., Milford, MA,
USA) was used for washing the column and initia
ting the sample injection. The signals from the de
tector were fed to a strip-chart recorder for instant
monitoring of the results. In addition, data were
acquired with an IBM-compatible PC by using an
analog-to-digital interface and retrieved with the
help of software (Nelson Analytical, Cupertino,
CA, USA).

Capillary zone electrophoresis operation
The capillary column was first washed by pump

ing a buffer through it and allowing the pressure to
reach a constant value. The liquid flow was then
disconnected and the capillary dipped into the sam
ple contained in a miniature conical polyethylene
tube. The positive liquid flow current generated by
the pump and the gravitational force were enough
to allow introduction of the sample into the fine
capillary column. The sample flow was allowed for
a specific time (between 5 and 20 s). This method of
sample application was found to be very reproduc
ible. For example, a 5-s injection introduced 3.0 nl
of the sample into the capillary column. This value,
having a standard deviation of 0.33 nl or 11 %, was
based on three different injections. The direction of
the solution flow during the electrophoresis was se
lected by simply changing the polarity of the cur
rent.

RESULTS

Spectral properties of dideoxyribonucleosides
The absorption spectra of ddA, ddC, azT, d4T,

and ddI under different pH conditions are shown in
Fig. 1-5. The spectral properties of these com
pounds are compared with those of their parent
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dNs in Table 1. The ddA spectrum differs consid
erably from that of the parent compound, dA.
Whereas the Amax of ddA is shifted to a higher wave
length at pH 1 and markedly at pH 12, the }'max at
the neutral pH is changed to a lower wavelength (10
nm). The }'min values under acidic and neutral con
ditions do not change between the two adenosine
compounds, but the values differ under basic condi
tions. Although the ddI spectra are very similar to
those of dI under acidic and neutral conditions, the
}.max of ddJ shifts to a markedly higher wavelength
under alkaline condition. The spectra of ddC re
semble very closely those of dC and similarly the
spectra of azT and d4T correspond to dT.

Development of HPLC methods
Effect of organic solvents in the mobile phase. The

effect of three organic solyents having different po
larities in the mobile phase was examined for the
separation of a complex mixture of dNs and ddNs
on a CIS column of 5-flm beads. Gradient programs
used for different solvents are shown in Table II (see
System A), and the results are shown in Fig. 6. Al
though the use ofmethanol required a longer analy-

sis time (18 min) as opposed to acetonitrile (15 min)
and THF (13 min), the nucleosides were best re
solved with methanol in the mobile phase. With
THF, considerable baseline drift was observed and
several components were poorly resolved. Metha
nol was selected as the organic modifier of the
eluent for further studies. Deoxyribonucleosides
and ddNs having more lipophilic character, such as
azT and purine derivatives, required higher metha
nol contents for their elution from the column.

Effect ofpH in the mobile phase. The difference in
the dissociation constants of ad'enosine (3.8) and
cytidine (4.3) derivatives could be exploited under
acidic elution conditions. To induce strong positive
charges on dN and ddN derivatives for ion-pair
chromatographic separations, we used more acidic
eluents (pH 2.5-3.0). However, in a separate study
we observed that these compounds in HPLC are
best resolved at pH 5.5. A decrease in pH causes
loss in resolution between dC and 5-methyldeoxy
cytidine (msdC). An increase in pH at first failed to
show any effect, but at pH .~ 9 the dissociation
constants of inosine (8.8) and thymidine (9.8) deriv
atives exhibited an anionic character. However;
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TABLE II

GRADIENT ELUTION SYSTEMS USED FOR HPLC SEPARATIONS

System Stage Time Flow-rate Gradient Elution solvent (%)
(min) . (mIJmin) mode

With methanol With acetonitrile With THF

Buffer" Methanol Buffer Acetonitrile Buffer THF

A Equilibration 10 1.0 Step 95 5 97 3 98 2
Start 3 1.0 Linear 80 20 86 14 90 10

5 1.0 Linear 70 30 79 21 83 17
4 1.0 Linear 40 60 51 49 64 36
4 1.0 Linear 5 95 7 93 33 67

Hold 3 1.0 Step 5 95 7 93 33 67
Regeneration 5 1.0 Linear 95 5 97 3 98 2

Buffer-QSAb Methanol

B Equilibration 10 1.0 Step 85 15
Start 20 1.0 Linear 50 50

I 1.0 Hold 50 50
Regeneration 3 1.0 Linear 5 95

5 1:0 Linear 95 5

Buffer-QSAb Methanol

C Equilibration 10 1.2 Step 95 5
Start 3 1.2 Linear 80 20

5 1.2 Linear 70 30
4 1.2 Linear 40 60
4 1.2 Linear 5 95

Regeneration 3 1.2 Step 5 95
5 1.2 Linear 95 5

Buffer Methanol

D Equilibration 10 Lo Sfep 95 5
Start 3 1.0 Linear 80 20

5 1.0 Linear 70 30
4 1.0 Linear 40 60
4 1.0 Linear 5 95

Regeneration 3 1.0 Step 5 95
5 1.0 Linear 95 5

a 20 mM sodium succinate-succinic acid buffer with I mM sodium azide (pH 5.5).
b 20 mM sodium citrate-eitric acid buffer with I mM OSA, 0.2 mM EDTA, I mM sodium azide (pH 3.0).
, 50 mM sodium phosphate-phosphoric acid buffer with I mM sodium azide (pH 2.5).

such a highly alkaline solution was unacceptable for
the stability of the column. An eluent of pH 5.5 was
selected for these studies.

Effect of column temperature. An increase in the
.column temperature enhanced the elution of purine
derivatives more than those of the pyrimidines.

Similarly, the elution of ddN derivatives was en
hanced more than those of their parent nuc1eosides
(results not shown). An increase in column temper
ature significantly lowered the elution time, but not
without a substantial decrease in the resolution of
early-eluting peaks, such as dC, m5dC, dG, and
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Fig. 6. Effect of organic modifiers [acetonitrile (CH 3CN), methanol (MeOH) and tetrahydrofuran (THF)l on the separation of nucleo
side derivatives in HPLC.

ddC components of the mixture. For this reason
and ease of operation, room temperature was used
for subsequent work.

Separation by ion-pair chromatography. An ion
pairing agent, 1 mM GSA, was added to the elution
buffer, 20 mM sodium citrate-citric acid (pH 3.0).
Two isocratic elution methods were studied for the
separation of a mixture of ddNs (ddA, ddC, ddT,
d4T, and azT). A mixture of 95% buffer-GSA and
5% methanol failed to elute the nucleosides from
the column. A 10% increase in the methanol con
tent, i.e., using 85% buffer-GSA and 15% metha
nol, eluted four of the five components of the mix
ture. The method was then modified to a gradient
elution and two different gradient schemes were ex
amined. The first gradient system (B in Table II)
produced overlapping peaks of ddC and ddT, fol
lowed by a pure peak of d4T, and finally the last
two components (ddA and azT) eluted as a mixed
peak. The second gradient (C in Table II), although
it yielded four sharp peaks in 17 min, it failed to
resolve the fifth component (azT) and had a very

erratic baseline. To improve the resolution, a gra
dient (D in Table Ii) of lower pH (50 mM sodium
phosphate buffer with 1mM GSA, pH 2.5) and also
an isocratic system (85% buffer-14% methanol)
were tried. Again, only four of the five components
could be resolved and the first two peaks were badly
overlapped. From these results, the ion-pairing
mode did not appear to offer any special advantage
for the separation of these compounds. Several gra
dient systems involving no use of the ion-pairing
agent were examined by systematically changing the
methanol concentration. From these results, it was
concluded that the separation of ddC from ddT can
not be achieved simply by altering the organic mod
ifier in the gradient system.

Separation on different reversed-phase columns.
Reversed-phase CiS columns (25 cm x 0.45 cm
J.D.) of 5-/lm and 10-/lm beads from different man
ufacturers were examined for the separation of a
mixture of five nucleoside analogs (ddA, ddC, ddT,
d4T, and azT) using gradient elution (System Din
Table II). The results (capacity factors) are given in
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Fig. 7. The two Vydac columns, with 5- and 10-llm
beads, gave poor resolutions in general and showed
little separation between ddI and d4T components.
The Supelco and Alltech columns produced larger
k' values, but the former column resolved ddI more
satisfactorily from d4T, and similarly ddA from
azT. Whereas analysis with the Vydac columns re
quired 18-20 min, separations were completed in
less than 17 min with the other two columns. The
Alltech column caused trailing of the peaks. The
best and fastest separations were obtained with the
use of Supelco columns.

Representative separations. A typical separation
of a mixture of four common dNs and two minor
components of DNAs (mSdC and m6dA) with the
Supelco column and gradient elution System C (Ta
ble II, pH 5.5 buffer) is shown in Fig. 8. Under these
conditions, the analysis is completed in 15.5 min
and the baseline remains fairly stable. A DNA sam
ple contains either mSdC in prokaryotes or m6dA in
eukaryotes in addition to the common dNs. Thus,
the analysis of a prokaryotic DNA sample is com
pleted in less than 13 min. The analysis of the eu-

karyotic DNA sample can be reduced significantly
by modifying elution System A, i.e., by starting elu
tion with 30% methanol and using a step gradient
after 60% methanol in the system.

A typical separation of a mixture of five ddNs
under conditions identical with those for dNs sep
aration (see above) is shown in Fig. 9. A complex
mixture of both six ddNs and six dNs was also sep
arated under these conditions. Although all peaks
were resolved satisfactorily for quantification, the
separation among mSdC, ddC and dG did not ex
ceed a resolution factor of 1.0 [36]. No baseline drift
at 260 nm was observed, but a small drift was noted
in the eluent monitored at 280 nm.

A representative separation of a normal human
plasma sample spiked with five ddNs is shown in
Fig. 10. No interference is observed between several
UV-absorbing plasma proteins and various ddNs,
including dNs (results not shown). The plasma pro
teins are separated into three distinct peaks. Where
as the first two peaks eluted immediately after the
void volume in a ratio of 1: 1.4, the third peak, elut
ing in 4 min, varied in concentration from one plas-
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Fig. 9. HPLC: typical separation of a mixture of six dideoxyribonucleoside derivatives (see Results for details).
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Elution Time (min)

Fig. 10. HPLC: separation of a human blood plasma sample spiked with a mixture of six dideoxyribonucJeoside derivatives (see Results
for details).

ma donor to another, but never exceeded .10% of
the other two peaks. Two contaminants (peak 1,6.2
min, and peak 2, 8.2 min) elute between the plasma
protein peaks and ddC; they are derived from ddNs
and mostly from the ddl sample. The analysis is
completed in 16 min. Numerous analyses of ddN
mixtures have given identical results with no loss of
resolution and repeated use of the same column,
provided that appropriate safeguards are observed.

Development of a micellar electrokinetic capillary
electrophoresis method

The separation of the ddNs and their derivatives
could not be achieved by classical CE, i.e., merely
by electroosmosis, because these compounds hardly
exhibit any 'charge difference. For this reason,
MEKC was employed to resolve these compounds.
To create micelles in the capillary columns, several
surfactants in different buffers were examined. Cat
ionic surfactants, such as tetrabutylammonium di
hydrogenphosphate (TBAP) and dodecyltrimethy
lammonium bromide (DTAB) gave no separation
of the ddN derivatives .. This can be explained by the
observation that the strong cationic group (N+) of

these surfactants initially diminishes the electroos
motic force by furnishing counter charge to the cap
illary surface (silanol groups). A higher concentra
tion of cationic surfactants caused a reversal of the
electroosmotic (direction) flow and the sample sol
utes migrated towards the sample-end electrode.
Peaks could be monitored only when the electrode
polarity was altered, i.e., sample-end electrode
made cathode and the monitor-end electrode made
anode. The ddN mixture eluted as the first peak of
Glo-azT in the breakthrough 04 min) and thereaf
ter all five ddNs derivatives co-eluted in 21 min. The
reversal of the elution sequence and the decrease in
resolution are caused by the charge reversal of the
double layer at the capillary surface. However, sat
isfactory results were obtained by using an anionic
surfactant, such as sodium dodecyl sulphate (SDS).
A typical separation of a mixture of representative
ddN derivatives is shown in Fig. 11 and Table III.
The front peak eluting in 7.4 min was derived from
contaminants, mostly present in the ddl sample. In
contrast to HPLC, d4T and azT components elute
much eadier in MEKC.
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TABLE III

ANALYSIS OF A MIXTURE OF DIDEOXYNUCLEOSIDE DERIVATIVES BY MEKC

Peak Dideoxynucleoside Retention time Absorbance Amount
;\10. derivative (min) at 260 nm (pmol)

Contaminant 7.4 0.14 0.73
2 d4T 7.7 0.19 0.89
3 ddC 7.9 0.16 0.84
4 ddI 8.4 0.10 0.52
5 azT 8.6 0.18 0.85
6 ddA 8.8 0.20 0.61
7 Glo-azT 9.9 0.18 0.80

Total 10 1.15 5.24

DISCUSSION
6

Development ofHPLC methodsfor the separation of
dideoxyribonucleosides

One or more of ddN derivatives have been sep
arated using HPLC mostly with isocratic elutions
[2,5-20] and rarely with a gradient elution system
[3]. Almost all investigators have used a CIS re
versed-phase column (25 x 0.46 cm). Although
mostly acetonitrile (in buffers of pH 6.8-7.0) has
been used in an isocratic elution, DMF [6] and pH
2.7 [5] have also been employed. No systematic
study has been carried out with regard to the use of
isocratic versus gradient elution, the effect of differ
ent organic modifiers, ion-pair chromatography
and the performance of reversed-phase columns
from one manufacturer to the other.

A method for the separation of five selected ddN
derivatives was studied here in detail. These com
pounds are either used currently (azT, ddI and ddC)
or are under human trials (d4T and ddA) for treat
ment of HIV. The results of this study demonstrate
the separation properties of these important nucleo
side analogs in a systematic manner. Also included
in this study were the separation of the common
dNs because these compounds are expected to co
elute with their analogs because of similarities in
their structures. The spectral properties of ddNs

12
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5

I I

3

2

6 8 10
Time, min

Fig. II. An artificial mixture of five dideoxynucleosides and GIo
azT derivative was applied (5 s, 3.0 nl) to a fused-silica capillary
column (52 cm x 75 J1m 1.0.) and electrophoresis was carried
out in 50 mM phosphate buffer containing 40 mM SDS (pH 6.5).
The separations were performed at 20 kV (116 J1A) at 21 ± 0.5'C
and the liquid flow was monitored at 260 nm. The front peak was
derived from impurities present in the synthetic ddl sample.
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were also compared with those of their parent de
rivatives because these compounds are detected in
HPLC by UV absorption.

Spectral properties of dideoxyribonucleosides
The results indicate that the spectra of several

ddNs (azT, d4T and ddC) resemble mostly those of
their parent dNs because the dissociation constants
do not appear to change with modifications in the
sugar moiety of the nucleoside. However, ddA spec
tra are an exception to this rule and they differ from
those of dA. While red shifts (towards lower ener
gy) are noted at pH 1 and 12, a blue shift (towards
higher energy) is observed at pH 5.5. Similarly, the
ddI spectrum, as compared with the dA spectrum,
exhibits a red shift under alkaline condition, but
none under acidic conditions and very little at pH
5.5. Apparently the lack of an ionizable hydroxyl
group in the 3'-position contributes to this differ
ence in the spectrum of ddI (pKa of 3'-OH = 12).
However, spectral differences between ddA and dA
cannot be explained on the basis of pKa differences,
since the dissociation constants of the two mole
cules are identical. Interestingly, the spectra of d4T
and azT molecules resemble very closely those of
dT, although the deoxyribose is extensively mod
ified in the two structures.

Study of HPLC parameters
Isocratic elution offers simplicity of op,eration,

but this method could not resolve components of
the mixture. The effect of organic modifiers on the
elution behavior of these compounds clearly indi
cates that methanol is the modifier of choice (see
Table II and Fig. 6). A detailed study of the sep
aration by ion-pair chromatography indicates that
the ion-pairing agent (OSA), even under different
elution conditions (solvent composition and pH),
did not enhance the separation of these molecules.
Hydrophobic interactions between the Cs-chain al
kyl groups of the agent and the CiS alkyl chains of
the column present N+ surface charge for ion pair
ing with any counter ion (OH) of the nucleosides.
As pentose hydroxyls are not ionized unless in the
vicinity of pH 12, only heterocyclic ring enols can
contribute the counter charge. However, these enols
are not ionized under the separation conditions em
ployed. It is therefore not surprising to observe that
the ion-pairing agent fails to the improve resolution
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of these compounds, which exhibit similar charac
teristics.
The bead size and the bead shape of the column
matrix, as indicated in earlier studies [37], also ap
pear to be important for these separations. The uni
form spherical beads and those of the smaller diam
eter (5 vs. 10 ,um) produced superior resolutions,
e.g., less peak tailing and greater peak height-to
width ratio [36]. Reversed-phase columns with alkyl
chains smaller than octadecyl, such as C4 and Cs,
did not offer hydrophobic interactions necessary for
these separations (results not shown). The study of
the reversed-phase CiS columns from three manu
facturers reveals that they produce different separa
tions under identical conditions. Each column was
described to have a column matrix of similar dimen
sions and properties. The difference in separation
displayed by the different columns can therefore be
explained only on the basis of actual uniformity of
the beads and capping of the residual silanol
groups.

HPLC method of choice
The selected separation method not only demon

strates the resolution of the five ddN derivatives but
also those of the six common dNs. The method in
addition allows the separation of these compounds
even in the presence of blood plasma proteins. Al
though the metabolic end products of the ddN de
rivatives (i.e., ddN phosphates) were not included
owing to their unavailability, these compounds are
expected to behave differently and elute far away
from the parent drug. For example, Glo-azT elutes
last and away from azT when a mixture of ddNs
and this compound is applied to the column (results
not shown). The presence of polyols (glucuronide)
in the structure makes the molecule slightly more
hydrophilic, but the addition of glucuronide to the
drug molecule promotes its elution later than the
parent compound, azT.

Development of a micellar electrokinetic capillary
electrophoresis method

Amphiphilic surfactants, such as SDS, tend to
form water-dispersed structurally ordered micelles,
which are globules of numerous surfactaJ?ts ar
ranged with their hydrophilic charged groups on
the surface and the hydrophobic tail in the interior
of micelles. The mi~elles are formed when a critical
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concentration of the surfactant is reached in the
aqueous phase. The separation in MEKC depends
on the partition of solutes between the micelles and
the aqueous phase. In this study, classical CE did
not affect the separation of dN or ddN derivatives.
The use of cationic surfactants, such as TBAP and
DTAB, propelled ddNs towards the sample-end
electrode and resulted in no separations (see Results
for details). When SDS was used as the anionic sur
factant, MEKC resolved all seven components of
the ddN mixture in ca. 3 min, although a break
through peak appeared in 7.4 min (Fig. 11). This
compares very favorably with HPLC separations of
16.5 min (Fig. 10).

Factors responsible for the separation of solutes
in MEKC include their partitioning between the
hydrophobic interior of the micelles and the polar
aqueous phase, electroosmotic flow of the aqueous
phase and electrophoretic migration of the micelles.
Of these three factors, electroosmotic flow is the
prominent force in determining the direction of flow
in MEKC. The bulky micelles migrate at a slower
rate than the polar buffer medium. Solutes having
greater hydrophobic properties interact more
strongly with the micelles than with the buffer,
hence they exhibit a slower movement than those
solutes having greater hydrophilic properties.
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ABSTRACT

Separations of the stereoisomers of a series of tetracyc1ic and pentacyc1ic vinca alkaloid analogues having two or three chiral centres
were performed on Chiral-AGP and Chiral-HSA high-performance liquid chromatographic columns. Phosphate buffers with pH 5-7
containing 5-35% acetonitrile or 2-propanol were used as mobile phases. The results were in accordance with previous binding data
obtained with native AGP and on an HSA-Sepharose column. Whereas on Chiral-AGP the retention of the trans isomers having
I(R),12b(S)-indolo[2,3-a]quinolizidine or the corresponding 3(S),16(R)-eburnane absolute configurations was exceedingly high, on
Chiral-HSA the trans isomers, independently of their absolute configurations, were more retained. Eburnane-type compounds could
also be separated according to the configuration of the chiral centre at position 14. A comparison of the chromatographic properties of
the vinca alkaloids on the Chiral-AGP and Chiral-HSA columns demonstrates that these compounds are bound with higher affinity to
the AGP phase. The AGP column resolves a very broad range of vinca alkaloids compared with the HSA column. Higher ste
reoselectivity and a much better chromatographic performance were also obtained on the Chiral-AGP column.

INTRODUCTION

It is well known that enantiomers of drugs have
different biological activities [1,2]. Stereoselective
binding to serum proteins, such as to aI-acid gly
coprotein (AGP) and human serum albumin
(HSA), can affect both the pharmacodynamics and
the pharmacokinetics of the drug. The number of
binding sites involved in the drug binding to AGP
has been widely discussed. It is obvious that the
experimental design influences the results to a large
extent. From indirect drug displacement studies of

Correspondence to: Dr. I. Fitos, Central Research Institute for
Chemistry, Hungarian Academy of Sciences, P.O. Box 17,
H-1525 Budapest, Hungary.

basic drugs with isolated AGP, the results suggest
that AGP contains one binding site [3-6]. However,
studies performed with a direct method, such as
Scatchard plots, indicate more than one and in
most studies two classes of binding sites [7-10].
AGP immobilized on silica particles (the Chiral
AGP column) has also been used in binding studies
of drugs of different character [11]. The results ob
tained using this technique demonstrate, in accord
ance with the results obtained with the native pro
tein, using Scatchard plots, that basic, acidic and
non-protolytic drugs are bound to one high-affinity
site and there is at least one more site to which the
drugs are bound with lower affinity. It has also been
demonstrated in a large number of chromatograph
ic studies, using immobilized AGP, that stereoselec-

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers RV. All rights reserved
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tive binding of drugs can be obtained for an ex
tremely broad range of solutes [12-14].

HSA is assumed to have two main ligand binding
sites, the endogenous bilirubin and the L-trypto
phan sites [15,16], corresponding to the warfarin
and benzodiazepine drug sites, respectively [17]. It
has been demonstrated that enantiomers can be
bound stereoselectively to native HSA [18]. When
using a chromatographic column with immobilized
proteins, even small differences in binding affinity
(low a-values) of the enantiomers can give a resolu
tion of the racemate, provided that a high enough
separation efficiency is generated by the column. If
the immobilized protein also maintains its original
binding ability and the mobile phase components
do not affect the chiral binding properties of the
protein, chromatography of chiral compounds on
serum protein bonded phases can conveniently pro
vide relevant information on binding stereoselectiv
ity. This has been demonstrated for HSA immobi
lized on Sepharose [19,20]. It was also demonstrat
ed in one study for tryptophan and warfarin [21],
and in another study for some benzodizepines, leu
covorin and warfarin .using HSA immobilized on
silica [22].

The serum protein binding of a series of tetra
cyclic and pentacyclic vinca alkaloid analogues pos
sessing two or three chiral centres was reported in a
recent paper [23]. Their binding to AGP, measured
by displacement of marker ligands, demonstrated
very high stereoselectivities. The affinities of certain
trans isomers were 20-100 times higher than those
of the cis or the enantiomeric trans isomers. One of
the purposes of this study was to investigate wheth
er AGP bound to silica (Chiral-AGP) maintains
this unique interaction.

The binding of the vinca alkaloids to HSA has
also been characterized using an HSA-Sepharose
column [23] and the binding affinities were found to
be highly dependent on the chemical structure of
the solutes. Separation factors up to 4 were report
ed with higher elution volumes for the trans iso
mers, independently of their absolute configura
tions. This paper also reports the separation of the
stereoisomers of some of the vinca alkaloids on a
Chiral-HSA high-performance liquid chromato
graphic (HPLC) column and a comparison with the
previously reported in vitro results.
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EXPERIMENTAL

Chromatography
The HPLC experiments were carried out using a

system composed of a Jasco Model 880-PU pump,
a Rheodyne Model 7125 injector (20-,ulloop), a Jas
co Model 875 UV-VIS detector set at 263 nm and a
Hewlett-Packard integrator or JCL-6000 chro
matographic software. The sample concentration
was 0.02-0.04 mg/ml.

Chiral-AGP stationary phase. This was obtained
from ChromTech (Norsborg, Sweden). Preliminary
tests were performed on a guard column (10 x 3
mm I.D.) and the final chromatograms were record
ed on an analytical column (50 x 4 mm I.D.). The
mobile phase was 0.01 M phosphate buffer (pH 6.0,
6.5 and 7.0) containing 20-35% (v/v) of2-propanol
(IP) or acetonitrile (AN).

Chiral-HSA stationary phase. This was obtained
from ChromTech. The chromatograms were re
corded on a 100 x 4 mm J.D. column. The mobile
phase was 0.1 M phosphate buffer of pH 7.0 con
taining 10% (v/v) ofIP or AN, pH 6.15 containing
10% of IP and pH 5.00 containing 5% and 10% of
IP.

Chemicals
Compounds 1-9 were obtained from the Chem

ical Works of Gedeon Richter (Budapest, Hun
gary): 1a = cis-( - )-alcohol; 1b = trans-( - )-alco
hoI; 2a = cis-( - )-ethyl (Et) ester; 2b = trans-( - )
Et-ester; 3a = cis-( - )-methyl (Me) ester; 3b =

trans-( - )-Me ester; 3c = trans-( + )-Me ester (3b
and 3c are enantiomers); 4a = cis-( + )-Et apovin
caminate (Cavinton); 4b = trans-( + )-Et apovin
caminate; 5a = trans-( - )-Me apovincaminate; 5b
= trans-( + )-Me apovincaminate (5a and 5b are
enantiomers); 6a = cis-( - )-Iactam; 6b = trans
( - )-lactam; 7a = cis-( - )-eburnamonine; 7b =

trans-( - )-eburnamonine; 8a 3(R), 16(S),
14(S)-E (E = 14,15-dihydro-14-hydroxymethyl
eburnamonine); 8b = 3(S), 16(R), 14(R)-E (8a and
8b are enantiomers); 8c = 3(S), 16(R), 14(S)-E; 9a
= laevorotatory mixture of trans-vincamine and
trans-epivincamine; 9b = dextrorotatory mixture
of trans-vincamine and trans-epivincamine (9a and
9b are enantiomeric mixtures of epimers).

Chromatograms were recorded with the separate
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stereoisomers and also with their mixtures. Only 9a
and 9b were epimeric at position 14.

RESULTS AND DISCUSSION

Separation on Chiral-AGP: effects ofpH and organ
ic modifier

The chromatographic properties of the hydro
phobic vinca alkaloids were investigated using mo
bile phases containing a phosphate buffer with pH
between 6.0 and 7.0 and acetonitrile or 2-propanol
at concentrations of 20-35% (vjv) as uncharged or
ganic modifiers. It has been observed previously
that the retention and enantioselectivity of acidic,
basic and non-protolytic compounds can be affect
ed to a large extent by both the pH of the mobile
phase and the nature and the concentration of an
uncharged modifier [24]. Previous binding studies
with native AGP suggested high affinities for some
of the vinca alkaloids [23], and therefore prelimina
ry chromatographic screening was performed on an
immobilized AGP guard column, which did reveal
high retentions in accordance with the previous
findings. Without using mobile phase modifiers (2
propanol or acetonitrile), certain stereoisomers
could not be eluted within a reasonable time. De
tailed chromatographic studies were performed on
a short (50 x 4.0 mm J.D.) AGP column. The chro
matographic data, i.e. capacity factors (k'l and k'z)
and separation factors (a), for the vinca alkaloids
are summarized in Table I; Figs. 1-3 show repre
sentative chromatograms.

A decrease in the pH of the mobile phase from
7.0 to 6.0 results in a decrease in k' values, which is
in accordance with previous findings for basic com
pounds [24]. This effect was much more pro
nounced for the most retained stereoisomers. How
ever, it is interesting to note the chromatographic
behaviour of the lactam compound (6). A decrease
in the the pH from 7.0 to 6.0 results in an increase in
retention for the first-eluted enantiomer and a de
crease or no change in retention for the last-eluted
enantiomer. The first-eluted enantiomer behaves
with respect to retention as an acidic compound
normally does on the AGP column by decreasing
the pH. The most retained enantiomer behaves as
can be expected for a basic compound on decreas
ing the pH if AN is used as the modifier. If IP is
used, however, the retention is almost unaffected by
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a decrease in pH, a behaviour which is normally
observed for neutral compounds [24]. Obviously,
the chiral'binding properties of the protein are af
fected differently by IP and AN. Such observations
have been made previously [25].

The stereoselectivity increases with increase in
pH and decrease in modifier concentration for all
the compounds studied. At the same modifier con
centration a higher stereoselectivity is obtained with
AN than IP.

It has been observed that both I-propanol and
AN are adsorbed to a high extent on immobilized
AGP, forming a multilayer on the protein surface,
and I-propanol is bound with the highest affinity
[25]. Increasing the concentration of these modifiers
in chromatographic experiments results in a de
creased retention of the solutes owing to competi
tion between the modifier and the solutes for bind
ing to the immobilized protein molecules. As can be
seen from Table I, the decrease in the retention of
the most retained enantiomers is more pronounced.
The more hydrophobic IP gives lower retention
compared with the same concentration of AN.

Considering the very high affinity for these types
of compounds to AGP, optimum separations could
be achieved at pH 6.0, with high concentrations
[25-35% (vjv)] of either modifier. However, Here
nyi and Gorog [26] utilized another approach for
the resolution of some of the compounds that were
investigated in this study, i.e., the four stereoisom
ers of the hydrophobic ethyl apovincaminate (4), on
a 100 mm Chiral-AGP column. They applied gra
dient elution with increasing IP concentration in the
mobile phase, from 18 to 35% (vjv), resulting in the
elution order cis-( +), trans-( - ), cis-( - ), trans-( +).

Chemical structure and stereoselectivity
Similarly to the native protein, AGP immobilized

on silica preferentially binds the compounds having
I(R), 12b(S)-indolo[2,3-a]quinolizidine (lb, 2b, 3b)
or the analogous 3(S), 16(R)-eburnane (4b, 5b, 6b,
7b, 8b, 8c, 9b) absolute configurations. With com
pounds having the third chiral centre at position 14
(8 and 9), Chiral-AGP could also discriminate ac
cording to the absolute configuration of this centre
(cJ, Figs. 2 and 3). Comparison between 8b and 8c
suggests that the 14(S) absolute configuration is
bound with the highest affinity, in agreement with
data obtained when native AGP was used [23].
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Fig. I. Separation of the stereoisomers of 3 on a Chiral-AGP
column (50 x 4 mm I.D.). Sample, mixture of 3a, 3b and 3c.
Mobile phase, 35% (vjv) AN in 0.01 M phosphate buffer (pH
6.0); flow-rate, 0.5 mljmin. Et = Ethyl: Me = methyl.

o 5 min

Fig. 2. Separation of the stereoisomers of 8 on a Chiral-AGP
column (50 x 4 mm I.D.): Sample, mixture of 8a, 8b and 8l;.~.

Mobile phase, 30% (vjv) AN in 0.01 M phosphate buffer (pH ..
6.0); flow-rate, 0.9 mljmin.

Fig. 3. Separation of the stereoisomers of 9 on a Chiral-AGP
column (50 x 4 mm J.D.). Sample, mixture of9a and 9b. Mobile
phase, 20% (vjv) IP in 0.01 M phosphate buffer (pH 6.0); flow
rate, 0.5 mljmin.

the low-affinity alcohol (1) and the high affinity eth
yl apovincaminate (4), the elution volumes did not
show significant differences. For structure 8 the R
configuration of centre 14 was bound with the high
est affinity.

Chromatographic data obtained on Chiral-HSA
are summarized in Table II. The retention and ste
reoselectivity data obtained on the Chiral-HSA col
umn were similar to those obtained on HSA-Sepha
rose gel. In general, the trans isomers are more re
tained than the cis species (see Fig. 4) and the con
figuration of the chiral centres in the trans isomer
plays a minor role in determining the binding
strength.

With the highly retained hydrophobic com
pounds 4 and 5 AN modifier produced the opposite
elution order to IP. This is an interesting finding
and this type of selectivity change has not been re
ported previously on HSA-bonded silica. As men
tioned above, AN and I-propanol are highly ~d.:

sorbed on immobilized AGP [25], and it is also rea'"
sonable to assume adsorption of these modifiers on
HSA. Thus, when adsorbed, the modifiers can com
pete with the enantiomers for binding to different
hydrogen bonding groups in the binding sites. Ac
cordingly, modifiers with different hydrogen bond
ing properties and different hydrophobicities affect
the enantioselectivity in different ways. Another
-reasonable explanation for the modifier-induced
changes in the enantioselectivity is that certain or
ganic modifers, present at high enough concentra-

min

Separations on Chiral-HSA
Previous studies of vinca alkaloid analogues on

an HSA-Sepharose column showed [23] that the
binding affinities varied within a broad range.
(K = 103-105 lfmol) and the trans isomers, regard
less of the configurations of the two chiral centres,
had two to four times higher affinities than the cor
responding cis isomers. In extreme cases, such as for
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TABLE II

SEPARATION OF MIXTURES OF VINCA ALKALOID ANALOGUES ON A CHIRAL-HSA COLUMN (100 x 4 mm I.D.)

Mobile phase, 0.1 M phosphate buffer (pH 7.0) with 10% of 2-propanol (IP) or acetonitrile (AN) modifier.

Sample Modifier Elution k' k' ex1 2
order

la, 1b IP a,b 1.41 2.01 1.42
AN a,b 1.52 1.98 1.30

2a, 2b IP a,b 2.42 2.90 1.20
AN a,b 2.23 2.63 1.18

3a,3b IP a,b 2.34 2.89 1.23
AN a,b 2.18 2.56 1.17

3a,3e IP a,c 2.34 3.29 1.41
AN a,c 2.18 2.65 1.21

4a,4b IP a,b 26.50 34.80 1.31
AN b,a 23.17 29.00 1.25

5a,5b IP a,b 22.33 35.67 1.60"
AN b,a 26.50 30.67 1.16"

6a,6b IP a,b 13.55 19.42 1.43
AN a,b 9.37 13.56 1.45

7a, 7b IP a,b 9.71 20.53 2.11
AN a,b 6.52 11.25 1.73

8a, 8b IP a,b 1.84 3.32 1.80"
AN a,b 1.72 3.39 1.97"

8e,8b IP c,b 1.70 3.32 1.95
AN c,b 1.65 3.39 2.05

9a, 9b IP b,a 1.68 1.88 1.12
AN b,a 2.05 2.14 1.04

" These values refer to enantioselectivity.

tion, induce small reversible changes of the second
ary structure, transformation of parts of the peptide
chain with fJ-comformation or an unordered struc
ture into an ex-helical form. The secondary structure
of AGP in solution, with and without IP, has been
studied by circular dicroism (CD) in an attempt to
correlate modifier-induced changes in the enantio
selectivity with changes in the secondary structure
of the protein [25]. These studies were performed
using AGP solutions containing 40% IP, but no
clear indications of the formation of an ex-helix was
found. However, a reinvestigation of the old data
together with new ones gave weak indications of the
formation of an ex-helix [27]. If the changes are small
they can be difficult to detect by CD. However, it is
reasonable to assume that even small local changes
in the secondary structure, hardly detectable by
CD, can induce large changes in the enantioselectiv
ity, in line with the findings on the HSA column
reported above for 4 and 5. So far, no CD studies of

~
Et

10

Fig. 4. Separation of a mixture of 7a and 7b on a Chiral-HSA
column (100 x 4mm I.D.). Mobile phase, 10% (v/v) IP in 0.1 M
phosphate buffer (pH 5.0); flow-rate, 0.9 ml/min.
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Fig. 5. Separation of the stereoisomers of 8 on a Chiral-HSA
column (100 x 4 mm 1.0.). Sample, mixture o( 8a, 8b and 8c.
Mobile phase, 10% (v/v) IP in 0.1 M phosphate buffer (pH 6.15);
flow-rate 0.9 ml/min.
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HSA have been performed in the presence of AN
and IP. On the HSA-Sepharose column both 4a and
4b and also Sa and Sb showed high affinities without
a significant difference between the enantiomers.
When the protein provided a high degree of ste
reoselectivity, the elution order was not influenced
by mobile phase modifiers. In most instances the
stereoselectivity was higher using IP as organic
modifier. Higher capacity factors were also ob
tained for most compounds with IP. These findings
are contrary to the findings on the AGP column.
HSA, in contrast to AGP, prefers the R configura
tion at centre 14 in structure 8 (compare Figs. 5 and
2). Compounds 9a and 9b have low capacity factors
and no separation could be detected according to
centre 14.

The influence of the pH on the retention and the
stereoselectivity was also studied for some of the
compounds, la, lb,Sa,Sb,6a,6b,7a, 7b,8a,8band
8e, and the results are summarized in Table III. It
can be noted that the separation factor for 7 was
highly influenced by the pH in the range 5-7. The
highest separation factor, 6.35, was obtained at pH

TABLE III

INFLUENCE OF pH ON THE .CAPACITY FACTORS AND THE SEPARATION FACTORS OF VINCA ALKALOID STE
REOISOMERS

Column, Chiral-HSA (100 x 4 mm 1.0.); mobil.e phase, 0.1 M phosphate buffer with 2-propanol (IP) modifier.

Sample pH 5.00, 5% IP pH 5.00, 10% IP pH 6.15, 10% IP pH 7.00, 10% IP

k' ex k' ex k' ex k' ex

la 0.81
1.00

0.48 1.10 1.06 1.22
1.40

1.39
Ib 0.81 0.53 1.29 1.94
Sa 3.55 1.93" 2.06 I.n" 12.55

1.91 "
21.18 1.71"

Sb 6.86 3.55 24.00 36.31
6a 2.61 1.00 1.50 1.03 6.69 1.48

13.24 1.60
6b 2.61 1.55 9.92 21.18
7a 2.01 7.37

1.32 6.35 5.35 3.32 8.71 2.30
7b 14.82 8.38 17.77 20.05
8a 0.64 1.64" 0.43 1.65" 1.08 1.74" 1.69 1.79"
8b 1.05 0.71 1.88 3.03
8e 0.65 1.62 0.43 1.58 1.08 1.73 1.59 1.91
8b 1.05 0.68 1.87 3.04

" These values refer to enantioselectivity.
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5:0 where trans-7 also was least retained. The ster
eoselectivity of 1 and 6 increased on increasing the
pH from 5 to 7. The retention of all the compounds
increased at higher pH, as expected.

CONCLUSIONS

AGP and HSA immobilized on silica were used
successfully for the separation of the stereoisomers
of a series of vinca alkaloids. The native proteins,
especially AGP, discriminate well between the ste
reoisomers of the vinca alkaloids. It has been dem
onstrated that the immobilized proteins follow the
binding tendencies obtained by in vitro methods
with the native proteins. Under certain chromato
graphic conditions the stereoselectivities, using im
mobilized proteins, can be significantly increased in
comparison with the native proteins.

A comparison of the Chiral-AGP and Chiral
HSA columns concerning the retention of the vinca
alkaloids demonstrated that these compounds are
bound with higher affinity of the AGP phase. The
Chiral-AGP column also gives higher stereoselec
tivity and better resolution owing to a much better
chromatographic performance on the AGP phase.
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ABSTRACT

Reversed-phase high-performance liquid chromatography, UV detection and reversed-phase solid-phase extraction (SPE) as analyt
ical methods for pharmaceutical compounds face a challenge when the compound is rather polar and lack UV absorptivity. A good
example is tobramycin. To overcome these problems, a method has been developed using pre-column derivatization oftobramycin with
o-phthalaldehyde and automated with anautosampler with microrobotic routines.

The detection enhancement of the derivatives was achieved by using fluorescence detection which was forty times more sensitive than
using UV detection.

Recovery studies of standards and spiked serum samples show that pre-SPE derivatization significantly enhances the recoveries (by at
least a factor of 3) and the quality of cleanup over post-SPE derivatization.

INTRODUCTION

The combination of reversed-phase high-per
formance liquid chromatography (HPLC) and UV
detection is among the most common methods of
analysis for pharmaceutical compounds. This ana
lytical methodology has practical limitations when
the analyte (1) has low UV absorptivity, (2) absorbs
only in the low UV or (3) is rather polar. Low UV
absorptivity causes low detection sensitivity and un
acceptable detection limits. Detection at the lower
UV wavelengths is more prone to interferences and
instability of the chromatographic baseline. High
polarity decreases reversed-phase retention which
increases the potential for coelution of polar matrix
components from a sample such as serum or plas
ma. Furthermore, this loss of selectivity limits the
quality of sample cleanup by reversed-phase solid
phase extraction (SPE).

Correspondence to: Dr. F. Lai, Varian Chromatography Sys
tems, 2700 Mitchell Drive, Walnut Creek, CA 94598, USA.

Tobramycin, an aminoglycoside antibiotic, is a
good example of a pharmaceutical that carries all
three limitations. The ratio of amino and hydroxyl
groups to the hydrocarbon backbone yields a rela
tively polar molecule. The lack of unsaturation lim
its UV absorbance detection to low UV wave
lengths and poor UV absorptivity.

Post-column derivatization of tobramycin has
been performed using o-phthalaldehyde (OPA)
[1-2]. The pumps, tees and mixers required by post
column derivatization increase both the complexity
and cost of the HPLC system. The post-column re
action enhances detection sensitivity and detection
selectivity versus coeiuting solutes that are not de
rivatized by OPA. It does not, however, alter the
mechanism of the separation. Consequently, a po
lar analyte like tobramycin may not be adequately
separated from matrix components. Longer run
times (slower separations) may be required to mini
mize this limitation.

Pre-column derivatization oftobramycin has also
been performed. I-Fluoro-2,4-dinitrobenzene

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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Fig. 1. Analysis of tobramycin using pre-column derivatization (OPA).

(FDNB) was used as the derivatization reagent
[3,4]. The major drawback of this method is the tox
icity of the reagent. The reaction is also slow and
requires heating. OPA has been commomly applied
to pre-column derivatization of primary amino
acids [5-7]. Derivatization of aminoglycoside anti
biotics in serum or plasma samples using OPA and
extraction of the derivatives with ethyl acetate have
been reported [8,9]. Essers [10] designed an auto
mated HPLC method for the determination of ami
noglycosides in serum using a column-switching
technique for pre-column sample cleanup and de
rivatization.

In this study, the derivatization of tobramycin
with OPA (Fig. 1) is automated using an LC auto
sampler from Varian that has an AutoMix microro
botic feature. AutoMix permits all sample prepara
tion steps, i.e., reagent addition, mixing and extrac
tion, to be carried out automatically [11].

Due to multiple amino sites on the structure, it is
conceivable that more than one derivative may be
obtained. The derivatization of individual amino
groups should be affected by the reaction time, reac
tion medium and steric hindrance.

In Part 1, tobramycin is derivatized, separated
and detected by fluorescence and by UV simultane-

ously. The results are compared. In Part 2, the effect
(on recovery) of derivatization before and after SPE
of serum samples is compared. When reversed
phase SPE is used in serum sample cleanup, the po
larity of a compound like tobramycin should cause
poor selectivity and low recovery in the cleanup.
Derivatization is performed to render the analyte
more non-polar, thus enhancing its retention on the
reversed-phase SPE column relative to the non-de
rivatized polar constituents in a serum matrix. In
Part 3, linearity and reproducibility for standards
are determined. In Part 4, recoveries and reproduc
ibility for spiked serum samples are studied in the
clinical range.

EXPERIMENTAL

Instrumentation
The HPLC system, consIstmg of 9010 pump,

9095 AutoSampler, Fluorichrom II fluorescence de
tector, LC Star Workstation and MicroPak SP Cs
15 cm x 4 mm column, was from Varian Chroma
tography Systems (Walnut Creek, CA, USA).

Materials
Tobramycin standard (Lot No. Y07147) was a
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TABLE I

HPLC CONDITIONS

gift from Eli Lilly( Indianapolis, IN, USA). Potassi
um hydroxide, 45%, analyzed-reagent grade and
potassium phosphate, monobasic, analyzed-reagent
grade were from J. T. Baker (Phillipsburg, NJ,
USA). Boric acid, analytical-Reagent grade was
from Mallinckrodt (St. Louis, MO, USA). 2-Mer
captoethanol (2-ME) was from Pierce (Rockford,
IL, USA). OPA was from Pickering Lab., (Moun
tain View, CA, USA). Acetic acid, glacial, aceto
nitrile, HPLC grade, acetone, HPLC grade, and
methanol, HPLC grade were from Burdick & Jack
son (Muskegon, MI, USA). 5-Sulfosalicylic acid
was from Sigma (St. Louis, MO, USA). Blank se
rum (freeze dried) was from Utak Labs., (Saugus,
CA, USA). Bond Elut CIS cartridges were from
Varian Sample Prep Products (Harbor City, CA,
USA).

Methods
OPA reagent was prepared as in Back et al.'s re

port [8]: 1 g of boric acid is dissolved in 38 ml of
deionized water and adjusted to pH 10.4 with po
tassium hydroxide (450 gil). In another vessel, 200
mg of OPA are dissolved in 2 ml of methanol and
400 ,al of 2-mercaptoethanol are added. The two
solutions are mixed and stored under nitrogen at
+4°C.

Part 1: Derivatization of tobramycin standard and
linearity study. Tobramycin stock standard (1.28
nM) was prepared by dissolving 30 mg in water.
Working standards were prepared by dilution of the
stock standard in water-acetonitrile (20:80) to 128,
96,64,32, 16 and 8 ,aM. A blank without tobramy
cin was also included for comparison.

The 9095 AutoSampler was programmed to Au
toMix 40 ,al of tobramycin standard (8-128 ,aM)

Column
Temperature
Mobile phase

Flow-rate
Detection

uv

MicroPak SP Cs 15 cm x 4 mm
Ambient
0.02 M phosphate buffer pH 6.5

acetonitrile (52:48) (can vary by 2%)
2 ml/min
Fluorescence, excitation 340 nrn,

emission 450 nm.
254 nrn

and 40 ,al of OPA reagent, stand for the reaction
time (0-30 min), and finally inject 25 ,al onto the
HPLC System. Simultaneous detection with UV
254 nm and fluorescence (excitation 340 nm, emis
sion 450 nm) was used for comparison.

HPLC conditions are shown in Table I.
Part 2: Comparison of recovery of tobramycin de

rivatized after solidphase extraction (method I) and
before solid phase extraction (method II). Working
standards (640 and 480 ,aM) were prepared by dilu
tion of stock standard with water.

Spiked serum samples were prepared by reconsti
tuting serum with the working standards. A blank
was prepared by reconstituting with water.

For method I, the 480 ,aM standard and spiked
serum samples were used. A 500-,al aliquot of each
was deproteinateda with 500 ,al of 10% (w/v) sulfo
salicylic acid, vortexed and centrifuged. For meth
od II, the 640 ,aM standard and spiked serum sam
ple were used. A 100-,al aliquot of each was diluted
5 timesb with water (final concentration: 128 ,aM)
and deproteinated as in method I.

The rest of the procedure is shown in Table II.
Bond Elut CIS cartridges were used for SPE.

HPLC conditions are shown in Table I.
Part 3: Linearity and reproducibility ofstandards us
ing method II. Working standards (128, 96, 64, 32
and 12.8,aM) were prepared by dilution of the stock
standard. The working standards and a blank (wa
ter only) were processed with method II as in Part 2
(starting with deproteination step). Peak areas were
plotted versus amounts on column.

Six aliquots of the 128 ,aM standard were
processed simultaneously for determination of re
producibility .

HPLC conditions are shown in Table I.
Part 4: Recoveries and reproducibility of spiked

serum samples using method II. Working standards
(640,480,320 and 160 ,aM) were prepared by dilu
tion of the stock standard with water. Spiked serum
samples were prepared by reconstituting serum with
the working standards. A blank was prepared by
reconstituting with water.·

All four spiked samples and blank were diluted 5
times with water. Final concentrations were 128,96,

a Standards were treated similarly for control.
b Following Bilck et al.'s finding, recoveries ofderivatized serum

samples improve with dilution [81.
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TABLE II

DERIVATIZATION AND SOLID-PHASE EXTRACTION PROCEDURE FOR TOBRAMYCIN STANDARD/SAMPLES

Step

(I) Derivatization for method II

(2) Conditioning

(3) Load sample

(4) Wash

(5) Elute in sample vial
Add to sample vial'

(6) Mix

(7)

(8) Derivatization for method I

(9) Inject

Method I
(SPE-Derivatization)

1 ml acetonitrile
I ml acetoni trile-buffer"

100 Jll supernatant mixed with 100 Jll
acetonitriejbuffer"

Collect waste

.200 Jll acetonitrile-buffer"
Collect waste

600 JlI acetonitrile
400JllO.ot M phosphate buffer pH 11

Vortex sample vial

Dilute waste from steps 3 and 4 with four
volumes of water-acetonitrile (20:80) in
separate sample vials

DerivatizeAO Jll standard/samples from
steps 6 and 7 on AutoSampler with 40 JlI
OPA reagent

25 JlI from step 8

Method II
(Derivatization-SPE)

60 Jll supernatant was mixed with 240 Jll
acetonitrile and derivatized with 300 Jll
OPA reagentb

I ml acetonitrile
I ml acetonitrile-buffer"

600 Jll from step I and 300 JlI rinse mixed
with 100 Jll acetonitrile-buffer"

Collect waste

500 Jll acetonitrile-buffer"
Collect waste

440 JlI acetonitrile
40 Jll water

Vortex sample vial

25 ,il from steps 3, 4 and 6
25 JlI from step I as calibration standard

for both methods

a Acetonitrile--O.02 M phosphate buffer pH 8 (10:90).
b Derivatization is performed manually due to the SPE steps required before injection.

64, 32 and 0 j.tM. The samples and blank were
processed with method II as in Part 2 (starting with
the deproteination step). Relative recoveries were
determined based on the 640 j.tM standard.

Six aliquots of the 128 j.tM spiked sample w~re

processed simultaneously for determination of re
producibility.

HPLC conditions are shown in Table 1.

RESULTS AND DISCUSSION

of organic in the reaction medium. The chromato
gram in Fig. 2 represents 1 min reaction time and a

"WI
co.

...AJ _

OPA.oerlvatlzed Tobramycln OPA·Derlvatlzed Blank
(1.6 nmol)

Fig. 2. OPA derivatization of tobramycin. Detection, .fluores
cence (excitation 340 nm; emission 450 nm).

Part 1
It was found that the derivatization of tobramy

cin yields two peaks, as shown in Fig. 2. The first
peak elutes at 4 min and the second at 10 min. It
was noticed that the distribution of the two peaks
varies with reaction time as well as the the amount

II I I I I t I I • I t I I' t

o 4 8 '2
MIn....

II I I I I I I I I I I I 1.1 t
o 4 8 '2

MInuleo
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a Peak I for derivative I, peak 2 for derivative 2.

TABLE III

FACTORS AFFECTING FINAL PRODUCT

reaction medium contammg 80% acetonitrile.
There is no interference from the blank.

The effect of reaction time and reaction medium
on the ratio of the area of peak 2/peak 1 is displayed
in Table III. The ratio increases with increase in
acetonitrile. Precipitation was observed after about
30 min in the low acetonitrile samples, but not at 60
or 80% acetonitrile. To ensure adequate acetoni
trile in the sample solvent, 80% acetonitrile was
used for the rest of the study. To allow adequate
reaction time without making the analysis time too
long, a reaction time of 30 min was used.

The difference between detection by UV (254 nm)
and detection by fluorescence (excitation 340 nm,
emission 450 nm) for OPA-derivatized tobramycin

TABLE IV

EFFECT OF DERIVATIZATION ON SAMPLE CLEANUP

I I I I I I I I I. I I I I I I

o 4 8 12
Minute.

Fig. 4. Detection of OPA-derivatized tobramycin at 10 pmol on
column using fluorescence (excitation 340 nm: emission 450 nm).

Part 2
The recoveries at each SPE step between methods

I and II are shown in Table IV. In method I, where
SPE was performed before derivatization, the stan
dard lost 42.7 and 8.2% in the loading and washing
steps, and the recovery was 33.7%. The spiked se
rum sample lost 35.4 and 3.9% in the loading and

at 1.6 nmol (on column) is shown in Fig. 3. Fluo
rescence detection of derivatized tobramycin yields
two sharp peaks with a sensitivity about 40 times
that of UV detection. The detection limit was found
to be 400 pmol (on column) for UV and 10 pmol for
fluorescence (Fig. 4).

Peak areas and standard concentrations (peak 2)
were linearly related from 0.1 to 1.2 nmol on col
umn with a correlation coefficient of 0.998.

Peak 2jPeak I a

0.16
0.68
0.68

0.16
0.17
1.04
2.90
7.17

o

o
1

10
20
30

Reaction time
(min)

0:100
60:40
80:20

Sample solvent

Acetonitrile-water

Water

Method I, Method II,
post-SPE pre-SPE
derivatization derivatization

Standard Spiked Standard Spiked
serum serum

Sample concentration 480 480 640 640
(JlM)

Amount on column 300 300 200 20q
(pmoles)

Loss of sample (%) in
Loading 42.7 35.4 0.0 0.0
Washing 8.2 3.9 0.0 0.0

Absolute recovery (%) 33.7 2.8 100.3 97.5

II I I I I I I I I I I I I I I
a 4 8 12

Minutes

...

j
.......
o • 8

OPA-Derlvatlzed Tobramycln
(1.6 nmol) using UVat 254 nm

OPA·Derlvatlzed Tobramycln
(1.6 nmol) using F1uorascence
Ex. 340 nm, Em. 450 nm

Fig. 3. Detection enhancement using fluorescence vs. UV.
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1'1' ••• , I I , I I I I •

o 4 8 12
M1nutn

I. SPE-Derlvatlzatlon
100111 of 480 11M Sample
(300 pmol of Derivative
Expected)

It I I I I •••• I I fl'

o 4 8 '12
Mlnut••

II. Derlvatlzatlon-SPE
60 111 of 128 11M Sample
(200 pmol of Derivative
Injected)

'1 I I r. 1,_ I •• I I I I I

o 4 8 12
MInutn

II. Derlvatlzatlon-SPE
Blank

Fig. 5. Chromatograms of tobramycin-spiked serum: method I vs. method II. Detection, fluorescence (excitation 340 nm;'emission 450
nm).

washing steps and the recovery was 2.8%. The dif
ference between recoveries and loss in SPE is most
likely due to protein binding and silanol effects on
the SPE columns. On the other hand, using method
II, where derivatization was performed before SPE,
there was no loss in the loading and washing steps
and the recoveries were 100.3% for the standard
and 97.5% for the spiked sample.

The chromatograms of the eluates and a blank
are shown in Fig. SQ. The chromatogram from
method II has much less matrix components than
that from method I. There is also no interference
from the blank.

The derivatization of tobramycin before SPE in
creased the hydrophobicity of the analyte (relative
to the serum matrix) and enhanced its selectivity in
the SPE, yielding cleaner chromatograms and high
er recoveries than if the derivatization were per
formed after the SPE.

In method II, SPE was performed immediately
after the derivatization. The time lapse between the
derivatization and injection is about 15 min for the
first sample to be injected. The following samples
have a longer time lapse while sitting in the auto
sampler (15 min of run time for each preceding
vial). The reproducibility data show that the differ-

D Retention time of derivative 2 is shorter than in ParI I due to
an adjustment in mobile phase to 50% acetonitrile.

ence in time lapse among the samples did not affect
the area count. This is possibly due to a stabiliza
tion effect when the reaction medium is removed by
the SPE (leaving only the pure derivatives).

Part 3
Peak areas and serum concentrations were linea

rly related, using method II (12.8 to 128 /lM corre
sponding to 20 to 200 pmol on column) with a cor
relation coefficient of 0.998.

The reproducibility of six standard runs (96 /lM)
has a relative standard deviation of 1.1 %.

Part 4
The recoveries of spiked samples in the concen

tration range of 160 to 640 /lM (32 to 128 /lM after
dilution) are 92 to 106% with a relative standard
deviation of 6.6%.

The reproducibility of 6 spiked samples 640 /lM
(128 /lM after dilution) has an average recovery of
97% and a relative standard deviation of 3.6%.

An improvement that can be visualized for the
application of method II is to have an on-line SPE
processor to automate the SPE process in addition
to the derivatization process and inject the SPE el
uate onto the HPLC system.

CONCLUSIONS

The use of fluorescence detection of pre-column
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derivatized tobramycin has tremendously enhanced
detection sensitivity compared to detection by UV.
The derivatization is simple, occurs at room tem
perature, involves no highly toxic reagents and can
be fully automated.

Derivatization preceding SPE decreases the po
larity of the analyte (tobramycin), thus increasing
the selectivity in reversed phase SPE. The results
show very good recoveries, linearity, reproducibil
ity and separation of the analyte from the matrix
components.
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ABSTRACT

A reversed-phase column liquid chromatographic method was developed for the assay of cefadroxil in bulk drugs and pharmaceu
tical preparations. An equation was derived showing a linear relationship between peak-area ratios of cefadroxil to dimethylphthalate
(internal standard) and the cefadroxil concentration over a range of 0.02--0.8 mg/ml (r = 0.9999). Standard addition recoveries were
generally greater than 97.7%. The coefficients of variation in the within-day assay were between 0.36 and 0.65, and in the between-day
assay was 0.71 %. The column liquid chromatographic assay results were compared with those obtained from a microbiological assay,
which indicated that the proposed method is a suitable substitute for the microbiological method for potency assays and stability studies
of cefadroxil preparations.

INTRODUCTION

The present official assay method of the U.S.
Code of Federal Regulations [1] describes two offi
cial methods for potency assay of cefadroxil: a mi
crobiological method and hydroxylamine assay.
The regulations state that the results obtained from
the microbiological method shall be conclusive. The
greatest disadvantage of the microbiological, and
chemical methods in current use is their lack of
specificity. This deficiency has prompted the search
for an alternative method which is fast, simple and
selective, e.g. column liquid chromatography (LC).
Several LC methods for the determination of ce
fadroxil in biological fluids [2-4] and to separate
cephalosporin compounds [5-8] have been report
ed.

In order to establish whether an LC method is
acceptable, it is important to determine whether it is

Correspondence to: Dr. Mei-Chich Hsu, National Laboratories
of Foods and Drugs, Department of Health, Executive Yuan,
161-2 Kuen Yang St., Nankang, Taipei 115B, Taiwan.

robust enough for assaying samples kept under ex
treme conditions. Degradation in the sample should
be equally reflected by microbiological and LC as
says. This paper describes a comparison of a pro
posed LC method with a microbiological assay for
the determination of cefadroxil in commercial for
mulations. Further, cefadroxil was kept at elevated
temperatures as part of an accelerated degradation
experiment and assayed by microbiological and LC
methods.

EXPERIMENTAL

Apparatus
A Waters Model 600E consisting of two solvent

pumps, a Model 484E UV detector and a Model
746 data module were employed during the study.
Samples were introduced through a Model U6K in
jection valve (Waters Chromatography Division,
Milford, MA, USA). The mobile phase was
pumped through a reversed-phase column ({tBond
apak CiS, 30 cm x 3.9 mm J.D., particle size 10 {tm;
Waters PIN 27324) The mobile phase was aceto-

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.Y. All rights reserved
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nitrile-O.OI M phosphate buffer solution, pH 4.5
(60:40, v/v). The mobile phase was filtered (0.45-,um
Millipore filter) and degassed with an ultrasonic
bath prior to use. Flow-rate was 1.0 ml/min. The
detector was set at 254 nm. Chromatography was
performed at room temperature. Injections of 10 ,ul
were made of all'solutions to be analysed.

Reagents and materials
Acetonitrile, LC grade was supplied by J. T.

Baker (Phillipsburg, NJ, USA). Potassium phos
phate, monobasic, reagent grade, was supplied by
Wako (Osaka, Japan). Dimethylphthalate, reagent
grade, was supplied by E. Merck (Darmstadt, Ger
many). Cefadroxil was NLFD house standard (Na
tional Laboratories of Foods and Drugs, Taipei,
Taiwan). Different lot numbers of cefadroxil bulk
drugs were kindly donated by local manufacturers.
Capsules and powders to make solutions of cefa
droxil to be taken orally were obtained from com-

M.-c. Hsu et al. / J. Clzromatogr. 609 (1992) 181-186

mercial sources. Double-deionized water was used
for all solution preparations.

Standard solutions
Internal standard dimethylphthalate (3 g) was

dissolved in 100 ml of acetonitrile-water (1:1). Ex
actly 0.5 ml of this internal standard solution were
added to 5.0 ml of a I mg/ml cefadroxil standard
solution and the volume was made up to 50.0 ml
with 0.1 M phosphate buffer solution (pH 4.5).

Sample preparation
To accurately weighed samples of bulk drugs,

homogeneous capsule contents or powders for oral
solution formulations (equivalent to 50 mg of ce
fadroxil) were added 50 ml of 0.1 M (pH 4.5) phos
phate buffer solution. Exactly 0.5 ml of internal
standard solution was added to 5.0 ml of I mg/ml
cefadroxil sample solution and the volume was
made up to 50.0 ml with 0.1 M phosphate buffer
solution (pH 4.5).

TABLE I

RECOVERY OF CEFADROXIL FROM VARIOUS COMMERCIAL COMPOSITES

Manufacturer Added (mg) Found (mg)

Capsule (250 mg)
A 1.0 0.99
B 1.0 0.99
C 1,.0 1.01

Capsule (500 mg)
B 1.2 1.19
D 1.2 1.21
E 1.2 1.21
F 1.2 1.21
G 1.2 1.21
H 1.2 1.20
I 1.2 1.21
J 1.2 1.19
K-l 1.2 1.18
K-2 1.2 1.18
K-3 1.2 1.21
K-4 1.2 1.21
L 1.2 1.20
M 1.2 1.17
N 1.2 1.20

Powders for oral solution (125 ing/5 m!)
B 2.4 2.48
C 2.4 2.54
I 2.4 2.48
K 2.4 2.39

Average recovered (%)

99.5

99.8

103.1
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These data indicate that the proposed LC method is
relatively unaffected by the sample matrix.

Typical chromatograms of the cefadroxil com
mercial dosage forms are shown in Fig. 1. The re
tention time was about 2.4 min for cefadroxil and
4.7 min for the internal standard. Excipients from
commercial formulations did not interfere.

When samples of capsule and powders for oral
solution formulations were heat degraded, the re
sulting mixtures yielded chromatograms containing
additional peaks, none of which interfered with the
interpretation and measurement of the chromato
graphic peaks for cefadroxil and dimethylphthalate,
as shown in Fig. 1. In addition, a decrease in peak

Minutes

Fig. I. ~hromatograms of cefadroxil preparations: (A) house
standard; (B) bulk drug substance; (C) capsule; (C-I) degraded
capsule; (D) powder for oral solution; (D-I) degraded powder
for oral solution. Peaks: I = cefadroxil; 2 = dimethylphthalate.
Arrows indicate degradation compounds.

Solution for linearity response
Ten solutions of cefadroxil, which ranged in con

centration from 0.02 to 0.8 mg/ml, were prepared.
Each solution was chromatographed six times.

Solutions for recovery studies
Different amounts of cefadroxil standard and

appropriate amounts of internal standard solution
were combined. Each solution was chromato
graphed in triplicate.

Microbiological assay procedure
Bacillus subtilis (Culture Collection and Research

Center, Taiwan) was used in the microbiological as
say. According to the cup plate method, standards
and test drugs were diluted to 1.0 mg/ml (potency)
with 0.1 M phosphate buffer solution (pH 4.5) and
then diluted to 30.0 and 7.5 J.lg/ml with 0.1 M phos
phate buffer solution (pH 4.5) on the day of analy
sis. Five 9.0-cm-diameter Petri dishes were used for
each sample. After incubation for 16-18 h, the zone
diameter was measured by a zone analyser (Model
ZA-F; Toyo, Tokyo, Japan).

RESULTS AND DISCUSSION

The linearity of the relationship between peak
area ratio (cefadroxil vs. internal standard) and ce
fadroxil concentration was verified by injection of
ten solutions containing 0.2-8 J.lg of cefadroxil and
3 J.lg of dimethylphthalate. A straight line with a
correlation coefficient of 0.9999 (y = 11.3444x +
0.0010) was obtained when the ratios of the area
counts of the cefadroxil divided by the area counts
of the internal standard were plotted against con
centration of cefadroxil.

Reproducibilities for both within-day assays and
between-day assays were evaluated. The coefficients
of variation, on the basis of peak-area ratios for six
replicate injections in the within-day assay, were be
tween 0.36 and 0.65% at the cefadroxil amount of
1 J.lg. The coefficient of variation in the between-day
assay (n = 6) was 0.71 % at the same amount.

The results of standard addition recovery studies
of cefadroxil trom sample composites of commer
cial preparations and powders for oral solution are
shown in Table 1. The average recoveries were
99.5% for 250-mg capsules, 99.8% for 500-mg cap
sules and 103.1 % for powders for oral solution.

Q)

<1>
C
o
Co
<1>
Q)

D::

A

B

o

2

2

i

3 6

c

C-1

o

2

2

i I

3 6

o

2

2

0-1

i I

o 3 6



184 M.-C. Hsu el al. / J. Chromatogr. 609 (1992) 181-186

TABLE II

COMPARISON OF MICROBIOLOGICAL AND LC ASSAYS FOR CEFADROXIL

The potency was determined as micrograms per milligram"for bulk drug and as a percentage of the declared amount for dosage forms:
Values for the microbiolo~cal assay are averages of five determinations; values for LC are averages of three determinations.

Sample FoiJndin

Microbiological LC
assay

Bulk drug
House standard
Brand C
Brand D
Brand E
Brand F
Brand G
Brand H
Brand I

'Brand J

Dosage form. declared
Brand A, 250 mg/capsule
Brand B

250 mg/capsule
500 mg/capsule
125 tng/5 ml powders for oral solution

Brand C
250 mg/capsule
125 mg/5ml powders for oral solution

Brand D, 500 mg/capsule
Brand E, 500 mg/capsule
Brand F, 500 mg/capsule
Brand G, 500 mg/capsule
Brand H, 500 mg/capsule
Brand I

500 mg/capsule
125 mg/5ml powders for oral solution
250 mg/5ml powders for oral solution

Brand J, 500 mg/capsule
Brand K, 125 mg/5 ml powders for oral solution
Brand K-I, 500 mg/capsule
Brand K-2, 500 mg/capsule
Brand K-3, 500 mg/capsule
Brand K-4, 500 mg/capsule
Brand L, 500 mg/capsule
Brand M, 500 mg/capsule
BrandN, 500 mg/capsule

934.8
909.9
915.0
918.6
884.8
896.1
940.8
918.4
927.1

105.1

94.9
94.0

102.4

105.9
110.3
102.0
102.7
99.5

103.9
108.5

103.3
107.4'
105.2
97.5

108.2
102.0
97.3

107.0
101.3
98.4
95.0
94.5

934.8
915.3
923.7
923.7
915.3
915.3
898.3
915.3
906.8

Itl4.4

97.4
95.6

106.1

107.8
113.9
107.0
104.4
101.7
102.6
111.3

100.9
104.4
103.5
100.0
119.2
105.2
99.1

107.0
99.1
97.4

103.5
98.3

height (and/or peak area) with increase in temper
ature and time can be observed.

A number of samples of bulk drug substance and
commercial preparations of fourteen brands were
analysed for cefadroxil content by LC. These sam
ples were also assayed by the microbiological meth-

od. The results are shown in Table II. A t-test was
applied to the data: analysis showed no significant
difference at the 99% confidence level for any of the
preparations when assayed by the microbiological
or LC methods.

A study was initiated to ascertain the suitability
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TABLE III

COMPARISON OF PERCENTAGE POTENCY OF CEFADROXIL FORMULATION AS DETERMINED BY MICROBI
OLOGICAL AND LC METHODS

Formulation

Capsule (250 mg)

Capsule (500 mg)

Powders for oral solution (125 mg/5 ml)

Percentage of declared concentration in

Microbiological LC
assay

111.0 104.2
91.6 93.0
87.8 84.0
63.2 69.0

112.2 116.4
104.3 104.3
102.7 104.4
101.6 100.7
102.3 99.2
100.5 96.8
94.6 98.4
90.1 91.2
83.8 85.2
69.0 75.6
58.7 61.8
36.8 40.4
32.8 37.6
22.2 26.7
15.7 20.6

106.7 1l0.5
101.2 IOU
89.7 86.6

of the proposed method for stability studies. Sam
ples were made to a concentration of I mg/ml and
stored in temperature-controlled cabinets (ambient
or 55-150°C). Samples were taken from the cabinets
periodically for microbiological and LC assays. The
assay values, expressed as a percentage of the level
claim, are given in Table III. The 22 paired values in
Table III have a correlation coefficient of 0.994.
This value indicates that no significant difference
was found in the assay values obtained by the two
analytical methods for degraded or non-degraded
samples.

This study demonstrates the applicability of the
proposed LC method for the potency determination
ofcefadroxil in bulk drug, capsules and powders for
oral solution formulations. The method can be suc
cessfully used for routine quality control and stabil-

ity assays and offers advantages in speed, simplicity
and reliability.
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ABSTRACT

I-Decyl-3-(N,N-diethykarbamoyl)piperidine (1) and rx,rl-bis[3-(N-benzyl-N-methylcarbamoyl)piperidinol)-p-xylene (2) represent
mono-N-substituted and bisoN-substituted carbamoylpiperidines, or nipecotic acid amides, respectively. Initially, several attempts were
made to resolve these compounds using {J-cyclodextrin, cellulose carbamate and Pirkle-type columns. However, the interactions of the
stereoisomers of the two compounds with these stationary phases did not differ enough to permit satisfactory separations. Baseline
resolution was achieved using an rxl-acid glycoprotein (AGP) chiral column. The mobile phase was phosphate buffer (pH 7.0).
Tetrabutylammonium (TBA) was used as the cationic modifier and ethanol as the uncharged modifier. Circular dichroism was used to
identify the enantiomers. Compound I was resolved into positive and negative enantiomers and 2 into positive and negative
enantiomers and a meso diastereomer. The influence of pH, buffer ionic strength, cationic and uncharged modifier concentrations on
retention, 'chiral selectivity and resolution were evaluated. Based on the results, it is suggested that both ionic and hydrophobic
interactions maybe responsible for retention and resolution.

INTRODUCTION

Many drugs are marketed as racemates although
one enantioner may contribute to virtually all of the
therapeutic activity [1]. In a few instances, the less
active isomer happens to be the more toxic one [2].
Therefore, chiral resolutions of biologically-.active
compounds assume considerable therapeutic im
portance.

Our laboratory has been engaged in the synthesis
of nipecotic acid amides (Fig. 1) of types I and II as
potential antithrombotic agents. Although the pre
cise mechanism of the antiplatelet action of these
compounds has not yet been elucidated, it has been
hypothesized that they interact with anionic phos
pholipids, e.g., phosphatidylserine and phosphati-

Correspondence to: Dr. R. Gollamudi, Department of Medicinal
Chemistry, University of Tennessee-Memphis, Memphis, TN
38163, USA.

dylinositol, of the platelet membrane [3,4] and of
certain intracellular organelles [5,6]. As these phos
pholipid molecules contain many chiral centers, it is
conceivable that stereoselective interactions occur
with xenobiotics. Types I and II compounds have
chiral centers at the 3-position of the piperidine ring
and therefore could exhibit stereoselective inter
actions with anionic phospholipids. With a view to
investigating such properties, we have attempted the
resolution of these compounds. 1-Decyl-3-(N,N
diethylcarbamoyl)piperidine hydrobromide (1; type
I, n = 9, R, R' = Et) and rx,rx'-bis[3-(N-benzyl
N-methylcarbamoyl)piperidinolop-xylene dihydro
bromide (2; type II, R = Bz, R' = Me) were chosen
for resolution as representatives of the two structur
al types. Compound 1 has been reported to inhibit
ADP-induced human platelet aggregation in vitro
(Icso 174.3 pM) [7]. Compound 2 was potent in
inhibiting platelet aggregation in vitro (Icso 27.3
pM) [8] and in protecting mice from thromboembo-

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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Type I. 1· [3 - (N, N • dialkylcarbamciyl) piperidino]-alkanes

Type II. rt.,rl-Bis [3 - (N, N - dialkylcarbamoyl) piperidino]-p-xylenes

Fig. l. Structures of nipecotic acid amides. The chiral centcr is
indicated with an asterisk.

lie death upon challenge with collagen and epine
phrine [9]. Compound 1 can exist as Rand S
enantiomorphs and 2, which has two chiral centers,
can exist as R,R and S,S enantiomers and R,S and
S,R diastereomers. The R,S and S,R forms are
superimposable and, therefore, achiral. Conse
quently, they are represented as the meso configura
tion. This paper describes the resolution of 1 and 2
on a chiral aI-acid glycoprotein (AGP) column.

EXPERIMENTAL

Materials
Tetrabutylammonium (TBA), hydrogensulfate,

bromide, chloride and hydroxide were purchased
from Sigma (St. Louis, MO, USA). Anhydrous
NazHP04 (analytical-reagent grade) was obtained
from Mallinckrodt (St. Louis, MO, USA) and
NaHzPOz (reagent grade) from MCB Manufact-.
uring Chemists (Cincinnati, OH, USA). Platinum
(IV) oxide monohydrate was purchased from
Aldrich (Milwaukee, WI, USA). High-performance

Z. Feng et al. / J. Chromatogr. 609 (1992) 187-193

liquid chromatographic (HPLC) solvents including
water were supplied by Burdick and Jackson
(Muskegon, MI, USA). All solvents and buffers
were filtered using nylon-66 (0.45-Jim) filters (Rain
in Instruments, Woburn, MA, USA). The solvents
were continuously degassed by purging with helium
(ultrahigh purity; Liquid Air, Walnut Creek, CA,
USA).

Instrumentation
The chromatographic system consisted of a

Waters U6K injector, a Model 600E Powerline
multi-solvent delivery system, a Model 484 tunable
UV-VIS detector, a NEC PowerMate SX plus
computer with an NEC P5200 printer/plotter and
Baseline 810 Chromatography Workstation soft
ware. A chiral AGP (5-Jim) analytical column
(100 x 4.0 mm J.D.) was purchased from Regis
Chemical (Morton Grove, IL, USA). The following
chiral HPLC columns (250 x 4.6 mm J.D.) (5 Jim)
were used in the exploratory part of this investiga
tion: (R)-naphthylalanine (covalent), (S)-naphthyl
leucine (covalent) (both from Regis Chemical), (R)
naphthylurea and (R)-(3,5-dinitrobenzoyl)phenyl
glycine (covalent) (both from J. T. Baker, Phillips
burg, NJ, USA) and (S)-naphthylethylcarbamate
derivatized fJ-cyclodextrin (Cyclobond I SN) (from
Astec, Whippany, NJ, USA). Chiralcel AD and
Chiralpak OD were both obtained from Chiral
Technologies (Exton, PA, USA).

Synthesis
Compound 1 was synthesized as described [10].

Compound 2 was obtained by the catalytic reduc
tion (PtOz-H z) of a,a'-bis[N-benzyl-N-methylcar
bamoyl)pyridinium]-p-xylene dibromide, which was
prepared by the condensation of a,a'-dibromo-p
xylene and N-benzyl-N-methylnicotinamide; the
latter was obtained by reaction of nicotinoyl chlo
ride with N-benzylmethylamine [8].

HPLC
In the exploratory phase of the chiral separations,

the mobile phases consisted of various ratios of
solvents at flow-rates ranging from 0.4 to 0.9
ml/min. The following are typical examples, where
either very poor or no resolution occurred and 1 and
2 eluted as fused, or single peaks: with (S)-naphthyl
leucine column, n-hexane (with and without 0.0025
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RESULTS AND DISCUSSION

20 40 60,min

Fig. 2. Chromatogram showing resolution of 1 (2 Jig injected). A
chiral AGP (5-Jim) analytical column (100 mm x 4 mm I.D.) was
used with a mobile phase consisting of 10% ethanol in 0.025 M
PB (pH 7.0) containing of 0.025 MTBA' HS04 • Flow-rate, 0.9
ml/min; temperature, ambient.

conditions for CD data acquisition were as follows:
band width = 2 nm; slit width = auto; time con
stant = 2.0 s; step resolution = 1nm; scan speed =
50 nm/min; number of scans = 2; wavelength set
from 180 to 500 nm. The raw data was further
smoothed using a set data interval of 1.

Io.o028.u.
(-)

, B

A

(+)

Compound 1 was resolved into two components,
lA and IB (Fig. 2), and 2 was separated into three
components, 2A, 2B and 2C (Fig. 3), achieving a
baseline separation on the exl-AGP column with a
mobile phase consisting of 10% ethanol in 0.025 M
PB containing 0.025 M TBA . HS04 (pH 7.0) at a
flow-rate of 0.9 ml/min. It is apparent from the CD
spectra that lA has a positive Cotton effect at 230
nm and that IB is its optical antipode with a negative
Cotton effect at the same wavelength (Fig. 4).
Components 2A and 2C appear to be enantiomers,
giving negative and positive Cotton effects respec
tively, at 235 nm (Fig. 5). Fraction 2B, which shows
no Cotton effect, should be the meso isomer.

Several attempts were made to resolve these
compounds on fJ-cyc1odextrin, cellulose carbamate
and Pirkle-type columns. The interactions of the two
enantiomers of 1 and of the three isomers of 2 with
the stationary phases of these columns did not differ
sufficiently to afford satisfactory resolution. The
exl-AGP column, derived from human plasma, has

Resolution ofcompounds 1 and 2 on a chiral exl-AGP
column

A systematic study was carried out with a view to
(i) establishing how separation is affected by altering
experimental parameters such as pH, ionic strength
and flow-rate, and (ii) obtaining an optimum sepa
ration of the isomers. The HPLC conditions and
parameters were gradually changed and the resul
tant effects on the capacity factor (k'), selectivity (ex)
and resolution (R s) were calculated using the fol
lowing equations:

k' = (VI - Vo)/Vo

ex = (V2 - VO)/(VI - Vo)

R s = (VZ - VI )j[1/2(WI + Wz)]

M triethylamine)-methanol, 2-propanol or 2-but
anol, n-hexane (0.0025 M triethylamine)-2-butanol
and chloroform, k' = 1.5-14 when triethylamine
was added to n-hexane and > 60 when it was not
added; with (R)-naphthyla1anine column, n-hexane
(0.0025 M triethylamine)-2-propanol-ehloroform,
k' = 4-19; with Cyc1obond I SN column, n-hexane
2-propanol, acetonitri1e-triethy1ammonium acetate
(pH 4.0 and 7.0), k' = 4-14; and with Chiralcel AD
column, 2-propanol-n-hexane, ethanol-n-hexane
and methanol-n-hexane, k' = 4-14.

where VI and Vz = retention volumes of the first
and second-eluted components, respectively, V o =
void volume and WI and Wz = widths of peaks A
and B, respectively. Optimum conditions consisted
of a mobile phase of 10% ethanol in 0.025 M
phosphate buffer (PB) (pH 7.0) containing 0.025 M
TBA . HS04 . The flow-rate was 0.9 ml/min and the
detector was set at 225 nm. Compounds 1 and 2 were
dissolved in the mobile phase for injection into the
column.

Circular dichroic spectra
A Jasco (Tokyo, Japan) J-600 spectropolarimeter

was used to obtain circular dichroic (CD) spectra.
The collected chromatographic fractions were ex
tracted with diethyl ether (pH 9.0), the solvent was
evaporated and the residues were dissolved in 2.2 ml
of cyc10hexane (HPLC grade, Aldrich). Dissolution
was completed with the help of a vortex stirring
device. A 1.0-cm path-length cylindrical quartz cell
(Jasco) was used to hold the sample solution. The
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Fig. 5. CD spectrum of fractions A, Band C separated from 2.
Approximate concentrations: 2A = 0.4, 2B = 0.2 and 2C = 0.5
mg/ml in cyclohexane. Wavelength in nm; e in millidegrees.

Fig. 3. Chromatographic resolution of2. Conditions as in Fig. 2.

Wavelength

Fig. 4. CD spectrum of fractions A and B from 1. Approximate
concentrations: 1A = 0.1 and 1B = 0.5 mg/ml in cyclohexane.
Wavelength in nm; ein millidegrees.

been found to be useful for the separation of a
number of basic pharmaceutical compounds, pre
sumably because this acidic protein can interact with
protonated bases by ion exchange [11]. It therefore
appeared suitable for the resolution ofnipecotic acid
amides (3-carbamoylpiperidines). a1-AGP, with an
isoelectric point at pH ~ 2, has a net negative
charge at pH 7.0 [11]. The piperidine nitrogen of 1
and 2 is believed to be protonated at pH 7.0 and can
be expected to be tightly bound to the stationary
phase. Also, because of the presence of a C10 alkyl
chain in 1 and the xylylene moiety in 2, both ionic
and hydrophobic interactions are possible. The
cationic modifier TBA could compete with 1 and 2
for ionic bonding with anionic groups such as sialic
acid residues present on the glycoprotein [11].

arAGP contains several chiral centers with dif
ferent binding characteristics. It is therefore possible

+20 r-"'"T""---.r---r---,.-..--,"'"T""---.r---r---,.---,

to alter the retention time, selectivity and resolution
by varying the mobile phase pH, molarity and
organic and ionic modifiers, in order to arrive at an
optimum separation.

Effect of uncharged modifier
Organic solvents influence resolution and selec

tivity by causing conformational changes in the
protein molecules. The retention, selectivity and
resolution of 1 decreased when the organic modifier
was changed from ethanol to 2-propanol and from

Effect ofpH
The influence of pH was more pronounced than

the effects of organic and ionic modifiers. Retention
and resolution increased with increasing pH, sug
gesting that an increase in the negative charge of the
AGP molecule results in a greater ion-exchange
binding of the positively charged sample molecules
(Table I). Thus, for 1, changing the pH from 6.0 to
7.0 increased a from 1.14 to 1.58 and increased Rs

from 0.43 to 1.28, providing baseline separation of
the two components. At pH 7.0, the three compo
nents of 2 showed baseline separation (a1 = 1.87,
a2 = 1.51) but lower pH values resulted in incom
plete resolution or no resolution at all. Because of
the low efficiency of AGP columns. selectivity
factors > 1.5 are believed to be required to achieve
baseline separations [12].

It may be noted that with 1 and 2, a cationic N+
moiety (at pH 7.0 of the mobile phase) is separated
from the chiral center by one carbon atom and also
the hydrogen-bonding amide group is coupled di
rectly to the chiral center, features deemed favorable
for chiral resolution on an a1-AGP column [13] .

60 min4020
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TABLE I

EFFECT OF pH ON CAPACITY FACTOR (k'), SELECTIVITY (0:) AND RESOLUTION (R,)

Mobile phase: 0.025 M phosphate buffer containing 10% ethanol and 0.025 M TBA . HS04 . Flow-rate, 0.9 ml/min.

191

pH 1

k" 0: R,

6.0 10.82 1.14 0.43
6.5 17.15 1.21 0.76
7.0 19.91 1.58 1.28

• Capacity factor of the second-eluted peak.
• Capacity factor of the. third-eluted peak.
, Resolution of peaks A and B.
d Resolution of peaks Band C.

2

k'· 0:1 0:2 Rs1
c R,l

One peak
Two peaks
21.65 1.87 1.51 1.29 0.88

TABLE II

EFFECT OF ORGANIC MODIFIER ON CAPACITY FACTOR (k'), SELECTIVITY (0:) AND RESOLUTION (R,)

Mobile phase: 0.025 M phosphate buffer (pH 7.0) containing 10% oforganic modifier and 0.025 M TBA HS04 . Flow-rate, 0.9 ml/min.

Organic 1 2
modifier

k" 0: R, k'· 0:1 0:2 Rs1
c

R'2
d

Ethanol 19.91 1.58 1.28 21.65 1.87 1.51 1.29 0.88
2-Propanol 10.94 1.40 0.76 12.49 1.46 1.32 0.93 0.62
Acetonitrile 9.31 1.18 0.69 10.49 1.35 1.62 0.84 1.33

• Capacity factor of the second-eluted peak.
• Capacity factor of the third-eluted peak.
, Resolution of peaks A and B.
d Resolution of peaks Band C.

TABLE III

EFFECT OF MOBILE PHASE SOLVENT RATIO WHEN USING ETHANOL AS ORGANIC MODIFIER ON CAPACITY
FACTOR (k'), SELECTIVITY (0:) AND RESOLUTION (R,)

Mobile phase: 0.025 M phosphate buffer (pH 7.0) containing ethanol and 0.025 M TBA . HS04 • Flow-rate, 0.9 ml/min. The values
represent averages of three independent determinations.

Ethanol-buffer 2
(v/v)

k" 0: R, k'· 0:1 0:2 R'I' R'2
d

20:80 10.98 1.52 1.11 10.08 1.33 1.32 0.61 0.76
15:85 17.25 1.59 1.34 18.48 1.36 1.45 0.75 0.92
10:90 22.32. 1.60 1.36 26.35 1.57 1.53 0.96 1.10
7:93 41.84 1.70 1.61 55.19 1.77 1.45 1.85 1.34
3:97 107.86 1.73 1.97 153.99 3.11 1.44 3.54 1.48

• Capacity factor of the second-eluted peak.
• Capacity factor of the third-eluted peak.
, Resolution of peaks A and B.
d Resolution of peaks Band C.
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TABLE IV

EFFECT OF BUFFER CONCENTRATION ON CAPACITY FACTOR (k'), SELECTIVITY «(X) AND RESOLUTION (Rs)

Mobile phase: Phosphate buffer (pH 7.0) containing 10% ethanol and 0.025 M TBA .:HS04 . Flow-rate, 0.9 rnl/rnin. The values represent
averages of three independent determinations.

Buffer 1 2
concentration
(M) k'· (X R k'b (XI (X2 Rs1

c Rs2
d

s

0.01 24.52 1.40 1.21 29.04 1.46 1.61 0.84 1.28
0.015 24.19 1.49 1.28 28.56 1.57 1.56 0.88 1.14
0.025 22.32 1.60 1.36 26.35 1.57 1.53 0.96 1.10
0.035 18.00 1.60 1.37 25.32 1.69 1.43 1.00 0.81

• Capacity factor of the second-eluted peak.
b Capacity factor of the third-eluted peak.
, Resolution of peaks A and B.
d Resolution of peaks Band C.

2-propanol to acetonitrile (Table II). Similarly, the
k', (Xl and Rsl values of the first and second
components of 2 decreased when the organic modi
fier was changed from ethanol to 2-propanol and
then to acetonitrile. Consequently, ethanol was
chosen as the organic modifier, although a. better
resolution of the second and third peaks of 2 was
observed with acetonitrile than with ethanol as the
modifier.

As would be expected, the retention times in
creased with decreasing ethanol concentration
(Table III). The selectivity and resolution of both

compounds increased when the ethanol concentra
tion was decreased from 20% to 3%. The separation
factor «(X2) for peaks Band C of 2 increased with
decreasing ethanol concentration from 20% to 10%.
Further reduction to 3% resulted in a decrease in (X2'

Effec.t ofbuffer and cationic modifier concentrations
The concentration of PB was increased stepwise

from 0.01 to 0.035 M while maintaining the TBA
HS04 concentration at 0.025 M (Table IV). In
creasing the buffer concentration resulted '·in a
decrease in k', suggesting an ion-exchangerete6tion

TABLE V

EFFECT OF CATIONIC MODIFIER (TBA . HS04 ) ON CAPACITY FACTOR (k'), SELECTIVITY «(X) AND RESOLUTION (Rs)

Mobile phase: 0.025 M phosphate buffer (PH 7.0) containing 10% ethanol and various concentrations ofTBA . HS04 . Flow-rate, 0.9
rnl/rnin. The values represent averages of three independent determinations.

TBA'HS04 2
concentration
(M) k,a (X Rs k'b (Xl (X2 R.,j' Rs/

r

0.01 40.10 1.42 1.18 52.46 1.39 1.61 0.71 1.33
0.015 29.01 1.45 1.35 40.93 1.47 1.58 0.89 1.15
0.025 22.32 1.60 1.36 26.35 1.57 1.53 0.96 1.10
0.035 19.29 1.60 1.72 24.49 1.67 1.44 1.18 0.89

a Capacity factor of the second-eluted peak.
b Capacity factor of the third-eluted peak.
e Resolution of peaks A and B.
d Resolution of peaks Band C.
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process. The selectivity and resolution increased
with increasing buffer concentration. However, CXz

and Rsz decreased with increasing buffer concentra
tion.

The relationship between selectivity and concen
tration of the charged modifier was also studied
while the molarity of PB was maintained constant.
Increasing the concentration of TBA from 0.01 to
0.035 M resulted in a decrease in the retention times
and an increase in selectivity and resolution. How
ever, the CXz and Rsz values of 2 decreased with
increasing TBA concentration (Table V). A change
in the modifier concentration resulted in a change in
selectivity, and as retention appears to be based on
an ion-pairing mechanism, 3-carbamoylpiperidines
can be presumed to bind to multiple chiral and
achiral sites on the glycoprotein. If, on the other
hand, the enantiomers were to be retained by a single
type of binding site, then the stereoselectivity would
not change with changes in the cationic modifier
concentration [14].

The separation (cx) and resolution (R s) of the two
enantiomers of 1, and those of peaks A and B of 2,
followed the expected behavior. However, the CXz

and Rsz values of peaks Band C of 2 showed
unexpected variability (Tables III-V). It is possible
that stereochemical interactions between the latter
two peaks and the chiral stationary phase are
controlled by factors other than ion-exchange and
hydrophobic interactions.

A flow-rate of 0.9 ml/min was chosen bequse of
inefficient resolution at lower flow-rates. Ambient
temperature was used for analysis. Higher or lower
temperatures did not improve resolution.

The conditions that were chosen for further
resolution of 1 and 2 consisted of a mobile phase of
10% ethanol in 0.025 M PB containing 0.025 M
TBA' HS04 (pH 7.0) with a flow-rate of0.9 ml/min.
These conditions afforded baseline chiral resolution
of 1 and 2.

Column stability
Initially (1 week), the selectivity factor cx for 1 was

1.60. After 4 weeks of use (200 injections), cx was
1.47. During this period, the column was cleaned
daily with water followed by 25% aqueous 2-prop
anol. It was also occasionally flushed with 0.01 M
PB (pH 3.5) followed by 50% aqueous ethanol. The
routine and diverse use of the column for 4 months
and approximately 400 injections resulted in a
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deterioration of its performance, and 2 was resolved
into only two peaks (cx = 1.46) instead of three.

CONCLUSIONS

The resolution ofmono- and bis-substituted nipe
cotic acid amides was not possible on many conven
tional chiral HPLC columns. Adequate separation
was achieved on the cxl-AGP column. Complete
baseline chiral separation of 1 and 2 was achieved on
this column with a mobile phase consisting of 10%
ethanol in 0.025 M PB containing 0.025 M TBA .
HS04 at pH 7.0. Compound 1was separated into two
enantiomers and 2 into two enantiomers and a
diastereomer, as corroborated by their CD spectra.
The effects of pH, ionic strength and ionic and
uncharged modifiers were evaluated. Based on the
results, an ion-pairing mechanism and hydrophobic
interactions appear to be responsible for retention
and resolution.
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ABSTRACT

A method has been developed for the determination of the organotin pesticides fentin, cyhexatin and fenbutatin oxide by high
performance liquid chromatography combined with UV photoconversion and post-column morin complexation followed by fluo
rescence detecton. After optimization of the relevant parameters the feasibility of the method for analysing environmental samples was
investigated. Detection limits are 1-2 ng in standard solutions, 0.02-0.03 J1.g/l in surface water and 0.2-0.3 J1.g/g in soil and sediment. The
higher detection limits for soil and sediment samples are due to interfering compounds present in the matrix. The method allows trace
level determinations in water samples. As an example, in a ditch adjacent to a potato field 16 days after a routine spraying with
triphenyltin acetate, water concentrations of 0.03 J1.g/l could still be detected.

INTRODUCTION

Organotin compounds are used as poly(vinyl
chloride) (PVC) stabilizers and as biocides in agri
culture and antifouling paints. The annual world
wide production of organotins amounted to 40 000
tons in 1986 [1]. Since the disastrous effects of the
use of organotins [mainly tributyltin salts (TBT)] in
antifouling paints on the oyster culture in the bay of
Arcachon (France), where oyster production fell by
70% in 2 years [2] and similar problems on the
southern English coast [3], the environmental risk
of organotin-based antifoulings became recognized.
In many countries such as France, the UK, the

Correspondence to: Dr. J. A. Stab, Institute for Environmental
Studies, Free University, De Boelelaan 1115, 1081 HV Amster
dam, Netherlands.

Netherlands and the USA, the use of organotin
based antifoulings is now restricted.

Another even larger deliberate input of organotin
compounds into the environment occurs via their
use as pesticides (Fig. 1) in agriculture. For exam
ple, in the Netherlands the annual use of fentin [tri
phenyltin acetate (TPT)] on potato crops was 300
tons of active compound in 1987[4]. This represents
8% of the total amount of fungicides used in agri
culture in the Netherlands [5]; actually, compared
with organotin-based antifoulings, three times more
organotins were used in agriculture than in anti
foulings in 1985 [1]. Fenbutatin oxide [hexakis-(2
methyl-2-phenylpropyl)distannoxane, FBTO] and
cyclohexyltin compounds [cyhexatin; tricyclohexyl
tin hydroxide or azocyclotin; tricyclohexyltin-l ,2,4
triazole (TCT)] were used in much more limited
amounts, viz. 8 and 1 tons, respectively, in 1987.

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved



Fig. I. Structural formulae of organotin pesticides. (A) Triphe
nyltin (TPT), for fentin, X = acetate. In the environment X is
rapidly exchanged for a hydroxide ion. In the current study tri
phenyltin chloride ex = CI) was used. (B) Tricyclohexyltin hy
droxide, cyhexatin (TCT). (C) Fenbutatin oxide (FBTO). In the
environment the dimeric form decomposes rapidly to the mono
meric (hydroxide) form.

FBTO is mainly used on tomatoes and cucumbers
and TCT is used on apples [4].

Sensitive techniques for the determination of or
ganotin residues are essential in view of the envi
ronmental hazards. Several techniques exist for the
determination of butyltin compounds. Gas chro
matographic (GC) methods commonly rely on al
kylation or hydride formation to obtain volatile de
rivatives. Several detection techniques can be ap
plied: flame photometric [6,7], atomic absorption
spectrometric (AAS)[8,9], mass spectrometric (MS)
[10,11] and atomic emission detection [12].

High-performance liquid chromatography
(HPLC) can handle more polar compounds than
GC, therefore no derivatization prior to chroma
tography is needed. Unfortunately, common HPLC
detectors do not offer the required sensitivity and
selectivity. Some workers have used HPLC com
bined with specific detection techniques, such as
graphite furnace AAS [13-16], hydride formation
and quartz furnace AAS [17] or hydride formation
d.c. atomic emission spectrometry [18]. A drawback
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of these techniques is that they require complicated
interfacing of the HPLC effluent to the detector.

Another approach is to use post-column reaction
detection where the organotin compounds are con
verted into products that are more easily detected
by conventional HPLC detectors. Work has been
done on oxine (8-hydroxyquinoline) and morin
(3,5,7,2' ,4'-pentahydroxyflavone) complexation of
organotin compounds. Oxine yields complexes that
are usually determined with UV absorption detec
tion [19,20]. Morin forms complexes that show
strong fluorescence [21-25]. Langseth [21] used
pre-jon-column complexation and Yu and Araka
wa [22] used post-column morin complexation fol
lowed by fluorescence detection, but both only ap
plied this technique to di- and monoorganotins. For
triorganotin pesticides the formation of such com
plexes is not favourable, because the tin atom is
shielded by bulky carbon chains. In this work,
HPLC oftriorganotins was combined with UV irra
diation to cleave some of the carbon-tin bonds to
obtain a product that can be complexed with morin.

A similar approach was used by Lakata et al.
[19], who used oxine complexation and UV detec
tion, reporting detection limits of 0.1-0.5 J1g for sev
eral di- and triorganotins, except dibutyltin (DBT),
which yielded a detection limit of40 ng. As reported
detection limits for morin complexes of diorgano
tins are much lower, with values in the range of 2
pg-1 ng [22,25], morin seems to be a better alterna
tive than oxine, and was therefore used in the pres
ent study.

EXPERIMENTAL

Materials
Di-n-butyltin dichloride (DBT), diphenyltin di

chloride (DPT) (96% purity), triphenyltin chloride
(TPT) (95% purity) and morin (3,5,7,2',4'-pentahy
droxyflavone) were obtained from Aldrich (Stein
heim, Germany). Tri-n-butyltin acetate (TBT) was
a gift from the Community Bureau for Reference
(BCR) (Brussels, Belgium). Dicyclohexyltin dibro
mide (DCT) was purchased from Johnson Matthey
Alfa (Karlsruhe, Germany). Cyhexatin (tricyclo
hexyltin hydroxide, TCT) (99% purity) was from
Dr. Ehrenstorfer (Augsburg, Germany) and fenbu
tatin oxide (FBTO) (99.7% purity) was a gift from
Atochem (Vlissingen, Netherlands). Ethanol
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(HPLC grade), n-hexane (HPLC grade), tetra
hydrofuran (THF) (HPLC grade), toluene (analyt
ical-reagent grade), glacial acetic acid (analytical
reagent grade) and anhydrous sodium sulphate
(Baker grade) were purchased from Baker (Deven
ter, Netherlands). Disposable cellulose nitrate filters
(0.45 /lm) for water filtration were supplied by
Nalge (Rochester, NY, USA); 0.2-/lm membrane
filters (Rotrand) from Schleicher & Schull (Dassel,
Germany) were used to filter extracts before injec
tion into the HPLC system.

Apparatus
The HPLC equipment consisted of a Kontron

(Zurich, Switzerland) Model 410 single-piston
pump or a Pharmacia (Uppsala, Sweden) LKB
2150 dual-piston pump, set at a flow-rate of 1 mil
min and equipped with a membrane pulse damper,
a laboratory-made six-port injection valve with a
28-J.d injection loop and a 15 cm x 4.6 mm J.D.
stainless-steel column packed with 3- /lm cyanopro
pyl-bonded silica (Rosil Alltech, Zwijndrecht,
Netherlands). The laboratory-made UV irradiation
reactor contained a medium-pressure mercury lamp
and was described by Scholten et al. [26]. The irradi
ation coil (length 76, 125 or 255 cm) and reaction
coil (length 27 or 85 cm) were made of 0.5 mm J.D.
x 1.5 mm O.D. PFTE. A Valco (Houston, TX,
USA) low-dead-volume T-piece was used as a mix
ing device. The reagent pump was a Labotron
LDP-13 (Kontron) glass syringe pump delivering
0.15 mllmin ofmorin in ethanol (concentration 2.5
600 /lg/ml). A Perkin-Elmer (Beaconsfield, UK)
LS-4 fluorescence detector was used for detection.

HPLC
pump
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The excitation wavelength was 430 nm and the
emission wavelength 495 nm. Excitation and emis
sion slits were set at a bandwidth of 15 and 20 nm,
respectively. The set-up is shown in Fig. 2.

Extraction of water, sediment and soil
In order to study the selectivity of the method for

organotin compounds in environmental matrices,
field samples from different locations were taken for
analysis. Straightforward extraction techniques
were used. Sediment samples were taken from the
Hertentocht canal in the Noordoostpolder at a lo
cation adjacent to apple orchards where TCT may
be found and from an unpolluted location, Lake
Maarsseveen, in the province of Utrecht. Soil sam
ples were taken from the above mentioned apple
orchard and from a potato field (Wiertocht), a loca
tion where TPT may be found, in the Oostelijk-Fle
voland polder. The samples were taken in Decem
ber 1990, at least 3 months after the spraying sea
son. Surface water samples were taken in Septem
ber 1991 just a few hand 16 days after field applica
tion of TPT from a ditch adjacent to a potato field
near the village of Bant in the Noordoostpolder.

Surface water samples of 0.75 1 were filtered
through a 0.45-/lm cellulose nitrate filter and spiked
with 0.9 ml of toluene solution containing three or
ganotin pesticides, TCT, FBTO and TPT, and were
extracted twice with 40 ml of n-hexane by shaking
for 5 min. The extracts were dried over anhydrous
sodium sulphate and concentrated to ca. 2 ml in a
Kuderna Danish concentrator prior to injection on
to the HPLC column. Extracts were further reduced
in volume to ca. 0.3 ml for trace-level determina
tions.

reagent
pump

UV lamp

®
fluorescence
detector

inj. valve HPLC column irradiation coil reaction coil

Fig. 2. Scheme of HPLC-reaction detection set-up.
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TABLE I

CAPACITY FACTORS (k') AND DETECTION LIMITS OF
SEVEN ORGANOTIN COMPOUNDS USING STANDARD
SOLUTIONS

i
12

5

4

2 3

Time (min) _

f

Fig. 3. HPLC of a standard mixture of organotin compounds.
Column, 15 cm x 4.6 mm 1.0. Rosil 3-Jlm cyanopropyl; mobile
phase, n-hexane-THF-acetic acid (96:2:2); flow-rate, 1.0 ml/min;
irradiation coil, 76 cm; reaction coil, 27 cm; reagent flow-rate,
0.15 ml/min ofmorin solution in ethanol (25 Jlg/ml). Peaks: I =
TCT (0.8 JIg); 1 = FBTO (0.7 JIg); 3 = TPT (0.8 JIg); 4 = DBT
(0.8 JIg); 5 = OPT (0.9 JIg).

Organotin k' Detection limit
compound (ng)

TCT 0.2 2
TBT 0.2 30
FBTO 0.6 I
TPT 1.5 1.5
OCT 1.4 0.5
DBT 2.8 0.6
DPT 5.6 0.6

seven investigated organotin compounds are given
in Table I, and a chromatogram of a standard mix
ture containing five organotins is shown in Fig. 3.
DPT and, to a lesser extent, TPT have broader
peaks than would be expected on the basis of their
retention times. Carrying out the separation at 4SOC
instead of at ambient temperature did not improve
the peak shapes.

Separation of the organotin compounds
Because of the high polarity of organotin halides,

little or no retention can be achieved in reversed
phase HPLC [27]. Cyanopropyl-bonded silica col
umns have been used in several studies for the sep
aration of organotin compounds in the normal
phase mode [21,22,27]. Because organotin com
pounds show strong interaction with residual sila
nol groups, different methods to mask this undesir
ed phenomenon have been used. Periodic treatment
of the column with iodine chloride as proposed by
Praet et al. [27] proved to be unsatisfactory in our
hands, giving irreproducible retention times and
poor peak shapes. The addition of 0.5-5% of gla
cial acetic acid to the mobile phase gave good re
sults. A mobile phase of n-hexane-THF-acetic acid
(90:5:5) could be used for the separation of dialkyl
tin compounds but trialkyltin compounds showed
only very little retention and eluted as one peak.
The use of n-hexane-THF-acetic acid (96:2:2) gave
good separation of the triorganotins except for
TBT and TCT, which co-eluted. DBT and DPT can
be separated in the same system. The use of a mo
bile phase of weaker elution strength, n-hexane
THF-acetic acid (98:1: 1) or n-hexane-acetic acid
(99.5:0.5), did not improve the separation of TBT
and TCT.

Further work was done with n-hexane-THF-ace
tic acid (96:2:2) as mobile phase. Capacity factors of

RESULTS AND DISCUSSION

Sediment and soil samples were wet-sieved
through a 2-mm stainless-steel sieve and oven-dried
at 105°C for 12 h. Amounts of 10 g of dry sediment
or soil were spiked with 100 pI of toluene solution
containing the organotin pesticides; adsorption was
allowed to proceed for at least 4 h before extraction.
Soxhlet extraction was carried out for 12 h using
hexane-acetone (9: 1) as extractant. The organic ex
tracts were concentrated to ca. 4 ml in a Kuderna
Danish concentrator, dried over anhydrous sodium
sulphate and filtered through a membrane filter (0.2
pm) before injection. The injection volume was 28
pi in all experiments.

Non-spiked samples were used to study back
grounds and calculate attainable detection limits;
spiked samples were used to calculate extraction ef
ficiencies.
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Optimization of the reaction detection system
Optimization of the reaction detection system

was carried out for DBT, TBT, DPT and TPT. The
HPLC eluent flow-rate was kept constant at 1 ml/
min and the reagent pump flow-rate at 0.15 ml/min.
Initial experiments were done by flow-injection
analysis (FIA), to find near-optimum conditions. A
0.5 mm LD. x 1.5 mm O.D. PFTE capillary was
used as the irradiation coil. PFTE with a thinner
wall thickness (0.3 mm LD. x 0.8 mm O.D.), which
has better UV transparency, was not satisfactory
because it became brittle after a few h.

In the literature there is no consensus on the
question of whether diorganotins [28] or monoorga
notins [21] yield the highest fluorescence response
with morin. Triorganotins and tin(IV) are reported
t9 show relatively weak fluorescence. An optimum
irradiation time is therefore expected to occur when
the triorganotins are only partly degraded by UV
light. The results presented in Fig. 4. show that
TPT, TBT and DBT give the highest response when
m;ing the shorter 76 cm irradiation coil. With DPT
there is some gain when using a coil length of 125
cm. The behaviour of DPT and DBT is not well
understood. The response optimum for DPT at 125

cm seems to indicate that MPT forms a stronger
fluorescent complex than the diorganotin, but the
same effect is not found with DBT. The triorgano
tins behave as is expected: at a certain irradiation
time, presumably corresponding to the photodegra
dation to a di- or monoorganotin, a response maxi
mum is reached. When the compounds are exposed
to UV light for a longer period oftime, products are
formed (mono-organotins or inorganic tin) that
form less strong fluorescent complexes with morin.
The 76-cm irradiation coil, which yields an irradia
tion time of 9 s, was used in subsequent studies.

For batch experiments optimum morin concen
trations of 10-30 ,ug/ml in n-hexane-ethanol (85: 15)
were reported by Arakawa et al. [28]. Using the set
up shown in Fig. 2, we used morin concentrations
of 2.5-600 ,ug/ml in ethanol as the reagent solution,
which corresponded to morin concentrations of
0.32-78 ,ug/ml in the eluent. Fig. 5 shows that the
lowest concentration of morin gives the highest re
sponse for TPT and DPT. For the determination of
butyltin compounds higher concentrations appear
to be more favourable. With standard solutions,
however, no compounds competing for morin are
present, as will certainly be the case with real envi-
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Fig. 4. Effect of irradiation coil length on fluorescence response
of four organotin compounds in FlA. Organotin compounds:
• = TPT (1.7 /lg); 0 = DPT (1.4 /lg); • = TBT (3.0 /lg);
o d DBT (1.3 /lg). Mobile phase, n-hexane-THF (95:5); morin
concentration after dilution with mobile phase, 0.33 /lg/ml;
reaction coil. 85 cm.

Morin concentration (!J.g!ml eluent) --->

Fig. 5. Effect of morin concentration (after dilution with mobile
phase) on fluorescence response of four organotin compounds.
Column, 15 em x 4.6 mm J.D. Rosil3-/lm cyanopropyl; mobile
phase, n-hexane-THF-acetic acid (96:2:2); irradiation coil, 76
em; reaction coil, 85 em. Organotin compounds: • = TPT (1.7
/lg); 0 = DPT (1.4 /lg); • = TBT (3.0 /lg); 0 = DBT (1.3 /lg).
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ronmental samples. We therefore used a morin con
centration of 25 J1gjml, corresponding to 3 J1gjml in
the mobile phase, for further investigations. In
these experiments, the reaction coil length was 85
cm. Further work revealed that this length could be
reduced to 27 cm (reaction time 2.8 s) without any
decrease in response. The 27-cm reaction coil was
used in further work.

Band broadening due to reaction detection was
determined by comparing the variance «(J2) ob
served for the preformed morin-DBT complex us
ing the final set-up with the variance observed when
injecting the complex on to the HPLC column di
rectly connected with the fluorescence detector.
High concentrations had to be injected because the
complex turned out to be unstable on the cyano
bonded column. The contribution of reaction detec
tion to variance was calculated by means of the
equation

(J?otal = (J;eaction detection + (JJirect detection (S2) (1)

Variances of the peaks were calculated using the
method of Foley and Dorsey [29].

Band broadening due to reaction detection was
found to be 7.1 ± 0.7 s. This is in line with the value
of 5.5 s calculated for the irradiation plus reaction
coil, neglecting the contribution of the T-piece, ac
cording to the equation [30]

(2)

where D m is the molecular diffusion coefficient of
the analyte in the eluent (for this calculation a value
of 10- 9 m 2 js was taken), tr is the residence time in
the irradiation plus reaction coil and dt is the inner
diameter of the coils. The contribution of the reac
tion detection system to band broadening is higher
than the experimental value of 4.2 s reported by
Lakata et al. [19]. For the present system dimen
sions, ca. 40% of the final peak width of TPT is
caused by the reaction detection part. Although this
result can be improved to a certain extent by using
knitted coils, no attempt was made to do so, as even
complete elimination of band broadening due to re
action detection will effect less than a two-fold in
crease in sensitivity.

Analytical data
Detection limits for seven organotin compounds

were determined at a signal-to-noise ratio of 3: 1 and
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are given in Table 1. The calibration plots were line
ar (within 10%) over two decades from the detec
tion limit. The data are in line with the results found
by Yu and Arakawa [22], who reported detection
limits of 0.1-1 ng for dialkyltins in a similar system
with postcolumn morin addition. In contrast, Lang
seth [25] reported much lower detection limits (2-6
pg) for dialkyltins in a system in which morin was
added dissolved in the mobile phase. The difference
between our work and that of Yu and Arakawa on
the one hand and that of Langseth on the other
cannot be explained completely. Factors influen
cing the results may be differences in the complex
formation conditions, i.e. post-column vs. pre-jon
column, mobile phase composition and the quality
of the detector used.

The repeatability of the method was found to be
within 15% for all compounds and matrices investi
gated. Some drift in detector response was ob
served, which was due to contamination of the de
tector cell, flushing the detector with acetone and
n-hexane restored the original response.

Determination of organotins in surface water
In monitoring programmes, water samples are

usually filtered before analysis to eliminate differ
ences due to varying loads of suspended matter. For
a quick screening procedure, however, a method
should preferably determine the total load of conta
minant in the water. The present method was there
fore tested with both filtered and non-filtered water
samples. Recoveries at two spiking levels and detec
tion limits were determined in triplicate and are giv
en in Table II. Non-filtered water gives slightly low
er recoveries than filter water at the same spiking
level. It is known that triorganotins show strong
sorption to particulate matter. Apparently the
sorbed organotins are only partly extracted by n
hexane.

Experiments with surface water samples from dif
ferent locations showed that the n-hexane extracts
could be concentrated until the amount injected
corresponded to ca. 60 ml of surface water, before
background peaks became visible. Fig. 6A shows
the chromatogram of a filtered water sample that
was taken from a ditch (location Bant) a few h after
the adjacent field had been sprayed with TPT. TPT
was found at a level of 7 ± 3 J1gjl in non-filtered
water and at 2.9 ± 0.3 J1gjl in filtered water. Water
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TABLE II

RECOVERIES AND DETECTION LIMITS OF THREE ORGANOTIN COMPOUNDS IN SPIKED SURFACE WATER

Results are means ± standard deviation for triplicate determinations.
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Analyte

TCT
FBTO
TPT

Non-filtered water Filtered water

Spike Recovery Spike Recovery Spike Recovery
(llg/1) . (%) (llg/1) (%) (Ilg/I) (%)

13 86 ± 10 13 114 ± 20 2.9 67 ± 3
6.7 70 ± 10 6.7 97 ± 15 1.5 61 ± 3
8.2 72 ± 23 8.2 101 ± 32 1.0 80 ± 10·

Detection limit
(pg/I)

0.03
0.02
0.02

samples were taken again 16 days after spraying; in
the meantime no organotins had been applied. TPT
could still be detected at a level of 0.02-0.04 /lg/I in
filtered water (see Fig. 6B). In our laboratory an
other method based on pentylation followed by
GC-MS is being developed. For confirmation the
same sample was analysed by this technique and the
concentration of TPT was found to be 0.015-0.02
/lg/l. The main advantage of the HPLC method is
that it is much faster and requires less sophisticated
equipment.

Inj.
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Fig. 6. (A) HPLC of liltered surface water (Bant) (amount in
jected corresponds to 8.0 ml of surface water) sampled a few h
after the adjacent potato field had been sprayed with TPT (con
centration found: 2.9 ± 0.3Ilg/1). (B) HPLC of two injections of
a sample taken at the same location 16 days later (amount in
jected corresponds to 66 ml of surface water) TPT (see arrows):
0.02-0.04 Ilg/l. Conditions as in Fig. 2.

Determination of organotins in sediments and soils
Preliminary studies were carried out to assess the

potential of the present method for the determina
tion of organotins in sediment and soil samples.
Fig. 7 shows some typical examples. Fig. 7A shows
a chromatogram of a Wiertocht soil. If the peak
observed at the retention time of TPT (6.5 min) is
indeed due to this compound, it represents a con
centration level of about 0.4 /lg/g (however, also see
below). Similar chromatograms were obtained for a
Hertentocht soil sample (data not shown). Fig. 7B
shows the chromatogram of a Hertentocht sedi
ment. Obviously, in this instance the background is
too high to allow any meaningful conclusion, espe
cially because the organotins of interest elute in the
same retention time range as do the major back
ground peaks. Actually, the Hertentocht sediment
with its high organic matter content can be consid
ered as a worst-case example. The Maarsseveen sed
iment, which has a lower organic content, gave
chromatograms that were similar to those of the
soil samples. Further study revealed that the back
ground peaks originate from fluorescent com
pounds present in the matrix and not from com
pounds that form fluorescent complexes with mo
rin. This was verified by filling the reagent pump
with pure ethanol instead of the morin solution. An
injected sediment sample gave identical background
peaks as with added morin.

Despite the unfavourable situation, recovery da
ta (peak heights of spiked vs. non-spiked samples)
and detection limits (signal-to-noise ratio 3:1) were
collected to obtain an approximate idea of the po
tential of the method (Table III). Obviously, the
recovery is satisfactory in all instances. Detection
limits typically vary between about 0.2 and 3 /lg/g.
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Fig. 7. (A) HPLC of a soil extract (Wiertocht) (amount injected corresponds to 55 mg soil). Retention times of the organotins are
indicated: I = TCT; 2 = FBTO; 3 = TPT. (B) HPLC of sediment extract (Hertentocht) (amount injected corresponds to 60 mg of
sediment). Conditions as in Fig. 2.

Reported sediment concentrations of TPT in a ma
rina, originating from antifouling paints typically
vary from om to 0.2 j1.gjg [31]. Values of 0.2-4 j1.gjg
have been found in sediment adjacent to a potato
field [32]. TCT concentrations after application in
apple orchards were in the rRt;lge 0.02-0.4 j1.gjg in

sediments [33] and 0.07 j1.gjg in soils [34]. On the
basis of these few reported. field study data, the de
tection limits for soils and sediments obtained with
the proposed HPLC method are not really satis
factory and should be improved about ten fold, i.e.,
the sample treatment requires further attention.

TABLE III

DETECTION LIMITS AND RECOVERIES OF TRIORGANOTIN COMPOUNDS IN SPIKED SEDIMENTS AND SOILS

Organotin compounds were added to the dried sediments and soils, soxhlet extracted and determined by HPLC. Results are for
triplicate determinations.

a Detection limits are calculated as worst-case example for Hertentocht sediment; detection limits for Maarsseveen sediment are similar
to those for soil samples.
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CONCLUS.lONS

Normal-phase HPLC on a cyano-bonded col
umn coupled on-line with post-column photocon
version and morin complexation allows the deter
mination oflow nanogram amounts of triorganotin
compounds. In this work, all three organotin pesti
cides currently in use in agriculture (TPT, FBTO
and TCT) were determined in one HPLC run for
the first time. Detection limits in surface water are
ca. 0.02 flgjl and, apart from liquid-liquid extrac
tion and evaporation, no clean-up is required. This
makes the method a valuable tool for water analy
sis. As an example, TPT was determined in surface
water adjacent to a potato field that had been
sprayed with this pesticide.

Because of fluorescent background interferences,
with sediments and soils the detection limits are dis
tinctly higher, viz. in the low flgjg range. For real
samples these limits are too high and further opti
mization of the (extraction) procedure is required.
For surface water samples the present HPLC-reac
tion detection technique offers a simple and fast de
termination method.
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ABSTRACT

A method for the detection and quantification of Penicillium roqueforti toxin (PRT) using reversed-phase high-performance liquid
chromatography has been established. The limit ofquantitation of this method was 3 ng of PRT, while the limit ofdetection was 2 ng of
toxin. The precision of the analysis based on numerous runs was good. Retention times for PRT were highly reproducible with an
average coefficient of variation of about 1.6%. Analysis of PRT in liquid and solid samples showed no interference of the sample
matrix. The accuracy of the method was 98.6%, with mean PRT recoveries of96.8%, and 100.4% for the spiked culture medium and
blue cheese extracts, respectively.

INTRODUCTION

Penicillium roquejorti toxin (PRT) is a toxic fun
gal metabolic first isolated from mouldy grains and
corn silage [1] and then subsequently from cultures
of P. roquejorti including some of those which are
used in blue-veined cheese production [2,3]. PRT is
lethal for rats and mice with LDso values of about
6-15 mg/kg by intraperitoneal administration [4].
In addition, PRT was found to be carcinogenic for
rats [5,6] as well as mutagenic for Salmonella typhi
murium [7].

A number of thin-layer chromatographic meth
ods are available for the detection of PRT in a va
riety of media [8]. These methods are mainly used
for identification and semi-quantitative determina-

Correspondence to: Dr. J. Zawistowski, Agri-Food Biotechnol
ogy Laboratory, Manitoba Research Council-University ofMa
nitoba, Food Science Department, Winnipeg, Manitoba R3T
2N2. Canada.

'" Contribution No. 211 of Food Science Department, Uni
versity of Manitoba.

tion of the PRT. More recently a normal-phase
high-performance liquid chromatographic (HPLC)
technique has been developed to measure the con
centration of this toxin and other P. roquejorti me
tabolites in culture broths [9]. It has been used to
follow the transformation of eremofortin C into
PRT with a detection limit of 10 ng for the latter
toxin [10-12]. In addition, reversed-phase HPLC
analysis of PRT has also been briefly reported [13].
This technique, however, allows for detection of the
toxin at a level of more than 50 ng. Although most
of the above methods were successfully used for the
detection of PRT in culture broths, determination
of this toxin in cheese imposed problems due to its
reactivity with proteins and amino acids as well as
being influenced by the sample matrix [2,14].

In this paper we describe a method for the detec
tion and determination of PRT using reversed
phase HPLC, which is more sensitive than chro
matographic methods reported earlier. The feasi
bility to employ this method for the determination
of PRT in culture broths and blue cheese was also
investigated.

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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filtered through Whatman No.4 paper. The PRT
was extracted from silica two more times with a
total of 2.0 ml of methanol. The three filtrates were
combined and evaporated to dryness at room tem
perature under a stream of nitrogen, yielding a crys
talline PRT standard used in further studies. Purity
of the PRT standard was first determined using a
diode-array spectrophotometer (Hewlett-Packard).
The PRT crystals dissolved in 1.0 ml of methanol
exhibited a single peak at 248 nm corresponding to
its absorption maximum described by other work
ers [3]. In addition, the 1H NMR spectrum (300
MHz) of the purified toxin was measured in 2HCl3

using a NMR spectrometer (Model AM 300, Bru
ker Spectrospin, Canada). The spectrum was identi
cal to the PRT spectral data obtained by Wei et al.
[14]. Finally, the effectiveness of the purification
procedure was assessed by reversed-phase HPLC
(Fig. I). The chromatography yielded a single peak
indicating a high purity of the PRT standard. The
concentration of the toxin dissolved in methanol
was measured spectrophotometrically at 248 nm
(8 = 9000) [3].

Standard curves were prepared by making a se
ries of dilutions ofPRT in methanol ranging in con
centration from 0.15 to 30 ngj.ul. Samples were ana-

EXPERIMENTAL

Standard preparation
The reference PRT (Sigma) was further purified

by normal-phase TLC. Toxin was dissolved in chlo
roform (0.5 .ugj.ul) and spotted on the TLC plate.
The plate was developed using a mixture of metha
nol and chloroform in the ratio of 5:95 (vjv). The
PRT spot, having an R F value of 0.80, was located
under short-wavelength UV light (254 nm) and
clearly marked. The silica containing the PRT was
carefully scraped from the plate, transferred to a
vial and resuspended in 2.0 ml of methanol in order
to extract the toxin. The resulting suspension was

Chromatography
The HPLC method was developed on a Waters

ALC 204 liquid chromatograph. The system con
sisted of a Model 6000A solvent delivery system, a
Model 440 absorbance detector equipped with a
254-nm filter and a U6K universal liquid chroma
tography injector.

Chromatographic analyses were carried out on a
pre-packed LiChrosorb reversed-phase C1S column
(240 mm x 4.0 mm J.D.) of particle size 10 .urn (E.
Merck, Darmstadt, Germany). The signal from the
detector was recorded by an SP4290 integrator
(Spectra Physics) set at an attenuation of 8. A vol
ume of 20 .ul was injected for all samples. Mobile
phases consisting of methanol-water in the ratios
70:30 (vjv) and 65:35 (vjv) were used for HPLC
analysis. All runs were carried out at a flow-rate of
1.0 mljmin.

The presence of PRT in samples prior to re
versed-phase HPLC analyses was assessed by ana
lytical thin-layer chromatography (TLC) using
chromatoplates of silica gel F-254 with methanol
chloroform (5:95, vjv) as the eluent [1].

Materials
Reference PRT was obtained from Sigma (St.

Louis, MO, USA). High-performance thin-layer
chromatography (HPTLC) silica gel 60 F-254 alu
minium plates were purchased from BDH (Toron
to, Canada). A PRT-producing strain of P. roque
forti (ATCC No. 101l0) was obtained from the
American Type Culture Collection (Rockville, MD,
USA) while Danish blue cheese was purchased from
a local supplier. All solvents were of HPLC grade.
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lyzed chromatographically as described above and
the peak height and peak area were plotted against
the corresponding concentration.

Sample preparation
To assess the suitability of reversed-phase HPLC

for the determination of PRT in different samples,
analysis of this toxin in culture broths (preparation
1) and cheese (preparation 2) was conducted.

Preparation 1. PRT was produced using the
strain of P. roqueforti ATCC 'No. 10110, according
to the procedure of Wei et al. [1]. The mould was
grown for 14 days at room temperature in a culture
medium containing yeast extract and sucrose (YES,
Difco). Then, the mycelium was removed from the
culture broth by paper filtration and the broth (100
ml) was extracted with chloroform to yield a crude
sample containing PRT. The presence of PRT was
confirmed by TLC as described earlier in this paper.
Crude samples from two separate fermentation
batches were evaporated to dryness, each dissolved
in 1.0 ml of methanol, and used for HPLC analysis.

Preparation 2. Purified PRT standard (0.5 mg),
dissolved in 1.0 ml of methanol, was added to 40 g
of Danish blue cheese to give a final concentration
of 12.5 mg/kg. The cheese was immediately homog
enized in a Waring blender with 250.ml of metha
nol-water (55:45, v/v) and 150 ml of hexane for 5
min at high speed and then divided into two equal
portions. Each portion was centrifuged at 1000 g at
4°C for 10 min. After removing the hexane layer,
the methanol-water part was vacuum-filtered
through Whatman No.3 paper and the resultant
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filtrate was extracted with two 60-ml vblumes of
chloroform. The two chloroform extracts from each
portion were pooled and evaporated to dryness us
ing a rotary evaporator. The dried extract was dis
solved in 1.0 ml of methanol, 10 J.Ll were withdrawn,
diluted 40-fold with methanol, and immediately
analyzed by HPLC as described earlier. The re
maining extract was stored at - 5°C for 24 days and
the PRT content was periodically analyzed by
HPLC. Cheese used for this experiment was free of
PRT as assessed by TLC. Part of cheese was ex
tracted exactly as described above, and the extract
was used as a control sample (see Fig. 4b).

Accuracy assessment
The accuracy of the HPLC method for PRT

quantification was determined by an external stan
dard method. Culture medium and blue cheese sam
ples free of PRT were extracted with chloroform,
evaporated to dryness, dissolved in methanol and
spiked with PRT over the concentration range 1.0
8.3 ng/J.LI (20-166 ng per injection). Recoveries of
PRT from extracts were assessed by HPLC using
peak height measurements. A two-sample t-test was
used to estimate the significance of the differences
between known and measured values of PRT.

RESULTS AND DISCUSSION

The PRT retention times for two solvent systems
containing methanol and water are shown in Table
1. The average retention time for PRT using metha
nol-water in a 70:30 (v/v) ratio was 3.31 min based

TABLE I

REPRODUCIBILITY OF RETENTION TIME OF PRT AS ANALYSED BY REVERSED-PHASE HPLC

Trial SolventO
No. ratio

1 70:30
2 70:30
3 70:30
4 65:35
5 65:35
6 65:35
7 65:35

24
23
32
67
17
27
41

Retention time (min) C.V.
(%)

Range Mean S.D.

3.15-3.44 3.26 0.11 3.37
3.31-3.39 3.34 0.Q2 0.60
3.25-3.41 3.32 0.05 1.51
3.60-3.84 3.70 0.05 1.35
3.55-3.84 3.69 0.12 3.25
3.92-3.96 3.93 0.01 0.25
3.75-3.89 3.84 0.03 0.78

• Methanol-water (v/v).
b Number of injections.
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TABLE II

REPRODUCIBILITY OF HPLC PEAK AREA AND PEAK HEIGHT FOR PRT USING 65:35 (v{v) METHANOL-WATER AS
SOLVENT SYSTEM

PRT n"
injected
(ng)

Area
55.0 20
28.0 12

Height
55.0 23
28.0 6

Peak area or height C.V.
(%)

Range Mean S.D.

125952-218709 163445 21628 13.2
60017-92 814 72 088 9860 13.7

5525-6512 5899 388 6.58
3661-4023 3831 123 3.22

" Number of injections.

on three separate trials over 4 days. Coefficients of
variation (C.V.) ranged from 0.06 to 3.37%. Meth
anol-water in a 65:35 (v/v) ratio, as the eluting sol
vent resulted in an average retention time of 3.79
min for PRT, based on four trials over a 4-day peri
od. C.V.s with this solvent ranged from 0.25 to
3.25%. The PRT retention times for both solvent
systems were highly reproducible. However, the
methanol-water in ratio 65:35 (v/v) allowed for
longer retention of the toxin on the column and,
hence, better resolution of the PRT peak from the
initial solvent peak.

The precision and reproducibility of the peak
height and the peak area were analyzed by injecting
a volume (20 J.ll) containing either 55 or 28 ng of the
purified standard, over a 2-day period. The C.V.s

for the peak· area measurements were 13.2 and
13.7%, respectively. Reproducibility of peak.
heights for. the same injected amounts were better
with C.V.s of 6.58 and 3.22%, respectively (Table
II). Consequently, further determination ofPRT by
HPLC was based on the peak height measurements.

Total PRT recoveries and results of a Student
t-test are shown in Table III. The accuracy of the
method for PRT determination was 98.6%, with
mean recoveries of 96.8%, and 100.4% for spiked
culture medium and blue cheese extracts, respec
tively. No significant difference (at a 95% confi
dence level) was found between the means of the
standard PRT and the recovered PRT from spiked
culture medium or cheese samples over the concen
tration range tested. The only exception was the

TABLE III

ACCURACY OF REVERSED-PHASE HPLC TO DETECT PRT IN CULTURE MEDIUM AND BLUE CHEESE SAMPLES

Amount of
standard PRT"
(ng)

166.0
125.0
84.0
62.0
50.0
20.0

Culture medium samples Blue cheese samples

Mean PRT Student Total Mean PRT Student Total
recovered" t-valueb recovery recovered" t-valueb recovery
(ng) (%) (ng) (%)

158.4 ± 3.96 2.24 95.4 151.6 ± 5.60 3.84 91.3
111.7 ± 7.83 3.14 89.4 126.6 ± 18.5 0.15 101.3
81.1 ± 6.35 0.78 96.5 84.0 ± 9.70 0.00 100.0
64.7 ± 1.83 2.02 104.4 60.1 ± 15.0 0.22 96.9
45.5 ± 0.66 3.24 91.0 50.0 ± 7.00 0.00 100.0
20.8 ± 0.65 1.50 104.0 22.6 ± 0.79 4.39 113.0

" Based on triplicate injections.
b Two-sample t-test made at a 95% confidence level where t.=0.05 = 4.30.
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Fig. 2. Chromatograms of PRT standard: (a) 3.0 ng at atten
uation 8 and (b) 2.0 ng at attenuation 4. Eluent, methanol-water
(65:35, v/v); flow-rate, 1.0 ml/min. Peak S = methanol.

spiked cheese extract at the lowest concentration
level of 20 ng PRT where the t-value was slightly
higher (4.39) than the tabulated value (4.30).

The limit of detection of the method was deter
mined with the integrator set at an attenuation of 8.
The highest sensitivity setting of I resulted in a very
noisy baseline that interfered with the interpreta
tion of the chromatogram and, hence, a more ap
propriate setting of 8 was chosen. With the param
eter at this setting, PRT could be measured at a
concentration as low as 3 ng per run (Fig. 2a). Fur
thermore, at an attenuation setting of 4, an amount
of 2 ng of toxin could be detected (Fig. 2b). This
sensitivity was better than those ereported earlier by
other HPLC methods [9,13].

In order to carry out the quantitative analysis, it
was necessary to study the linearity of the detector
response (peak area and peak height) with respect
to concentrations of PRT. The linearity was eval
uated by injecting 20 J.ll of increasing concentrations
of the toxin standard, so that the injected amounts
ofPRT ranged from 3 to 600 ng. Regression analy
sis of the resulting calibration curves, obtained
from three trials each ranging from 3 to 70 ng of
PRT, indicated that the relationship between both
peak height or peak area and the amount of PRT
injected was linear over the tested concentration
range, with correlation coefficients of 0.93 and 0.92,
respectively. For the broader range ofPRT concen
tration (3-600 ng) the correlation coefficient for

Fig. 3. Chromatograms of crude PRT extracts obtained from
two separate fermentation batches of P. roqueforti in 100 ml of
YES culture medium. Eluent, methanol-water (65:35, v/v); flow
rate, 1.0 ml/min. Peak S = methanol.

peak area and the amount of PRT injected was
0.97.

.The selectivity of the developed reversed-phase
HPLC method was assessed by the determination
of PRT in samples each having a different matrix:
P. roqueforti culture medium and blue-veined
cheese. Fig. 3 shows chromatograms of crude PRT
extracts obtained from two different fermentation
batches. Both of these indicate the presence of the
toxin produced by P. roqueforti during the fermen
tation process. Presence of the toxin was verified by
spiking the extracts with standard PRT. Distinct
PRT peaks in both chromatograms indicate that
other extractable components do not interfere with
the detection of the toxin. With the aid of the cali
bration curve (peak height versus concentration), a
total PRT concentration of 0.6 and 2.3 mgjml was
detected in the first (Fig. 3a) and in the second (Fig.
3b) extract, respectively.

A typical chromatogram of PRT recovered from
cheese is shown in Fig. 4a, while Fig. 4b shows a
chromatogram of the extract obtained from cheese
prior to the addition of the toxin. Also in this case,
the PRT peak was distinct (Fig. 4a) and detection of



210 K. Siemens and J. Zawistowski / J. Chromatogr. 609 (1992) 205-211

S PRT
TABLE IV

STABILITY OFPRT IN METHANOL EXTRACT OF BLUE
CHEESE AS DETERMINED BY REVERSED-PHASE
HPLC

ACKNOWLEDGEMENTS

a PRT was added to cheese at 12.5 mg/kg and extracted as de
scribed under Experimental.

43.6
43.4
43.8
38.8
27.0
25.0
24.4
23.8

Amount of PRT in extracta

0.218
0.217
0.219
0.194
0.135
0.125
0.122
0.119

o
I
4
5

II
17
20
24

Time after extraction
(days)

Based on triplicate runs and analysis performed using HPLC
peak height.
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of the amino acids forming Schiff bases [15]. More
over, PRT may react with the e-NHz group oflysine
[16] and sulfhydryl group of cysteine [17].

Studies on the stability of PRT in methanol ex
tract shows that the toxin was relatively stable over
approximately 4 days. However, prolonged storage
at - SOC for up to 24 days resulted in a 55% de
crease.in the amount of PRT present in the cheese
extract (Table IV). Subsequent loss ofPRT may be
due to its reactivity with compounds such as trypta
mine or other primary amines extracted from blue
cheese that are present in concentrations of up to
2.3 mg/g [15,18]. This is supported by the fact that
the standard PRT in pure methanol (0.01 Itg/ml)
was stable at - sac for at least 1 month.

The developed reversed-phase HPLC method can
be used for the determination of PRT produced by
P. roqueforti in culture broth extracts. Moreover,
because of its specificity and sensitivity, the HPLC
method is suitable to detect the toxin in blue
cheeses.
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the toxin was not influenced by other components
present in the extract obtained from the cheese ma
trix (Fig. 4b). Numerous analyses ofPRT in metha
nol extract of cheese stored at - 5°C for 24 days
resulted in an average retention time of 3.97 min,
with C.V. of 2.5%. This indicates good reproduc
ibility of this parameter. Although the retention
time was slightly higher than that of the standard
PRT (3.79 min), presence of the toxin was verified
by spiking the sample with the standard.

The determination ofPRT allowed for the assess
ment of the recovery of toxin added to cheese and
subsequent stability analysis of the recovered PRT
in methanol extract stored for 24 days (Table IV).
Although the extraction procedure for cheese was
designed to be simple and as rapid as possible, a
mean recovery of only 43.6% PRT was obtained as
determined with the aid of the peak height calibra
tion curve. This is not unexpected since the instabil
ity of PRT in blue cheese and its low yield of recov
ery has been reported by other [15]. The toxin forms
P. roqueforti imine with ammonia and reacts with
neutral and basic amino acids present in cheese. It
has been reported that the aldehyde group of the
toxin is the moiety that reacts with the amino group

" -.,----"-" ,,---------,-,-----.,-
o 460 2 4

Time (minutes)

Fig. 4. Chromatograms of (a) crude PRT recovered from PRT
spiked blue-veined cheese (0.5 mg per 40 g) and (b) a control
cheese extract. Eluent, methanol-water (65:35, v/v); flow-rate,
1.0 ml/min. Peak S = methanol.
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ABSTRACT

A novel automated system for the analysis of polyoxyethylated (POE) non-ionic surfactants is proposed, which is capable of
providing information on both hydrophobic anci POE chain lengths. A polystyrene-<iivinylbenzene copolymer gel is effective for the
hydrophobic chain analysis because the separation is not influenced by the distribution of POE chains. On the other hand, a K +-form
cation-exchange resin is effective for elucidating the distribution of POE chains, An automated system was constructed by combining
these two separation methods, and was applied to the analysis of the distributions of hydrophobic and POE chains in a commercial Brij
35.

INTRODUCTION

Polyoxyethylene (POE) chains play important
roles in surface-active compounds, e.g., POE chains
are utilized to vary HLB (hydrophile-lipophile bal
ance) values, wetting abilities, solubility in water,
critical micelle concentration, Kraft points of ionic
surfactants and cloud points of non-ionic surfac
tants [I]. According to statistics in the USA [2], the
production of non-ionic surfactants comprised
24% of the total surfactant sector in 1989, and POE
ethers represented more than 70% of the non-ionic
surfactant production. The production and con
sumption ofnon-ionic surfactants appear to contin- '
ue to increase because of the increasing variety of
industries that require surfactants.

The analysis of POE surfactants has thus become
increasingly important, and has been treated in a
number of papers. Usually, non-ionic surfactants
are polydisperse with regard to both the POE chain
and the hydrophobic chain lengths [1]. It is obvious

Correspondence to: Dr. T. Okada, Faculty of Liberal Arts, Shi
zuoka University, Shizuoka 422, Japan.

that methods which are capable of providing in
formation on both POE and hydrophobic moieties
are necessary. Chromatography is therefore a suit
able choice, and has been extensively employed for
such analyses. Among gas [1], liquid [1,3-16] and
supercritical fluid chromatographic methods
[17,18], high-performance liquid chromatography
(HPLC) is preferred mode because of the simple
instrumentation and easy handling, even though the
separation performance is not necessarily better
than with the other methods.

Although reversed-phase or normal-phase chro
matography has been usually utilized for the sep
aration, and proved to be efficient in some instances
[3-14], there remain some problems especially in the
separation in terms of POE chain lengths; it is diffi
cult to separate POE chains having many (e.g. > 30)
oxyethylene (OE) units from each other; the sep
aration conditions are different for each sample,
and the resolution is poor when the compound lias
a long hydrophobic chain. Therefore, many repeat
ed trial and error experiments are necessary until an
acceptable separation is achieved.

In previous work, a novel method for the sep
aration in terms of POE chain lengths was devel-

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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oped [15,16], wherein a cation-exchange resin was
used in the alkali metal ion form. In this method,
POE forms a complex with a counter cation in an
ion-exchange resin, and is separated according to
the complex formation ability; the longer the POE
chain, the stronger is the complexation ability. Al
though hydrophobic chains also affect the reten
tion, the effect is so marginal that the same sep
aration conditions are applicable to different sam
ples. If this method is efficiently combined with oth
er methods capable of recognizing differences in the
hydrophobic chain lengths, it will be useful in the
analysis of non-ionic surfactants.

EXPERIMENTAL

The chromatographic system, illustrated in Fig.
1, was composed of Tosoh computer-controlled
pumps CCPD (PI) and CCPM (P2), which were
used for the separation in terms of hydrophobic
chain lengths and POE chain lengths, respectively,
an SPT-3-202U pump (Nippon Seimitsu Kagaku)
in the concentration process, a CO-8000 column ov
en (Tosoh) and UV-8000 (Tosoh) and 875-UV
(lASCO) UV detectors (D) A 150 mm x 4 mm

w

~prn
ps-3

ps-2
w

;-------+---- - --:

_p.~_-L _
W

Fig_ I. Schematic diagram of the system for the analysis of POE
surfactants. CI, C2 = Separation columns; C3 = concentration
column; PI, P2, P3 = pumps; D = UV detector; I = injection
valve; W = waste.
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LD. stainless-steel column packed with MCI gel
CHP-5C (Mitsubishi Kasei) and a 50 mm x 4.6
mm LD. TSK-gelIC-Cation-SW column were used
as separation columns. The former column (CI),
which contains styrene-divinylbenzene copolymer
gel, was utilized for the separation according to the
hydrophobic chain lengths, whereas the latter (C2),
which contained a cation-exchange resin in the po
tassium form, was used in POE chain analyses. A
PTFE concentration column (C3) (5 mm x 2 mm
LD.) was also packed with MCI gel CHP-5C.

Methanol of analytical-reagent grade was used
after distillation. Acetonitrile of HPLC grade was
purchased from Wako. POE(9) dodecyl ether [POE
(9)D, where the number in parentheses denotes the
average number of oxyethylene units] and POE(20)
hexadecyl ether [POE(20)H] were gifts from Nikko
Chemicals. POE(lO) octadecyl ether [POE(lO)O]
and POE(20)O were purchased from Sigma. Other
reagents were of analytical-reagent grade and used
as received, unless stated otherwise.

According to the literature [6], terminal hydroxyl
groups in POE were esterified by reaction with 3,5
dinitrobenzoyl (DNB) chloride in dry benzene. This
derivertization facilitated the gradient separation
and enhanced the detection sensitivity.

RESULTS AND DISCUSSION

Separation in terms of hydrophobic chains
The separation of non-ionic POE surfactants in

terms of the hydrophobic chain length will be of
primary importance. This procedure should not be
affected by the distribution of POE chains. Al
though one might think that this separation could
be performed under the usual reversed-phase condi
tions, it was not easy because reversed-phase sta
tionary phases can usually differentiate POE chain
lengths to some extent; peak broadening due to the
distribution of POE chains was observed. Most
published work has been focused on the distribu
tion of POE chains, and very little attention has
been paid to hydrophobic chain analysis [3,4].

Kudoh [3] reported that acetone-water was a
suitable mobile phase for separations in terms of
hydrophobic cha~ns, and that POE chain lengths
did not affect the retention times when acetone-wa
ter (9:1) was used as a mobile phase. Although sys
tematic studies were not shown, the balance be-
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TABLE I

CHANGES IN THE RETENTION TIMES OF DNB
p'OE(IO)O AND DNB-POE(20)O WITH TEMPERATURE

Retention times were measured on MCI gel CHP-5C with aceto
nitrile-methanol (1:4) mobile phase.

tween water and acetone concentrations seems to be
important in eliminating the influence of the POE
chain distribution. However, acetone is not in gen
eral a preferred solvent for UV detection.

Melander et al. [5] reported that the dependence
of the retention on the number of OE units is re
versed at a particular concentration of an organic
~olvent. They analysed this result with a two-state
model; a POE chain exists as a zig-zag and a helix
form in a mobile phase, and both the two have dif
fere'nt retention abilities. Their results imply that a
compound containing polydisperse POE chains can
be eluted ~s a single peak regardless of the POE
chain lengths, with a mobile phase of appropriate
organic solvent content. However, as terminal
groups and mobile phase compositions affect the
equilibrium between the zig-zag and helix forms,
their results are not directly applicable to the pre
sent case. Also, the best resolution is not necessarily
obtained under the conditions, where all POE oli
gomers (or polymers) are simultaneously eluted.

In this study, Cs and Cis-bonded silica gel and
styrene-divinylbenzene copolymers were tested as
stationary phases. DNB-POE was eluted at accept
qble retention times when either Cs or Cis-bonded
phase was used with organic solvent (methanol,
acetonitrile, tetrahydrofuran, etc.)-water (9: I) as
mobile phases. However, in all instances, peak
broadening according to the distribution of POE
chains was observed. In contrast, MCI gel CHP-5C
gave relatively narrow peaks and good separations
when acetonitrile-methanol mixtures (I :5-1 :4) were
llsed as mobile phases. Table I gives the retention
times ofDNB-POE(lO)O and DNB-POE(20)O as a

C12

min

I
0.064 AU

C1~18

function of temperature. The difference in the reten
tion times becomes smaller with increase temper
ature, and is almost' negligible at 43.8°C.

Fig.2 shows the separation ofDNB-POE adducts
of dodecyl, hexadecyl and octadecyl alcohols under
the condition mentioned above.

Separation in terms of POE chain lengths
Our previous work indicated that the separation

according to POE chain lengths on a K +-form cat
ion-exchange resin is sensitive to the temperature
because the complexation process is exothermic
[16,19]. Although then use of a thermostated system
is essential, shifts of peak position due to changes in
the column temperature were negligible for the ex
periments at room temperature (ca. 15°C).

As the retention of POE increased exponentially
with increasing number.of OE units, gradient elu
tion should be considered. The retention of POE
can be reduced by adding a solvent unfavourable
for the resin phase complexation or by adding a salt
to the methanolic mobile phase. Both water and
acetone, for example, are solvents unfavourable for
the resin phase complexation of POE, because the
strong donor ability of water towards alkali metal
ions and the low dielectric constant of acetone in
terfere. with the complexation in the resin phase.
However, the solubility of DNB-POE was lowered
considerably in a solvent containing water,.and ace
tone interfered with the UV detection of DNB
POE. In the latter instance, addition of a salt was
therefore selected.

Fig. 2. Typical separation in terms of hydrophobic chain lengths.
Column temperature, 43.8°C; mobile phase, acetonitrile~metha

nol (1:5); detection at 254 nm. Other conditions are given in the
text.

POE(20)O

37.0
25.0
16,0
11.2

POE(IO)O

Retention time (min)

40.5
25.6
16.8
11.3

Temperature
(q

14.0
23.0
33.6
43.8
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!i 10

Flow-rate of water (mljmin)

1.63 2.28 3.42 5.7

51.0b 63.7 97.4 97.4
50.1 66.4 97.4 95.4
50.3 66.9 102 95.9
51.9 66.8 99.5 96.0
50.6 66.1 94.4 98.0
50.1 65.6 93.7 93.7
51.3 65.4 94.1 92.7
51.9 65.1 94.4 102
54.7 51.6 97.1 96.4

The organic solvent and water flow through the concentration
column for 10 min after loading a sample.

nQ

7
8
9

10
II
12
I3
14
15

TABLE II

RECOVERIES (%) OF DODECYL ALCOHOL ADDUCTS
OF DNB-POE ON A CONCENTRATION COLUMN

4020
min

!0.016AU

o

Fig. 3. Typical separation in terms of POE chain distribution of
POE(IO)O (top) and POE(20)O (bottom). Mobile phase, metha
nol (0-3 min) to 7.5 mM KCI in methanol (30 min). Other condi-
tions are given in the text. .

Q Number of oxyethylene units.
b The flow-rate of acetonitrile-methanol (1:4) was kept at I mlj

min.

POE forms a complex with a cation added to the
mobile phase, and the retention is reduced as a
function of the concentration of the cation. It was
confirmed in previous work [20] that POE complex
es were not retained on the ion-exchange resin be
cause of the lack of effective complexation sites and
energetically unfavourable conformational changes
of POE chains [19]. As the complexation ability in
solution phases is enhanced with an increasing
number of OE units, the retention of longer POE is
more effectively reduced by adding a salt. Fig.3
shows results of the analysis in terms of the distribu
tions of POE chains in PQE(lO)O and POE(20)O.
Peaks were identified by comparing the retention
times with those of monodisperse compounds.
More than 30 oligomers are separated within 1 h.

or poor detectability and thus low reliability in the
POE analysis step. A use of a concentration column
was therefore considered.

The same stationary phase as used in the first sep
aration step was packed in a concentration column.
Effluents from the first separation column were
mixed with water and passed through the concen
trator. Table II lists the recoveries of DNB-POE
(9)D eluted from the first separation column with
acetonitrile-methanol (1 :4) as the mobile phase.
Flow-rates of water mixed with the effluents from
the first separation column were varied under a con
stant flow (1 ml/min) of the effluents. When the ra
tio of the flow rates reaches 3.42, the recovery be
comes almost 100% regardless of POE chain
lengths.

Preliminary study for constructing an automated sys
tem

To construct an automated system for the non
ionic surfactant analysis, the above two methods
should be effectively combined. For such a purpose,
column switching will be useful. However, as peaks
obtained from the separation in terms of the hydro
phobic chain length are not sharp enough because
of the effect of the distribution of POE chains, col
umn switching will cause marked peak broadening

Automated system
The proposed automated system is illustrated in

Fig. 1. Hydrophobic chain analyses are performed
with pump PI and separation column Cl, and POE
analyses with P2 and C2. Pump P3 delivers water to
the concentration column, C3. Effluents from Cl
flow down to the concentrator through a three-way
valve. After the concentration is completed, the
POE analysis starts by rotating the centre six-way
valve. To desorb analytes completely from the con-
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C18

20

C14

C12

C12

C14

n

C16

centrator, the injection of 100 .ul of acetonitrile was
necessary; this can be done through an injection
valve (1). As can be seen in Fig. 3, typical POE anal
ysis takes I h. If we use only one POE analysis sys
tem (denoted ps-I in Fig.l), this system should be
repeatedly operated; it takes several hours until all
analyses are completed. If we can prepare several
POE analysis systems (ps-2, ps-3, ... , ps-n) such a
time-consuming procedure can be avoided; that is,
the peak eluted second from CI is analysed with
ps-2, that eluted third with ps-3, etc. Fig. 4 shows
results of analysis of Brij 35, which is the trade
name of POE(23)D, according to the present con
cept. The instrumentation available in our labora
tory was insufficient to construct several POE anal
ysis systems. The analysis by ps-I was therefore re
peated until all analyses were completed; four chro
matograms in which POE chains were separated ac
cording to the difference in the chain lengths were
obtained with the same system. The chromatogram
on the left-hand side shows the separation in terms

min

to C-12

Fig. 5. Relative concentrations calculated from results in Fig. 4.
The histogram at the top shows relative concentrations accord
ing to hydrophobic chains. The others are for POE chain lengths.
The same absorption coefficient for all DNB-POE molecules was
assumed.

of hydrophobic chain length; injection peaks and
peaks corresponding to the elution of C 12 , C 14,

C16, and CiS appeared. Although the POE analysis
could not be done for CiS because of the extremely
low concentration, POE distributions of C12, C 14

and C 16 components are analysed as shown on the
right-hand side of Fig. 4. Also, injection peaks in
volved the elution of di-DNB-PEG and mono
DNB- PEG, which show different retention abilities
on the cation-exchange resin and thus result in the
peak splittings in the chromatogram.

The absorption coefficients may vary for different
DNB-POE molecules. In such a case, the peak areas
do not reflect the concentrations of the DNB-POE
oligomers. However, Desbene et ai. [6] stated that
the absorption coefficient is the same for all DNB
POE molecules. Fig. 5 shows the relative concentra
tions obtained for Brij 35 by assuming the same
absorption coefficient for all DNB-POE molecules.

I ~'i;
;j!:~
~::a
"':1-.

,0

I~

6'~J\)ivPEG
-, I' !

o 20 40

Fig. 4. Results of the analysis of Brij 35. Chromatographic con
ditions are given in the text and Figs. 2 and 3. Detection, 0.16
a.u.f.s. for DNB-POE(n)D and 0.04 a.u.f.s. for others in POE
separation steps.
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The average number of OE units contained in this
surfactant was estimated to be 21.3.

In conclusion, non-ionic surfactants containing
POE have been effectively analysed by the proposed
method, which provides infpr:mation both on the
hydrophobic chain and the POE chain lengths. This
POE analysis method has the weak point that com
pounds having less than six OE units cannot be sep
arated. However, the uses of such surfactants are
limited owing to their low solubility in water. Ifit is
necessary to analyse such short POE chains, a re
versed-phase stationary phase can be used instead
of the present cation-exchange resin.
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ABSTRACT

Early events in the partitioning process which involve characteristic kinetics of cell- and phase-specific interactions and phase
separation have been described previously. This paper reports on red cell-phase droplet interactions pertaining at the time of usual
phase sampling (i.e., the time at which a clear bulk interface is first apparent) and beyond in cell partitioning and countercurrent
distribution experiments. In non-charge-sensitive phase systems close to the critical point, cells can be free or attached to phase droplets.
Cells that are free are virtually completely in the top phase, whereas different cell populations that show essentially complete binding to
droplets can nevertheless have different partition ratios and be separated, thus reflecting the effects of the difference in the cells' avidity
for the phase droplets during the early, elapsed events in partitioning. At higher polymer concentrations (i.e., higher interfacial
tensions), the cell populations, completely bound to phase droplets, partition completely to the interface, and consequently cannot be
separated. When such systems are made charge-sensitive by the generation of a Donnan potential between the phases or made into
affinity systems by the incorporation of PEG ligands (e.g., PEG-palmitate), there is a decrease in the avidity of the cells for phase
droplets. The resulting increase in the ratio of free to droplet-bound red cells in the top phase at the time of sampling correlates with an
increase in the partition ratio, 'P, observed. The results show that a major difference (at the time of sampling) between non-charge
sensitive and charge-sensitive or affinity systems is that only in the former can cell populations be separated when they are almost
completely bound to droplets. It was also found that although red cell-droplet interactions still pertain at the usual sampling times,
there is a reduced involvement of kinetics at this late phase separation stage. This is operationally important as it provides leeway in
selecting the sampling (settling) time.

INTRODUCTION

Correspondence to: Dr. Harry Walter, Laboratory of Chemical
Biology -151, Veterans Affairs Medical Center, Long Beach,
CA 90822-5201, USA.

Partitioning in dextran-poly(ethylene glycol)
aqueous phase systems is an established, sensitive
method for the separation and fractionation of cell

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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populations based on differences in their surface
properties (for some recent reviews, see refs. 1-4).
Unlike the partitioning of soluble materials, which
occurs between the bulk phases and depends on the
materials' relative solubility in them, the partition
ing of cells generally take place between one of the
bulk phases and the interface and is time dependent
[1,2,5]. Early events in the partitioning process
which involve characteristic kinetics of erythrocyte
and phase-specific interactions and phase separa
tion have been described previously [5-7]. In this
paper we report on the red cell-phase droplet inter
actions pertaining at the time of usual phase sam
pling (see Experimental) and beyond in cell parti
tioning and countercurrent distribution experi
ments. We thereby (a) contribute further to an ap
preciation of the partitioning mechanism, (b) put
into perspective the early events which, to a great
extent, determine cell partition ratios but are usu
ally unobserved in an operational sense, and the
later events, which are observed without apprecia
tion of basis, and (c) show the reduced involvement
of kinetics in these later stages of partitioning.

EXPERIMENTAL

Reagents
Dextran T500 (lots 4094, 5556 and 11648) were

obtained from Pharmacia LKB (Piscataway, NJ,
USA). Poly(ethylene glycol) 8000 (PEG, Carbowax
8000) was from Union Carbide (Long Beach, CA,
USA) and PEG 6000 was from BDH (Poole, UK).
All salts used were of analytical-reagent grade. The
ester of PEG 6000 and palmitic acid (PEG 6000
palmitate) was synthesized by the method of Shan
bhag and Johansson [8]. Analysis established that
38 % of the hydroxyl groups were esterified.

Preparation of two~polymeraqueous phase systems
Dextran-PEG aqueous two-phase systems hav

ing the compositions specified in the text were made
up as previously described [I] and are designated by
the nomenclature established there. In short, the
first number in the description of phase systems de
notes the percentage concentration of dextran (wi
w). This is followed by a colon and a number giving
the percentage concentration of PEG (w/w) (PEG
8000 unless indicated otherwise). The salt content
follows as:
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#1 being 0.11 M sodium phosphate buffer (pH
6.8);

#5 being 0.01 M sodium phosphate (pH 6.8) +
0.15 MNaCl.

Systems in which phosphate predominates have an
electrostatic potential difference (L1tfJ) between the
phases (top phase positive) and are deemed charge
sensitive [I]. Phases in which NaCI is the main salt
have virtually no potential between the phases and
are non-charge-sensitive [I]. The interfacial tension
between the phases increases with increasing poly
mer concentration [1,2].

Collection of blood and washing of erythrocytes
Volumes of 10 ml of blood from human donors

and from dogs were obtained by venipuncture and
collected in 3 ml of the anticoagulant acid-eitrate
dextrose (ACD). A similar volume of blood was ob
tained, by heart puncture, from male Sprague
Dawley rats which weighed 275-400 g. Rabbit
blood, usually 5 ml in 1.5-2 ml of ACD, was from
the ear marginal vein. Sheep erythrocytes, in Alse
vier's solution, were purchased from Mission Lab
oratories (Rosemead, CA, USA). Chicken blood
was taken from the bracheal vein by venipuncture
and collected in Alsevier's solution. Aliquots of the
erythrocyte populations were washed three times
with at least ten times the cell volume of isotonic
aqueous salt solution (saline) before being used in
the experiments described below.

Partitioning of erythrocytes in aqueous two-phase
systems

Erythrocyte partitioning was carried out as de
scribed previously [9]. Phase systems to be used, at
21-24°C, were mixed and 10 ml were poured into
calibrated tubes (125 x 15 mm LD.). The tubes
were centrifuged to speed phase separation and the
top and bottom phase volumes were adjusted to be
equal. The top phase volumes were recorded. A 0.1
ml volume of washed, packed erythrocytes to be
partitioned was added to each tube and the contents
were well mixed. As phase separation (settling)
times are, among other things, a function of phase
column height [1,2,10] and increase markedly as
one approaches the critical point (i.e., the polymer
concentrations below which no phase separation
occurs), tubes were capped and permitted to settle
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in a horizontal position when using low poIymer
concentrations (i.e., 5:3.5) and in a vertical position
when using higher polymer concentrations. Times
for phase settling (indicated in the text and/or ta
bles) were chosen such that the phase systems had
just formed a sharp interface at the level of the ini
tially determined interface. In a few experiments
(see below) we also show, for comparative purpos
es, results at longer settling times. An aliquot of the
top phase was withdrawn and the number of cells
determined either by electronic counting (Cello
scope; Particle Data, Elmhurst, IL, USA) or by lys
ing and measuring the absorbance at 540 nm. The
number of cells initially added to the partition tubes
was similarly determined. The partition ratio, P, of
cells is given as the number of cells in the top phase
as a percentage of total cells added [1,2]. The parti
tion ratio was found to be independent of the num
ber of cells added tb the partition tubes over the
range tested (0.01-0.5 m1 packed erythrocytes).

Microscopic examination oferythrocyte-phase drop
let interactions

Between 0.015 and 0.035 ml of packed erythro
cytes were added to partition tubes containing
equal top and bottom phase volumes as described
above. The tubes were mixed and permitted to set
tle. An aliquot of top (or bottom) phase was then
removed with a Pasteur pipet and placed on a slide,
covered with a cover-slip and immediately exam
ined on a phase contrast microscope (American Op
tical, Buffalo, NY, USA). The percentage of cells
attached to phase droplets was determined three
times by counting a minimum of 100 cells each time
during a period ofnot more than 2 min to prevent
the slide from warming (due to the microscope
lamp).

RESULTS

Non-charge-sensitive phases: attachment of cells to
droplet surfaces

Microscopic examination of top and bottom
phases of non-charge-sensitive dextran-PEG 8000
(or 6000) phase systems containing erythrocytes
from rat, human, dog or rabbit reveals that the cells
are bound on the PEG side of phase droplets' (Fig. I
shows an example for human blood cells). The per
centage of these cells bound to phase droplets pres-
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Fig. I. Phase contrast light micrographs of human erythrocytes
(x 585) which attach to the outer surfaces of droplets of the
dextran-rich bottom phase suspended in the top phase of a oon
Charge-sensitive phase system containing 5% (w/w) dextran
T500, 4.75% (wjw) PEG 6000, 0.15 M Na.CI and 0.01 M sodium
phosphate buffer (pH 6.8). See text for discussion.

ent in the top phase (referred to as "dextran" drop
lets as they are composed of dextran-rich bottom
phase) waS determined at the same time as their
partition ratios, P, were measured (Table I). In the
phase system of lowest polymer concentration,
5:3.5 (lowest interfacial tension), the rat erythro
cytes were completely in the top phase and were not
bound to dextran droplets. Increasing the polymer
concentrations (5:3.5 -+ 5:3.7 -+ 5:4 -+ 7:4.4), there
by increasing the interfacial tension, led to in
creased binding to droplets and decreased P values.
In the 5:3.5 phase system the partition ratios were in
the order rat> dog> rabbit> human as reported
previously [9], indicating differences in the surface
properties of these cells. However, the attachment
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TABLE I

PARTITION RATIO, P, AND THE PERCENTAGE OF ERYTHROCYTES, FROM DIFfERENT SPECIES, BOUND TO
BOTTOM PHASE DROPLETS IN THE TOP PHASE OF NON-CHARGE-SENSITIVE PHASE SYSTEMS

See text for discussion.

Species

Rat
Dog
Rabbit
Human

Phase system"

5:3.5 #5b 5:3.7 #5c 5:4 #5d 7:4.4 #5'

P % bound P % bound P % bound P % bound

102 ± 3(3) I ± 1(3) 37 ± 8(18) 62 ± 15(16) 16 ± 2(3) 92 ± 3(3) 3 ± 3(3) 93 ± 3(3)
89 ± 5(9) 83 ± 7(9)
7l± 6(18) 81 ± 14(16) -
55 ± 5(3) 96 ± 1(3) <5 97 ± 3(3)

• Phase systems were composed of the indicated concentrations of dextran T500, poly(ethylene glycol) 8000 and 0.15 M NaCI + 0.0 J
M sodium phosphate buffer (pH 6.8). Data are presented ± S.D. with the number of experiments in parentheses.

b Settling time: 7 min horizontal + I min vertiCal.
c Settling time: 30 min vertical.
d Settling time: 20 min vertical.
, Settling time: 10 min vertical.

ofcells to droplets wa!i not as discriminatory as par
titioning: erythrocytes of rat were unattached
wherea!i those of dog, rabbit and human were pre
dominantly attached (>80%), and rabbit and dog
cells cou.ld not be distinguished by droplet binding.
Further, cells could be virtually completely at
tached to droplets and still display different parti
tioning behavior, e.g., the partition ratio of human
erythrocytes decreased from S5 to < 5% on increas
ing the polymer concentrations from 5:3.5 to 5:4,
yet in both phases more than 95% of cells were at
tached to droplets.

Evidence that cells differ in their affinity for drop
lets was obtained by examining the sequence of de
tachment of the cells from phase droplets as the
interfacial tension was reduced (Fig. 2): rat erythro
cytes were virtually detached at all polymer concen
trations, whereas the other species' cells, while at
tached in the 5:3.55 system, detached in the order
dog > rabbit > human as the polymer concentra
tions were reduced.

Charge-sensitive phases: attachment ofcells to drop
let surfaces

Microscopic examination of the top and bottom
phase of Charge-sensitive phase systems of dextran

T50o-PEG SOOO (or 6000) containing erythrocytes
from rat, human, dog or rabbit revealed that the
cells are bound on the PEG side of dextran droplets
present in the top phase and on the PEG side of
PEG droplets in the bottom phase. The percentage
of these cells bound to dextran droplets present in
the top phase was determined at the same time as
their partition ratios, P, were measured (Table II).
In the pha!ie system of lowest polymer concentra
tions, 5:3.5, the rat erythrocytes have a high P vahJe
and were not bound to dextran droplets. Increasing
the polymer concentrations (to 5:5 and to 7:4.4) led
to increased binding to droplets and was accompa
nied by decreased cell partition ratios. A similar
trend was also seen for human erythrocytes when
increasing the polymer concentration from 5:3.5 to
5:4. In the 5:4 system the P values decreased (from
94 to 5%) in the order rat> dog> human>
rabbit as reported previously [9] and were associ
ated with an increase (from 0.3% to 97%) in the
percentage of cells bound to dextran droplets. Un
like the behavi.or of these cells in non-charge-sensi
tive phase systems (Table I), high P values in
charge-sensitive systems were associated with low
percentages of cells bound to droplets.
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Phases with a polymer ligand: attachment of cells to
droplet surfaces

The percentage of chicken erythrocytes bound to
dextran droplets present in the top phase was deter
mined at the same time as their partition ratios, P,
were measured in two non-charge-sensitive phase
systems: 5:4.5 #5 and 5:5 #5 (Table IV). In each
instance the P value was zero and all the cells were
bound to the droplets. Incorporation of the hydro
phobic affinity ligand, PEG-palmitate, into the
phase systems caused an increase in P associated
with a decrease in the percentage of cells bound to
the droplets. Higher concentrations of PEG-palmi
tate were required in the phase system with higheJ:
polymer concentration (i.e., with 5:5) to produce
increases in the P value and free (unbound) cells
similar to those obtained in the 5:4.5 system.

Relation of cell partition ratio (and percentages of
cells bound to droplets) to sampling time

The effect of doubling the usual sampling time
(defined earlier) on the P value of human erythro
cytes and their attachment to dextran droplets in
the top phase was examined in both non-charge
sensitive and charge-sensitive phase systems (Table
V). There was little change observed in either the P
value or the percentage ofcells attached to droplets.
In experiments (not shown) using erythrocytes from
other species and a number of different phase sys-

equally high in both phase systems, the cells are
predominantly attached to droplets in the· non
charge-sensitive system and virtually completely
free in the charge-sensitive system. Hence the elec
trostatic potential difference between the phases in
the latter system resulted in the detachment of the
cells and the resulting P value can be ascribed to the
dog cells' surface charge. By contrast, rabbit red
cells (which have a very low surface. charge [9))
showed no decrease in attachment to phase droplets
on switching from 5:3.5 #5 to 5:3.5 #1. Rather, there
was a slight increase in attachment which, most
likely, is a consequence of the higher interfacial ten
sion associated with phase systems containing phos
phate [11]. Rabbit erythrocytes had similar P values
in both phases. Thus, even in the charge-sensitive
phase system the partitioning behavior of rabbit red
blood cells reflects their non-charge-related surface
properties.

+3.5ml+2ml +2.5ml

PHASE DILUTION --_..~

o-+----...,...-----r----------,
5:3.55 #5

(50ml)

Fig. 2. Relative avidity of cclls for bottom phase droplets sus
pended in the top phase as shown by the sequence of their de
tachment as the polymer concentrations of a non-charge-sensi
tive phase system [composed of 5% (w/w) dextran T500, 3.55%
(w/w) PEG 8000, 0.15 M NaCl and om M sodium phosphate
buffer (pH 6.8)] are reduced by titration with a solution contain
ing 2% (w/w) PEG 8000, 0.15 M NaCI and 0.01 M sodium phos
phate (pH 6.8). In the original system rat red blood cells are free,
whereas dog, rabbit and human erythrocytes are bound. As the
polymer concentrations are reduced, dog red blood cells become
free first, followed by partial (50%) detachment of rabbit and
(18%) human red cells. Human < rabbit < dog < rat is the
sequence of these species' erythrocyte partition ratios in non
charge-sensitive phase systems [9]. See text for discussion.

20

40

80

80

Involvement ofcharge- or non-charge-related surface
parameters in partitioning reflected by the extent of
cell attachment to droplets

The P values of cells measured in charge-sensitive
phase systems do not, in themselves, indicate the
extent of involvement of charge- or non-charge-re
lated parameters in effecting the observed partition
ratio. The partition ratios and binding to droplets
of dog and rabbit erythrocytes were examined in the
non-charge-sensitive phase system 5:3.5 #5, the
composition of which is close to the critical point,
and its charge-sensitive counterpart, 5:3.5 #1 (Table
III). While the P values of dog erythrocytes are
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TABLE II

PARTITION RATIO, P, AND THE PERCENTAGE OF ERYTHROCYTES, FROM DIFFERENT SPECIES, BOUND TO
BOTTOM PHASE DROPLETS IN THE TOP PHASE OF CHARGE-SENSITIVE PHASE SYSTEMS.

See text for discussion.

Species

Rat
Dog
Human
Rabbit

Phase system"

5:3.5 #I b 5:4 #1' 5:5 #1' 7:4.4 #I d

P % bound P % bound P % bound P % bound

93 ± 2(3) 0 94 ± 2(3) 0.3 ± 1(3) 22 ± 3(3) 91 ± 6(3) 16 ± 1(3) 87 ± 9(3)
95 ± 6(6) 2 ± 3(6)

87 ± 0(3) I ± 2(3) 52 ± 7(6) 53 ± 13(6)
5 ± 3(3) 97 ± 2(3)

" Phase systems were composed of indicated concentrations ofdextran T500, poly(ethylene glycol) 8000 and 0.1 I M sodium phosphate
buffer (pH 6.8). Data are presented ± S.D. with the number ofexperiments in parentheses. Note that the 5:3.5 #1 system reflects both
charge-associated and non-charge-related surface properties of these cells, while 5:4 #1 reflects chargc-associated properties of all
species' erythrocytes except those from rat (where both charge-associated and non-charge-relatcd properties are still rcflected). At
higher polymer concentrations charge-related properties determine the P value of all species' erythrocytcs including those from rat.
For a dctailed discussion, see ref. 9.

b Settling time: 7 min horizontal + I min vertical.
, Settling time: 20 min vertical.
d Settling time: 10 min vertical.

terns, small decreases in P value, usually less than
10% and never more than 20%, were observed.
These data indicate that at the usual sampling times
the kinetics of partitioning have become sufficiently

TABLE IV

PARTITION RATIO, P, AND THE PERCENTAGE OF
CHICKEN ERYTHROCYTES BOUND TO BOTTOM
PHASE DROPLETS IN THE TOP PHASE OF A NON
CHARGE-SENSITIVE PHASE SYSTEM CONTAINING
DIFFERENT AMOUNTS OF PEG-PALMITATE

See text for discussion.

TABLE III

PERCENTAGE OF RABBIT AND DOG ERYTHROCYTES
BOUND TO BOTTOM PHASE DROPLETS IN THE TOP
PHASE AND THE CELLS' PARTITION RATIO, P, IN A
NON-CHARGE-SENSITIVE (5:3.5 #5) AND A CHARGE
SENSITIVE (5:3.5 #1) PHASE SYSTEM

The latter system, also being close to the critical point (i.e., hav
ing the same lower polymer concentrations as the non-charge
sensitive system), reflects in addition to charge also non-charge
surface parameters. Phases were permitted to settle for 7 min
horizontal + I min vertical. Data arc'presented ± S.D. with the
number of experiments in parentheses. See text for details.

Species Phase system

PEG-palmitate Phase system"
(pg)

5:4.5 #5 5:5 #5

P % bound P

0 0 100 0
2 32 78
4 71 30
6 95 30
8 97 5

20 59
40 92
60 83
80 91

% bound

100

89
II
3
3

76 ± 15(3) 80 ± 7(9) 65 ± 11(3) 97 ± 3(9)
100 ± 0(2) 90 ± 8(6) 102 ± 2(2) I ± 1(6)

Rabbit
Dog

5:3.5 #5

P

5:3.5 #1

% bound P % bound

" Phase systems were composed of thc indicated concentrations
of dextran T500, poly(ethylenc glycol) 6000, 0.15 M NaCI +
0.01 M sodium phosphate buffer (pH 6.8), and the indicatcd
amounts of PEG 600o-palmitate. Partitions shown were car
ried out in 2-g phase systems (I g of each phase) to which om
ml of packed cells had been added. The P value was deter
mined after 15 min of phase settling in the vertical position.
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TABLE V

EFFECT OF DOUBLING THE "USUAL" SAMPLING TIME ON THE PERCENTAGE OF HUMAN ERYTHROCYTES
BOUND TO BOTTOM PHASE DROPLETS IN THE TOP PHASE AND ON THE CELLS' PARTITION RATIO, P

Data are presented ± S.D. with the number of experiments in parentheses.

Settling time"

7 min h + 1 min v
15 min h + 1 min v
20 min v
40 min v

" h = Horizontal; v = vertical.

slow that the choice of this time is not overly crit
ical.

DISCUSSION

Microscopic analysis of erythrocytes partitioned
in (dextran T50o-PEG) non-charge-sensitive phase
systems has previously revealed that cells tend to
adhere to the surfaces of the phase droplets and
streams (microphases) that are formed as phase sep
aration proceeds and are delivered to the develop
ing bulk interface [5,7]. These early events are com
plex and depend on the strength of attachment de
termined by the surface properties of the cell being
partitioned and on the phase system composition
[12,13]. They generate the P value since their kinet
ics determine the proportion ofcells delivered to the
bulk interface, by the time that the partition ratio is
measured, and the proportion present in the top
phase (either as attached to phase droplets or as free
cells). The partition ratio, P, can be seen actually to
reflect the sum of freea + droplet-bound cells in a
bulk phase as a percentage of total cells added.

However, in most practical applications, such as
the times employed in sampling a single partition
tube to measure the P value or in the settling steps
in countercurrent distribution, it is relatively late

" "Free" cells are those not bound to droplets of visible dimen
sions.

stages in the cell partItIOning process, when the
phases have separated to form distinct bulk phases,
that prevail. We have therefore, unlike in previous
reports, concentrated on an examination of these
later stages of the partitioning behavior of erythro
cytes.

The partitioning of erythrocytes in dextran
T50o-PEG 8000 (or 6000) phase systems takes
place between the top phase and the interface in
both charge-sensitive and non-charge-sensitive sys
tems. The cells adhere to the PEG side of the dex
tran droplets found in the top phase and also to the
PEG side of the relatively few PEG droplets found
in the bottom phase at the time of sampling. The
bulk phase into which the cells partition is thus re
flected by the side of the phase droplet to which they
adhere.

Partitioning of cells in non-charge-sensitive phase
systems is possible only when the polymer concen
trations are adequately low (low interfacial tension)
to permit cells to be found in one of the bulk phases
(either free or on droplets) at the usual time of
phase sampling. At higher polymer concentrations
all cells are at the bulk phase interface and no parti
tioning takes place. Hence it is particularly intrigu
ing that erythrocytes from different species, virtual
ly totally bound to the surface of phase droplets
(Table I), the physical properties of which are pre
sumably identical with those of the bulk interface,
can still have different P values and be separated
([9], Table I). In fact the non-charge-sensitive phase
system appears to be the onIy kind of phase system
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in which cells totally bound to droplets are separa
ble at normal partition times (compare Tables I and
II; also see ref. 14). Possible bases for these findings
are suggested below.

The sequence of attachment/detachment of dif
ferent species' red blood cells from phase droplets
(Fig. 2) is a reflection ofthe cells' relative avidity for
the interface. It indicates that whereas, in a given
phase system (e.g., 5:3.5 #5, Table I), cells from dif
ferent species may, essentially, have the same per
centage of cells bound to droplets, these are not
equally tightly held on the droplet surface. The se
quence of detachment parallels the cells' relative P
values (rat > dog > rabbit > human) in such a
non-charge-sensitive phase system (see Table I).

The effect of the difference in relative avidity of
erythrocytes from different species for phase drop
lets on the early stages of phase separation has been
summarized [11,15] and presents the most likely se
quence of occurrences which results in the separa
tion ofcells all of which are found to be phase drop
let-bound at the usual time of sampling.

Whereas the cell- and phase-specific kinetic dif
ferences in cell binding to droplets and of cell
bound droplet delivery to the bulk interface are dra
matic in the early stages of phase separation, the
change in P value observed' with a doubling of the
usual sampling' time is not large (Table V; see also
ref. 16) and, hence, the time of sampling· is' not so
critical in optimizing cell separations when made
beyong the time that a sharp interface has ap
peared.

To determine appropriate polymer concentra
tions for partitioning ceJJs in charge-sensitive phas
es, the lowest polymer concentrations at which cells
are totally at the interface in a non-charge-sensitive
phase system (e.g., one containing predominantly
NaCl) are first established. Using the determined
polymer concentrations one replaces the salt with
one that produces an electrostatic potential differ
ence between the phases (e.g., phosphate). Parti
tions carried out in charge-sensitive phases at or
above such polymer concentrations are deemed to
be charge-sensitive; below such polymer concentra
tions (i.e., in phases having lower interfacial ten
sions) partitioning can also reflect non-charge-asso
ciated surface properties [9,15,17].

Table II indicates that an inverse relationship ex
ists between erythrocyte P values in charge-sensitive
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phases and the percentage of cells bound to dextran
phase droplets in the top phase. Cells totally bound
to droplets in charge-sensitive phases would be ex
clusively at the bulk interface. This differs from the
behavior of cells in non-charge-sensitive phases
(Table I) in which, as already indicated, cells vir
tually completely bound to phase droplets can still
have different P values. In charge-sensitive phases
the partitioning of cells appears to take place be
cause cells are "pulled" off the phase droplets in
relation to their charge-associated properties (giv
ing rise to the cell partition sequence shown in Ta
ble II). Just as with non-charge-sensitive phase sys
tems, the effect of doubling the usual sampling time
on the P value observed in charge-sensitive phases
is not large (see Table V and Results) and hence
some leeway exists in its choice.

The partition ratio of erythrocytes from different
species in dextran T50o-PEG phase systems in
creases with increasing amounts of PEG-palmitate
([9], Table IV). The higher cell P values result from
a decrease in the number of phase droplet-bound
cells. Cells in phases containing PEG-palmitate be
have as if their interaction with phase droplets is
weakened. Evidence for this has been provided by
the wetting behavior of erythrocytes in dextran
PEG systems [11]. By binding to the cell surface
(hydrophobically), PEG-palmitate increases the
tendency for the PEG phase to wet the surface (con
tact angle measurements [11,15]) and, as it were,
"pull" the cell free and into the PEG phase.
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Pair-wise interactions by gas chromatography

I. Interaction free enthalpies of solutes with non
associated primary alcohol groups*
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ABSTRACT

A method is presented for the determination of interaction free enthalpies between an interacting group, X, suspended in a paraffin
solvent at ideal dilution and a volatile compound dissolved in the same solvent at ideal dilution. The measuring system consists of a
family of non-volatile solvents suitable for use as liquid stationary phases in gas chromatography. Members of the family, P, are
mono-X-functiona1ized derivatives of a parent branched paraffin, C78H158 (C78), with molecules having the same form and nearly the
same size as those of the non-polar standard, C78. Consequently, the solvents P form nearly ideal, regular mixtures with the standard
solvent. Gas chromatographic data of solutes on such mixtures allow the calculation ofinteraction parameters with the aid ofequations
given in this paper. The method was applied to the determination of interaction data of solutes 'with free, monomeric primary alcohol
groups.

INTRODUCTION

In this paper, a method is proposed for the
determination of the interaction free enthaIpies
between a solute, j, in a paraffin solvent at ideal
dilution and an alone-standing interacting group, X,
dissolved in the same paraffin solvent also at ideal
dilution. The measuring system consists of a family
of polar solvents, P, derivatives of a reference
paraffin, A = C78 (C7sH15S), depicted in Fig. 1 [1].
The molecule of the solvent, P, has the same form

.and nearly the same size as that of the reference, A.
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Chimie Technique, Ecole Polytechnique Federale de Lausanne,
CH-1015 Lausanne, Switzerland.
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"'''' Present address: Laboratoire AC Spiez, CH-3700 Spiez,

Switzerland.

Therefore, members of this family should form
regular A-P mixtures [2,3].

The determination of the molal Henry coefficient
of a solute, gj, in non-volatile solvents can easily be
accomplished by gas chromatography. Using the
A-P mixture as liquid stationary phase, the specific
retention volume, Vgo can be measured at different
temperatures, allowing the calculation of the molal
Henry coefficient from the relationship

(1)

where VN,j, is the net retention volume of the solute
at temperature T(K) ,WL is the mass of the liquid
stationary phase, L, in the column and PA (cm 3 atm
mol- 1 K - 1) is the universal gas constant. In binary
solvents the activity coefficient of a solute depends
on the size difference between the solvent and solute
a,nd on differences in interaction free enthalpies
between the solute and the two components of the
solvent. In the simplest case, the standard chemical

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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Fig. 1. Structure of the branched paraffin, C78, where X =

CH 2CH 3 , and its monofunctional derivative, POH (for primary
alcohol), where X = CH 2 0H, used as liquid stationary phases in
this paper. Further monofunctional derivatives have also been
prepared with X = CH 2CF 3 , CH 2CI, CH 2Br, CH 2CN, CH2SH
and OCH3 [11].'
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potential difference, given by

,1/11/P = RTln[gj(atmkgmol- 1)] (2)
Vg/mlg-1

o

<ppoH

[OH] 1 molI-1

is a linear combination of those measured in the pure
components. In real A-P mixtures, slightly deviating
from ideal behaviour, eqn. 3 holds: .

,1/11/P = ,1/11 + ({Jpzf/1r + ({JA({Jpm1/
P (3)

where ,1 and zf designate a difference with reference
states "ideal gas phase" and "ideal dilute solution in
standard, A", respectively. In our specific A-P
mixtures the effect of the size of the solvent mole
cules, A and P, should be the same [4-10]. Therefore,
the third term in eqn. 3 fully accounts for the slight
curvature of the dependence of the chemical poten
tial of the solute on composition due to non-ideality,
as shown by the example of three solutes in Fig. 2.
Supposing that the difference in the partial molar
heat capacity of the solute in the two states, ,1 CP,j
and zfCp,j is constant in the experimental tempera
ture range (Kirchhoffs approximation), the temper
ature dependence of the three terms in eqn. 3 is given
by the equations

,1I1A = ,1HA- T,1SA + ,1 CpA .[T- Tt - Tln(~)Jt"'J J J ,J r t

(4)

zfll~ = zfm - TzfSP + zfCPp .[T - Tt - TIn (~)Jt"'J J J ,J Tt

(5)

Fig. 2. Dependence of the.standard chemical potential of a solute
on composition in C78-POH mixtures illustrated on the example
of 6 = hexane, 7 = heptane and j = propionitrile at Boac. Vg is
the specific retention volume, <PPOH is the volume fraction ofPOH
and [OH] is the molar c'oncentration ofprimary alcohol groups in
the liquid stationary phase. Open circles are experimental points.
This figure helps in the understanding of equations and symbois
explained in the text.

(6)

where H j andSj are the partial molar enthalpy and
entropy at the standard temperature Tt = 130 +
273.15 K, respectively. The chemical potential con
tribution due to non-ideality, m1/P, is supposed to be
composed of an enthalpic, Aj> and an entropic, OJ>

term, both of which are independent of temperature.
The eight constants in eqns. 3-6 can be deter

mined by multiple linear regression if there are
sufficient chemical potential differences measured at
different temperatures (at least three) and A-P
compositions (at least three). Knowledge of eqn. 3
allows one to calculate the standard chemical poten
tial difference of the solute at zero concentration of
the interacting group, X, in the liquid stationary
phase. Use of eqn. 3 together with the relationship
between the volume fraction, ({Jp, ofP, and the molar
concentration of the interacting group, [X], in the
A-P mixture (monofunctional P, see Appendices B



(15)
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and C) gives the necessary relationship as

zt' j.ti.dP = (8Aj.tt
JP

) ==
} - 8[X] T,[X]=O

(8~j.ttJP) _ (:[X({Jp]) = (rlp) + mtJP)vp/1000 (7)
({Jp T,'I'p-O T

The chemical potential difference of the solute at
ideal dilution in an ideal polar stationary phase, idP,
in which there is no interaction between the polar
groups, x, (i.e., at ideal dilution in the reference
solvent, A) can now be given with the aid of the slope
of the function Aj.ttIP , at [X] = O. Its value at any
composition is given by

(8)

Knowledge of the function zt' j.t}dP at different tem
peratures permits the calculation of the correspond
ing partial molar enthalpy, entropy and mean
partial molar heat capacity by fitting eqn. 9 to the
experimental data.

z1! j.t}dP = zt'Itr - Tzt'S}dP +

z1! CdP[T - Tt ~ Tin (:£)] (9)PJ Tt

The meaning and use of eqns. 3-9 is illustrated in
Fig. 2 on the example of three solutes, 6 = n-hexane,
7 = n-heptane andj = propionitrile in mixtures of
the C78 branched paraffin and its derivative, POR,
in which a methyl group is replaced with a primary
hydroxyl (see Fig. 1).

In Fig. 2 are also shown the chemical potential
differences between j-6 and 7-6 in a given liquid
stationary phase (designated by b) which are neces
sary for the calculation of the retention index. In
fact, it can easily be shown (see Appendix D) that the
retention index of a solute can also be interpreted as
a measure of the chemical potential of the solute on
the scale given by the chemical potentials of the
n-alkanes. For a given liquid stationary phase, L (=
A, P or an A-P mixture),

LlIIL AilL bilL
1= 100 ~j - rz L + 100z = 100 rj~Z + 100z

Aj.tz+l - Llj.tz bJ1z
(10)

The difference between two n-alkanes, bj.tz, is nearly
independent of the carbon number if z is higher than
5. The temperature and composition dependence of
this "methylene increment" due to the increase in
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the chain length by a methylene group is given by

bj.t~JP = bj.t~ + ({Jp(bj.t~ - bj.t~) + ({JA({Jpbm~IP (11)

where

bj.t~ = bH~ - TbS~ + bC~,{T - Tt - Tln(~)]

(12)

bj.t~ = bl-F; - TbS~ + bC~,{T - Tt - Tin (~)]

(13)

bm~IP = bltz - Tbdz (14)

Let us now put forward the question of the
calculation of the retention index in the ideal polar
stationary phase, I}dP (see Appendix E)..

Let us suppose again that liquids A and P form a
regular mixture and the coefficients in eqns. 11-14
have been determined experimentally. Further, the
dependence of the retention index of a solute on
temperature and composition is known~ In fact,
experimental retention indices measured at different
temperatures and compositions can be described
with sufficient precision by

nIP = It + ({JpztI) + ({JA({JpitlP

with

It = n30,j + AT,jAT + A TT ,jAT2 (16)

zH)= zfIt30,j+ zfAT,jAT+ zfATT ,jAT2 (17)

itlP = AL,j + ALT,jAT (18)

where 1130 is the retention index at the standard
temperature Tt = 130 + 273.15 K and AT = T 
Tt. As a general rule, all coefficients A are small and
in most instances the coefficients A TT and rlA TT are
not significant. Consequently, retention indices can
be described by fewer coefficients than standard
chemical potentials (six instead of eight). Therefore,
certain thermodynamic functions of the solutes must
closely correlate with those of the n-alkanes, Knowl
edge of the coefficients in eqns. 15-18 permits the
calculation of the slope of the function ItJP([X]) at
[X] = 0 (see Appendix E)

(
8It

JP
) (8ItJP) (8({Jp)

8[X] T,[X]=O = 8({Jp T,'I'p=O 8[X] T

(rl-I) + itJP)vp/1000 (19)
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where [X] is the molar concentration of the inter
acting group, X, in the monofunctional polar sol
vent, P, and Vp is its molar volume. Knowledge ofthe
value of this slope permits the calculation of the
retention index in the solvent, idP (see Appendix E),
as

/~/idP = /~ + (8/tIP) [X] (20)
) ) 8[X] T.IX]=O 1 + [X]I(

where I( = (b'J1~dP - b'J1~)/bJ1~ is a small number.
Let us insist that the retention'index is not a linear
function of the composition in mixed liquid station
ary phases even if the mixture is ideal, but is given by
an equation similar to eqn. 20. The index I}dP can
now be calculated with a knowledge of the function
I( and the retention index on the pure polar phase P
(see Appendix E, case 2) or on the phase idP at
[X] = 1.

In the following Experimental section first the
determination of the thermodynamic functions of
n-alkanes is described in mixtures where A is the
branched alkane C78H1S8 (C78) and P is the pri
mary alcohol C77H1SS0H (POH) shown in Fig. 1.
In a second part the retention indices of 156 solutes
are given in the same solvents, which are then
converted into thermodynamic data with a know
ledge of those of the n-alkanes. Finally, thermo
dynamic data and retention indices are given in a
hypothetical ideal primary alcohol, idPOH, having
an alcohol concentration [OR] = I mol 1-1.
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EXPERIMENTAL

Materials
Solutes were research-grade compounds from

Fluka (Buchs, Switzerland). Some of the properties
of the stationary liquids, 19,24-dioctadecyldotetra
contane (C78) and 18,23-dioctadecylhentetracon
tan-I-ol (POH) (see Fig. I), synthesized in our
laboratory [1,11], are given in Table I together with
the coefficients of eqn, 21 for the calculation oftheir
density, PL in the temperature range 80-200°C.

lnpL = lnML-In VL = Inp t - atLlT - BLJP (21)

where pt and at are the density and the isobaric
coefficient of thermal expansion at the standard
temperature rt = 130 + 273.15 K and B = (1/2)
(da/d1) [12]. The purity of the liquid stationary
phases, C78 and POH, was higher than 99.5%. Fig.
3 shows that the ratio of the molar volume of the
POH/C78 stationary phases is near unity and its
variation with temperature is less than ±0.2%. A
batch of Chromosorb G HP from Supelco (Belle
fonte, PA, USA) was sieved. The fraction with
particle diameter 150-180 J1m was dried overnight in
air. An amount of 300 g of this material was placed
in an ampoule together with 3.0 g of trimethyl(di
methylamino) silane in an argon atmosphere. The
sealed ampoule was heated at 250°C whilst occa
sionally shaking. After 24 h, the silylated support
was cooled, washed with diethyl ether and dried in
vacuo at 120°C.

TABLE I

PROPERTIES OF THE LIQUID STATIONARY PHASES C78 AND POH

M = Molar mass; pt = density; vt = molar volume; at = isobaric coefficient of thermal expansion at the standard temperature
Tt = 130 + 273.15 K; B = (1/2) (daldT). (l is for the standard deviation around the regression in the temperature range 80-200°C. Data'
from refs. II and 12.

L M.p. . M pt v t at .104 B·I07
(l

COC) (gmol- 1) (g cm- 3) (cm3 mol-I) (K- 1) (K-2)
Symbol Formula

C78 C78H1S8 69-75 1096.1 0.7714 ]420.9 7.45 1.26 0.0004
POH C77H1SS0H 70-74 1098.1 0.7820 1404.2 7.79 0.74 0.0002

,195 :to.00009 :to.16 :to.32 :to.91
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Retention volume
The determination of the retention volume is

described in detail in refs. 10 and 13. In summary,
the helium carrier flow-rate was measured by means
of a soap-film flow meter and the pressure at the
inlet of the column was measured with a Model 7lOB
precision device from Heise (Bassweiler, Germany).
Retention time was determined at the peak maxi
mum with a Hewlett-Packard Model 3390A inte
grator. The retention time of neon was used as the
hold-up time for the calculation of net retention
times. The inlet pressures never exceeded 1.5 bar,
and it was assumed that gas-phase imperfections
were negligible. The overall reproducibility of the
retention volumes of neon was better than 1%.

Retention data were measured at 20-K intervals
between 90 and 210°C at experimental temperatures
as near as possible to the envisaged nominal temper
ature. The experimental temperature did not change
more than 0.2 K during a working day. The first, last
and mid-day chromatograms ofa working day were
obtained with a mixture of n-alkanes always con
taining the alkanes with z = 5-10. Retention indices
of all solutes were evaluated with the average net
retention time of the alkanes if their individual
values did not deviate by more than I%. Otherwise,
data for the working day were rejected.

After having measured all data on a given column,
specific retention volumes of ll-alkanes were con
verted into standard chemical potentials. With data
determined near a given nominal temperature the
following average was calculated:

Apparatus
The gas chromatograph used for the determina

tion of retention data is described in detail in refs. IO
and 13. In summary, a modified Packard-Becker
(Delft, Netherlands) Model 439 gas chromatograph
was used, equipped with two thermal conductivity
detectors. The temperature in the oven was mea
sured with a platinum sensor (100 Q; DIN 43710)
and a Model S 1220 measuring device from System
teknik (Lidingoe, Sweden). The platinum sensorwas
calibrated by the Eidg. Amt fUr Mass und Gewichte
(Berne, Switzerland) between 0 and 400°C with a
precision of ±O.l K. The temperature gradient in
the oven was measured with chromel-alumel
thermocouples at eight points. The mean column
temperature was calculated by considering the
temperature gradient as described in ref. 13.

200°C150100

100tppoll Column WL PL

(%) (g) (%)

00.0 D-6 2.101 6.81
33.3 2-6 1'.924 5.92
50.0 3-6 1.875 5.86
66.7 4-6 1.962 5.93
83.3 5-6 1.903 6.04

100.0 6-6 1.883 5.89

Fig. 3. Ratio of the molar volume of the POH and C78 stationary
phases as a function of temperature.

TABLE II

CHARACTERISTICS OF THE CHROMATOGRAPHIC
COLUMNS

tpPOIl = Volume fraction of POH in the C78-POH mixture at
130°C; \ilL = mass of this mixture in the column; PL = percentage
of L of the packing (lOO\llLltotal mass). In fact, tpPOIi is tempera
ture dependent but its variation is less than ±O.l % in the
experimental temperature range (90-210°C).

VPOH / VC78

0.988 +---l----.~-~-+-----____l-

0.989 +----+-----t-"7"''''-----t--

0.990 -f---+-----t------t----:

0.9874-:.,L----4-----j--------1r

For the preparation of column packings.an exact
amount of support (ca. 35 g, weighed with a
precision of ±0.0 I g) was wetted with a 3% solution
of the C78-POH mixture (ca. 2.22 g of mixture
weighed with a precision of ± I mg) in cydohexane
(50 ml). Under a slow stream of argon ( < 1 ppm of
O2) the solvent was evaporated at 60-70°C in a
slowly rotating cylindrical evaporator, then the
temperature was raised to 200°C for 10 h. Column
packings were stored in an argon atmosphere.
Columns (coiled Pyrex tubes, 330 em x 0.40 em
J.D.) were weighed before and after packing. The
weight difference permitted the calculation of the
column characteristics given in Table II. After
packing the columns were filled with argon and
those in use with oxygen-free helium.
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L1JizCTexp ) = [L1Jiz(TeXP,I) + ... + L1Jiz(Texp,n)]/n (22)

where Texp,iis the experimental temperature of the
ith determination near a nominal temperature, n is
the number of determinations and

Texp = (Texp,l + ... + T'exp,n)/n (23)

A quadratic regression was then fitted to each data
set for an alkane measured on the same stationary
liquid to give the dependence of the chemical
potential on temperature, L1JiZ<1). Chemical poten
tials measured at Texp were now corrected to Tnom by
using the first derivative of the quadratic regression:

L1Jiz<Tnom) = L1Jiz(Texp) +
+ [dL1JiZ<1)/dl1T =T".(Tnom - Texp) (24)

where Tnom - Texp never exceeded ±0.3 K.
Retention indices at nominal temperatures were

calculated by the analogous iterative procedure. All
successive calculations are based on these standard
chemical potential differences of the l1-alkanes and
retention indices corrected for the nominal tempera
ture, and they will be referred to as "experimental
retention data".

Solution data ofn-alkanes as afunction of the factors
T (temperature), L (composition of the liquid stat
ionary phase) and Z (carbon number of the 11

alkanes).
P('nlm7('-derane. As a first step. the standard
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chemical potential differences of the n-alkanes
pentane-decane (z = 5-10) were determined on the
four stationary phases: 0-6, 2-6, 4-6 and 6-6 (see
Table Ill) at intervals of 20 K in the temperature
range 90-210c C to give a set of 6 . 4 . 7 = 168 data
points. Analysis of variance of this data set, shown
in Table III, refers to the description of the experi
mental domain by eqn. 25 where J1? is an ortho
gonal polynomial of the degree i related to the
effect X = T, Land Z and b~) is the corresponding
regression coefficient.

Results of the analysis of variance show that all
terms of eqn. 25 are significant with the exception of
those underlined. Indeed, in the analysis of variance
two additional terms are significant (which are
omitted in eqn. 25) corresponding to a quadratic and
cubic dependence of L1Ji~fP on the carbon number of
the n-alkane, hence we conclude that the dependence
of standard chemical potentials at rt on Z is not
purely linear. It is important to note that the error in
the TL subspace is higher than the residual variance
(error introduced by adjusting a new temperature or
by changing the column). Therefore, effects in this
subspace were tested against the residual variance of
this subspace: "1st res." (cf, the analogous variance
analysis in ref. 10).

In order to identify the relationship between the
individual terms in eqn. 25 and the thermodynamic
functions, let us develop the function L1Ji~/P around

,1Ji~/P = b(O) + b~I)P<P + b~)PY) + bY:PP~)P~l) + bll)plJ) + bll}lP(,j)PCj;l +
+ W)J1!) + W..PJ1!)pcj;l +
+ bCl,l)P(l)p\l) + b(l.I,I)D(l)p(l)p(l) + bC2,llp(2)p(l) + b(2,1,1)n(2)n(I)D(l) +

T.L T L T,L,Z L T L Z T,L· T L T,L.Z ~ T L L ~ Z

+ b(2)p(2) + b(2,l)p(2}p(l!+-b(l,2)n(I)p\2) + b(l,2,l)p(l)p(2)p(l)
L L L,Z L Z T,L L T L T,L,Z T L Z

Yz = Yo + zf>Yz

,1CA f>CA
,1/1A1P = ,1/1tA + zf>/l tA - L1TL1SA

o - L1Tzf>SA - L1T2.~ - L1T2Z'~ +
~ ~ ~ . z 2rt 2rt

+ qJp( zt/lV + mb,A/P) + qJpz(f>JiV - f>Ji~ ,A + f>m~ ,AlP) -

P A ,...<2 tl'C ~o ,...<2 f>C~z - f>C~ z
L1TqJpzt.%:- ,1 TqJpz(f>Sz - f>Sz) - L1rqJp' 2rt' - L1rqJpz, . 2rt '-

(25)

(26)

(27)
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TABLE III

ANALYSIS OF VARIANCE OF THE SET OF 168 STANDARD CHEMICAL POTENTIALS OF THE n-ALKANE SOLUTES
WITH 5 ~ Z ~ 10 IN THE TEMPERATURE RANGE 90-2WOC AT FOUR COMPOSITIONS OF L

The source of variance is related to the orthogonal terms in eqn. 25. Xli) is the systematic polynomial variation of All on the effects T
(temperature), L (composition of the liquid stationary phase; IOOipp = 0.0, 33.3, 66.7 and 100.0%) and Z (carbon number of the solute).
The subscripts in parentheses refer to the degree of the orthogonal polynomial: (1) linear; (2) quadratic; (3) cubic. SQ is the sum of
squares, iP is the number of degrees of freedom and V' = V(res.) + Vx Vex) is the combined variance to be analysed by Fisher's F. The
coefficients b~) in eqn. 25 are also listed. The abbreviation "res.;' is for residual variance and "id" means that V' = SQ/iP is equal to the
corresponding SQ (iP = I).

Source SQ iP V' F Significance b(i)
x

(%)
X (i)

Aji (0) 26.2
T (I) 90460075.6 I . id 9.44 . lOs 0.01 366.89

(2) 53 555.9 I id 5.59 . 102 0.01 -5.154
(res. T* 190.4 4 47.6 0.49 -)

L (1) 222 105.1 1 id 2.32 . 102 0.01 32.521
(2) 1717.8 1 id 1.79 . 10' 0.1 3.198
(res. L* 936.6 1 id 9.78 1.0)

TL (1, 1) 448.7 1 id 4.68 5 -0.731
(1,2) 426.9 1 id 4.46 5 -0.797
(2,1) 158.3 I id 1.65 20 0.251
(res. TL* 789.1 15 52.6 0.55 -)

1st res.a (= ~X*) 1916.1 20 95.8

Z (1) 120930 857.4 1 id 8.98 . 106 0.01 -496.8
(2)' 20 883.4 1 id 1.55 . 103 0.01 4.469
(3)' 544.5 1 id 4.04 . 10' 0.01 -0.548
(res. Z** 10.1 2 5.1 0.38 -)

TZ (1,1) 970242.4 I id 7.20 . 104 0.01 22.249
(2, I) 4673.0 I id 3.47 . 102 0.01 -0.891
(res. TZ** 1002.8 28 35.8 2.66 10)

LZ (I, I) 1051.1 I id 7.80 . 10' om 1.309
(2,1) 212.1 1 id 1.57 . 10' 0.1 -0.658
(res. LZ** 344.9 13 26.5 1.9 20)

TLZ (1,1,1) 10.7 1 id 0.79 0.066
(2, I, I) 52.1 1 id 3.87 5 0.084
(1,2,1) 5.3 "I id 0.39 -0.052
(res. TLZ** 392.9 87 4.5 0.33 -)

2nd res! (= ~X**) 1750.7 130 13.5

a Sum of the residuals marked by one asterisk.
b Sum of the residuals marked by two asterisks.
, Quadratic and cubic levels of the factor Z are not included in eqn. 25.

the standard temperature rt by introducing L1 T = rtd. The visual arrangement of eqns. 25 and 27
T - rt, by assuming that the functions Y = Hz, Sz, facilitates the cross-identification of related terms.
dz and dz depend linearly on the carbon number in As an example, in the fourth line/second term (term
the n-alkane following eqn. 26, and by approxi- 4/2) the coefficient bf:P is related to c5-mV/P. The
mating the logarithmic expression multiplying L1Cp coefficient bCC:P is significant, meaning that the
by the first term of its Taylor series. curvature of the standard chemical potential with

The calculation gives (see ref. 10) eqn. 27, where composition shows a significant linear change with
L1,ut = L1H - rtL1Sis the chemical potential at the the carbon number of the alkanes.
standard temperature and similarly -mt.A/P = d - The three underlined terms (third line/second
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Ll/l~/P = 3 465.8 - 510.49z + 9.712LlT+ 1.2379LlTz + 0.0043LlP - 0.00244LlPz +
±(J 25.4 2.60 76 77 7 7

+69.8 qJp + 3.77 qJpZ - 0.349 Ll TqJp + 0.0134 Ll TqJpz + 0.0004 Ll PqJp + 0.00016 Ll T2 qJpz -
7 7 1 1 1 1

81.9qJAqJp + 6.16qJAqJpz + 0.282 LlTqJAqJp
1 1 24

(28)

term: 3/2 and also 3/3 and 4/4) are not significant,
meaning that the entropy of the "methylene in
crement", bSz, is the same in the liquids C78 and
POH (3.2), the partial molar heat capacity of a
hypothetical "nullane", LlCp.o, is the same in C78
and POH (3.3) and the entropic term of the non
ideality of the "methylene increment" in C78-POH
mixtures is negligible.

Pentane-tetradecane. In a second step, solution
data of the alkanes pentane-decane were completed
on two additional stationary phase mixtures: 3-6
and 5-6 (see Table III) to give for every alkane a set
of 6' 7 = 42 data. In addition, data for higher
n-alkanes, hendecane-tetradecane, were measured
on all six stationary phases in the temperature range
l50-210°C to give for each of these alkanes a set of
6 . 4 = 24 data. Based on the variance analysis in
Table III, it was now assumed that 71J-J';, 71oS;, 71C~.z

and liz are linear functions of the carbon number, z,
and that the coefficient <1 is independent of z.
Imposing these constraints in eqns. 5 and 6, the set of
252 (lower alkanes) + 96 (higher alkanes) = 348
data were evaluated by fitting eqn. 3 by multiple
regression to all data. The resulting regression
coefficients are listed in Table IV.

Data in the solvent, idPOH, were calculated as
follows. Using the coefficients listed in Table IV
together with the molar volume of POH calculated
with eqn. 21 (coefficients listed in Table I), the slope
zf/l~dP was calculated for every 10-K interval in the
temperature range for a given alkane by using eqn. 7.
Fitting eqn. 9 to these points, the data listed in Table
IV were obtained. (Note that the direct extrapola
tion of zfH, 71'S and zfCp is not applicable because
of the dependence of the molar volume, VpOH, on
temperature; e.g., direct extrapolation for dodecane
with VpOH at 130°C would give zfH = 97 call mol- 2,

zfS = -0.131 call mol- 2 K- 1 and zfCp = -2.5
call mol- 2 K- 1 instead of 48, -0.252 and -2.8,
respectively.)

Numerical value of the "methylene increment",
(j/l~/p. Because of the significance of a quadratic and
cubic dependence of the standard chemical potential
of the alkanes at yt on the carbon number, a linear
dependence of LlH~, LlS~ and LlC~,zwas not imposed
in the evaluation of the data of pentane-tetradecane
as was described in the preceding section. However,
inspection of the value of these functions listed in
Table IV shows that they can be represented with
very good precision as linear functions of z. Con
sequently, data for n-alkanes can be given by eqn.
28. The partial derivative of eqn. 28 with respect of
the variable Zis the "methylene increment". Its value
at qJp = 0 and qJp ;" 1 is given in eqns. 29 and 30:

b/l~ = -510.5 + 1.2379LlT- 0.00244LlP (29)
±(J = 2.6 77 7

b/l~ = -506.7 + 1.2513LlT- 0.00228LlP (30)
±(J = 2.6 77 7

Similarly, data for n-alkanes can be given by eqn. 31
on the ideal stationary phase, idPOH, at [OH] = 1
mol 1-1 as

Ll'/l~dP = 3 448.9 + 9.602LlT + 0.0047 LlP -
±(J 25.8 77 8

496.57 Z + 1.2680 Ll Tz - 0.00217 Ll pz
2.59 78 8 (31)

The first derivative of eqn. 31 with respect of Zgives
the corresponding methylene increment as .

(j'Jl~dP = -496.6 + 1.2680 Ll T - 0.00217 Lf P
±(J 2.6 78 8 (32)

Solution data of solutes other than n-alkanes
Retention indices. These were determined at tem

perature intervals of 20 K on the four stationary
phases: 0-6, 2-6, 4-6 and 6-6 (see Table III) in the
temperature range indicated in Table TV to give in
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general a set of20 data. On this data set eqn. 15 was
fitted with coefficients given in eqns. 16-18. In all
instances the quadratric coefficients A TT and ztA TT

were non-significant even at the 20% significance
level, with the exception of alcohols. In Table IV the
six regression coefficients are listed for all substances
even if they are not significant, whereas for alcohols
all eight coefficients are given even if they are not
significant (for the significance of the coefficients,
see Results and Discussion).

Use of the resulting regression coefficients in eqn.
15, eqn. 21 for the calculation of the molar volume,
and further eqns. 29 and 32 for the calculation of K,

retention indices were calculated at every lO-K
interval for a solute in a solvent idPOR having a 1
molar concentration of interacting groups, X. The
results are given in Table IV.

Thermodynamic data. For a given solute the
experimental retention index data were converted
one by one into standard chemical potentials by
using eqn. 10 and the individual thermodynamic
data for n-alkanes listed in Table IV. With the
resulting data set, the coefficients in eqns. 3-6 were
determined by multiple regression and are listed in
Table IV.

Finally, a data set of retention indices was gener
ated for 1 M idPOR solvent with the aid of
coefficients listed in Table IV at every lO-K interval.
These retention index data were converted into
standard potentials and the coefficients LJ'Hr,
LJ'S}dP and LJ'Clr were determined by regression.
The resulting coefficients with reference to the
non-polar standard, zt'Hr, zt'S}dP and zt' C~~r, are
listed in Table IV.

Conversion of thermodynamic data into reference
states related to those of the distribution coefficient,
K D

Using the relationship given in eqn. A6 in the
Appendix, a data set, LJj1A/P - LJj1(D)AfP, was gener
ated at lO-K intervals in the temperature range
90-21O°C for the four mixtures lpPOH = 0.000,
0.333, 0.667 and 1.000. Molar volumes of the
mixtures were calculated by assuming that C78 and
POR form ideal mixtures and consequently

(33)

Fitting eqns. 3-6 to the resulting set of data, the
necessary corrections were ohtained for this conver-
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sion, and they are listed in the next to the last line in
Table IV.

In the last line in Table IV the necessary informa
tion is given to convert coefficients referring to
pressures measured in atmospheres to those ex
pressed in bars.

RESULTS AND DISCUSSION

Data listed in Table IV
Thermodynamic data for 156 solutes were mea

sured on mixtures of two stationary phases, the
paraffin C78 and its derivative POR. In the latter
compound one of the methyl groups in C78 was
substituted for a hydroxyl, resulting in a slightly
polar stationary liquid with one primary alcohol as
interacting group out of 78 heavy atoms. The
alcohol concentration in the melt of pure POR is
about 0.7 moll- 1 at the temperatures of measure
ment (90-210°C). Interaction enthalpies between
primary alcohols are known to be of the order of 5
kcal mol- 1. Therefore, even at the high tempera
tures of the gas chromatographic measurements
there will be a considerable proportion of dimers in
the melt of pure POR. Actually, at l30°C, as an
example, about 24% of dimers were expected. In
order to measure interaction free energies between
monomers and solutes, we proposed to measure
data at different alcohol concentrations in the
stationary phase and to determine interaction energi
es by extrapolation to zero hydroxyl concentration.

The necessary precautions for the determination
of molal Renry coefficients free of interfacial ad
sorption at the gas-liquid and liquid-support inter
faces were discussed in ref. 14. In summary, in order
to minimize retention by adsorption, a commercial
support having a low specific surface area of about
0.56 m2 g-l was chosen for the preparation of
column packings. Also, the support was further
deactivated by treatment with trimethyl(dimethyl
amino)silane but only to an extent such that the
silylated support remained wettable by the non
polar C78. In fact, non-wettable supports result in a
mixed retention mechanism and unusable data. In
preliminary experiments the effect of adsorption on
retention was evaluated by the method of Martin
[15] by using packing materials with different C78
loadings and n-alkanes, primary alcohols, I-nitro
alkanes and l-cyanoalka n~s as test compounds. Tt
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TABLE IV

RETENTION INDICES AND THERMODYNAMIC DATA OF 156 SOLUTES INTHE STATIONARY PHASES Ci8, POH AND
idPOH AND THEIR MIXTURES; SOLUTES AT IDEAL DILUTION

Retention indices: 1130 is the retention index at the reference temperature, Tt = 130 + 273.15 K; for the meaning of the coefficients A, see
eqns. 15-18. The constants in POH and a I MidPOH are given with reference to C78. Thermodynamicfunctions: LJHand LJS (tJH and tiS)
are partial molar enthalpy and·entropy differences at Tt, LJCp (tlCp) is the mean partial molar heat capacity in the temperature range
indicated. Reference states: LJ = ideal gas; tI = ideal dilute solution in C78. Values designated by a prime are derivatives with respect of
[POH] = [OH] moll-I. At the end of the table additive corrections are listed to convert data: (A) to those related to the partition
coefficients KD (see eqn. A6) and (B) to those where pressures are measured in units of bar (instead of atm). Data for n-alkanes marked
with a superscript, e, are extrapolated values. Errors: u is the standard deviation around the regression. At the end of the table are listed
standard deviations of coefficients and functions in units of the standard deviation around the regression f(coeff) = u(coeff)/u. Data
marked by superscript, s, are .significant at the 10% significance level if tested against u but considered to be significant on the basis of
arguments in the Discussion. Data marked by one asterisk are at the 20% significance level those marked by double asterisks are under
this limit.
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No Thermodynamic data

C78 POH-C78 Mixture id POH([OH]=1) - C78

L1H L1S i.cp t!H t!S dep -A <J dH dS IIep (1

(cal (cal (cal (cal mol·J (call (cal
mo[:l) (cal mal-JK·l) mo[:l) (cal mol-J K-J) mol·J) K-J) moP) (cal I mol-2 K-J) mo[:l)

HYDROCARBONS

n-Alkanes

00.05 - 5507 -16.043 6.2 + 203 +0.283 - 0.9 - 165 -0.282 + 35 -0.043 - 1.3 4.7

00.06 - 6505 -17.131 7.8 + 202 +0.270 - 1.1 - 159 -0.282 + 39 -0.070 - 1.7 4.7

00.07 - 7517 -18.341 10.7 + 200 +0.256 - 1.2 - 152 -0.282 + 41 -0.102 - 1.8 4~2

00.08 - 8517 -19.540 12.3 + 197 +0.243 -1.3 - 146 -0.282 + 42 -0.129 - 2.0 3.9

00.09 - 9531 -20.792 14.4 + 196 +0.230 - 1.5 - 140 -0.282 + 44 -0.158 - 2.3 4.4

00.10 -10 539 -22.035 15.8 + 194 +0.216 - 1.6 - 134 -0.282 + 45 -0.190 - 2.5 4.5

00.11 -11 561 -23.322 19.1 + 193e +O.203e - l.7e - 128e -0.282e + 47 -0.221 -2.6 4.7

00.12 -12569 -24.581 20.5 + 191e +O.18ge - 1.8e - 122e -0.282e + 48 -0.252 - 2.8 6.8

00.13 -13 576 -25.840 21.9 + 19Qe +O.176e - 2.0e - 116t -0.282e + 50 -0.281 - 3.1 6.7

00.14 -14583 -27.099 23.3 + 189t +0. 163e - 2.l e - 10ge -0.282e + 54 -0.313 - 3.3 6.6

lsoalkanes

1O.Q1 - 5709 -15.977 6.0 + 255 +0.403 + 3.5 - 177 -0.341 + 90 +0.036 - 1.5 1.9

10.02 - 6029 -16.322 6.4 + 254 +0.407 + 0.8" - 318 -0.681 - 106 -0.422 - 1.1 2.7

10.03 - 6603 -17.009 7.0 + 211 +0.280 + 3.4 - 201 . -0.399 5 -0.217 - 0.9 1.8
10.04 - 7102 -17.578 8.9 + 224 +0.321 + 1.2" - 166 -0.319 + 64 -0.042 - 1.6 1.7

10.05 - 6689 -17.208 8.7 + 203 +0.263 + 0.7" - 207 -0.407 - 29 -0.262 - 2.1 0.9

10.06 - .7991
.'

-18.678 11.2 + 203 +0.262 + 1.2' - 114 -0.203 + 97 +0.014 - 2.4 0.8

10.07 - 7738 -18.467 10.7 + 234 +0.337 - 0.1" - 96 -0.136' + 169 +0.219 - 2.3 1.0

10.08 - 8100 -18.761 10.3 + 215 +0.296 + 1.2" - 91 -0.144" + 147 +0.143 - 1.7 1.5

10.09 - 6750 -17.092 8.0 + 247 +0.407 - 1.7' - 167 -0.285 .+ 96 +0.128 - 1.9 1.1

10.10 - 7256 -17.772 9.7 + 223 +0.317 + 0.5" n' -0.077" + 185 +0.273 -·2.4 1.9
10.11 - 7889 -18.441 9.6 + 250 +0.389 + 1.5" - 96) -0.132" + 206 +0.338 - 1.7 2.2

(Continued on p. 240)
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TABLE IV (continued)

No. Compound Temp. Retention index
range

C78 POH-C78 Mixture id POH (fOHj=l) - C78

JOx Joo x JO x JOO x JO x JO x JOO x
n 1130 AT ATT M130 MT MTT AL ALT r!J MT MTT (J

(OC) (K·J) (K·2) (K·J) (K·2) (K·J) (I (K·JI (K·21
mol·J) mol·J) mol·J)

I-Alkenes

11.06 1-Hexene 20 90-170 587.0 +0.55 -" 2.6 -0.17' -" - 1.1 -0.73' + 2.2 - 1.29 - •• 1.02

11.07 I-Heplene 20 90-170 685.9 +0.45 - •• 3.4 -0.11' -" + 0.1' -0.39' + 5.9 - 0.67 - •• 0.49
11.08 l-OCtene 20 90-170 785.3 +0.44 - .. 3.4 -0.05' -" + 0.1' -0.14' + 5.4 - 0.21 - " 0.39

11.09 I-Nonene 20 90-170 885.2 +0.39 - ., 3.7 +0.02' -" + 0.9' +0.10' + 7.1 + 0.24 - u 0.37
11.10 I-Decene 20 90-170 985.1 +0.37 -" 3.6 -0.02' _u + 1.0' +0.34' + 6.5 + 0.52 _u 0.40

l-Alkynes

12.05 1-Pentyne 20 90-170 484.8 -0.17' -" 13.8 +0.15' -" + 5.0 -0.51' + 27.5 - 0.25 _u 0.79

12.06 I-Hexyne 20 90-170 588.2 +0.10' -" 13.9 +0.18' -" + 4.0 -o.n· + 26.6 - 0.54 - .,
0.70

12.07 I-Heplyne 20 90-170 688.2 +0.06' -" 14.8 +0.24' -" + 4.3 +0.03' + 28.6 + 0.65 - .. 0.75

12.08 I-Octyne 20 90-170 788.1 +0.14' - .. 14.7 +0.20' -" + 4.6 -0.19' + 28.8 + 0.28 -
.,

0.50

12.09 1-Nonyne 20 90-170 888.5 +0.20 - .. 14.8 +0.15' -" + 5.2 -0.26' + 29.7 + 0.11 - .,
0.39

12.10 1-Decyne 20 90-170 988;6 +0.16 - .. 14.9 +0.21' _u + 5.8 -0.19' +' 30.5.+ 0.31 _u 0.43

Alkynes

13.01 2-Hexyne 20 90-170 642.2 -0.22' -" 13.8 +0.16' -" + 1.8' -0.77' + 23.6 - 0.67 - •• 0.60

13.02 3-Hexyne 20 90-170 621.6 -0.54 .. 12.5 -0.12' -" - 2.3' -0.23' + 14.8 - 0.37 - •• 0.54

13.03 4-Octyne 20 90-170 810.6 -0.21 .. 11.5 -0:19 .. + 1.7 -0.45 + 18.8 - 0.75 .. 0.26

Monocyclic hydrocarbons
14.05 Cyc10penlane 20 90-170 587.6 +2.33 _u 2.1 -0.26' _u - 0.1' -1.06' + 3.1 - 1.88 - .. 0.82

14.06 Cyc10hexane 20 90-170 692.8 +3.08 2.7 +0.07' -" + 0.9' +0.37' + 5.9 + 0.69 - •• 0.70

14.07 Cyc10heplane 20 90-170 836.0 +4.14 .. 4.1 +0.13' _u + 2.2' +0.29' + 9.3 + 0.69 - .. 0.53

14.08 Cyc100ctane 20 90-170 963.9 +4.92 _u 5.3 +0.10' _u + 1.0' +1.59 + 9.3 + 2.51 - .. 0.99

14.10 Cyc10decane 20 130-210 I 177.4 +6.88 .. 6.6 +0.15' _u + 2.1' -1.43' + 12.7 + 1.95 - .. 1.00

Bicyclic hydrocarbons

15.01 cis-Hydrindane 20 130-210 1033.1 +5.92 .. 5.5 +0.34' -" + 3.5 +1.10' + 13.2 + 2.20 _u 0.85

15.02 trans-Hydrindane 20 130-210 999.8 +5.41 .. 3.4 +0.91' -" + 2.4' -0.07' + 8.5 + 0.20 - .. 1.11

15.03 cis-Deca1in 20 130-210 1 151.0 +7.06 .. 6.4 +0.48' -" + 8.1 "-1.14' + 21.0 + 1.14 - .. 1.15

15.04 trans-Deca1in 20 130-210 1 110.1 +6.56 5.6 +0.26' -" + 3.4 +0.30' + 13.1 + 0.93 - .. 0.62

Methylcyclohexanes ( MCH ).
16.01 Methylcyc10hexane 20 90-170 757.2 +3.25 .. 2.9 -0.01' -" + 1.8' +0.34' + 6.6 + 0.48 - .. 0.58

16.02 cis-l,2-Di MCH 20 90-170 866.8 +3.88 ... 3.9 +0.07' -" + 1.0' +0.68' + 5.9 + 1.12 _u 0.54

16.03 trans-l,2-Di MCH 20 90-170 836.6 +3.51 _u 3.2 +0.11' -" + 1.0' +0.78' + 4.9 + 1.32 _u 0.54
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No Thermodynamic data

C78 POH-C78 Mixture id POH({OHJ=l) - C78

,1H ,1S ,1Cp t!H t!S t!Cp /I d dH dS tlCp (J

(cal (cal (cal (cal mol-l (call (cal
mol-l ) (cal mol-l K-l) mol-l ) (cal mol-l K-l) mol-l ) K-l) moP) (call mol-2 K-l) mol-l )

1-Alkenes

11.06 - 6249 -16.679 8.3 + 133 +0.145-- - 2.5" - 300- -0.666- - 258 -0.790 - 2.2 5.8

11.07 - 7276 -17.932 12.2 + 140 +0.159 - 3.0' - 246 -0.509 - 163 -0.521 - 3.5 2.2

11.08 - 8278 -19.138 12.5 + 152 +0.180 - 1.1-- - 181 -0.363 - 58 -0.301 - 2.6 2.1

11.09 - 9299 -20.404 14.0 + 161 +0.195 - 1.0" - 132 -0.246- + 16 -0.134 - 2.6 2.0

11.10 -10314 -21.663 15.0 + 155 +0.162 + 0.6-- - 74" -0.119" + 82 -0.015 - 2.6 2.2

1-Alkynes

12.05 - 5392 -15.969 7.1 + 98 +0.217 - 1.1" - 334 -0.629' - 296 -0.486 -1.7 4.5

12.06 - 6363 -16.945 8.6 + 97 +0.208 - 3.1" - 359 -0.717 - 343 -0.664 - 1.8 4.0

12.07 - 7384 -18.168 11.9 + 98 +0.204 - 3.7" - 194- -0.325" - 115 -0.122 - 3.2 4.0

12.08 - 8368 -19.325 12.9 + 87 +0.166 - 2.8- - 236 -0.441 - 195 -0.354 - 2.6 2.5

12.09 - 9371 -20.544 15.3 + 73 +0.119 - 2.1- - 253 -0.493 - 239 -0.489 - 3.2 1.9

12.10 -10 389 -21.811 17.0 + 85 +0.137 - 1.8" - 237 -0.463 - 205 -0.435 - 3.4 2.2

Alkynes

13.01 - 6979 -17.758 9.3 + 91 +0.180 - 3.7 - 335 -0.701 - 335 -0.714 - 0.7 2.2

13.02 - 6838 -17.675 8.8 + 49- +0.052" + 0.4" - 177' -0.360- - 184 -0.444 - 0.9 2.3

13.03 - 8667 -19.779 13.0 + 42 +0.001-- + 0.6" - 253 -0.526 - 299 -0.745 - 1.4 1.9

Monocyclic hydrocarbons

14.05 - 5856 -15.694 6.3 + 118 +0.096" - 1.3" - 389 -0.852 - 419 -1.157 - 1.5 4.7

14.06 - 6791 - -16.639 9.4 + 179 +0.246 - 2.1" - 79" -0.088" + 103 +0.133 - 4.3 3.6

14.07 - 8028 -17.876 10.6 + 173 +0.234 - 0.6" - 110- -0.169" + 64 +0.029 - 4.2 2.4

14.08 - 9168 -19.086 10.2 + 155 +0.186- + 0.9" + 178" +0.507" + 424 +0.871 - 3.9 5.7

14.10 -11 061 -21.115 16.3 + 252- +0.416- - 2.9" - 395 -0.932 + 368 +0.701 - 7.2 4.6

Bicyclic hydrocarbons

15.01 - 9787 -19.749 14.7 + 155- +0.184-- + 0.9" + 1" +0.093" + 431 +0.908 - 7.7 3.2

15.02 - 9554 -19.587 14.1 + 185- +0.245" + 3.1" - 184- -0.375- + 88 +0.013 - 6.3 3.5

15.03 -10652 -20.434 13.0 + 141- +0.152" + 1.3" - 404 ' -0.878 + 26 -0.039 - 3.7 5.1

15.04 -10 399 -20.311 14.4 + 212 +0.316- - 1.1" - 133- -0.251" + 126 +0.124 - 5.2 2.8

Methylcyclohexanes ( MCH )

16.01 - 7409 -17.342 9.1 + 167 +0.201 + 3.2 - 73- -0.118" + 114 +0.073 - 2.9 1.6

16.02 - 8396 -18.392 7.9 + 167 +0.199 + 4.4 - 27" +0.015" + 186 +0.274 - 1.1 2.3

16.03 - 8166 -18.202 7.8 + 183 +0.235 + 4.1 5" +0.074" + 238 +0.400 -1.3 2.4

(Continued 011 p. 242)
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No. Compound Temp. Retention index
range

C78 POH- C78 Mixture id POH (fOH]=l) - C78

10 x }()I) x }o x }OO x }O x }O x 100 x
n 1130 Ar Arr M130 dAr ilArr AL ALr dI M r Mrr (J

(CC) (K-)) (K-2) (K-}) (K·2) (K-}) (l (K')/ (K-2/
moP) mb/'}) mo/'})

16.04 cis-l,4-Di MCH 20 90-170 837.4 +3.37 .. 2.9 +0.07· _ •• + 1.4· +0.21· + 5.8 + 0.46 _ •• 0.65
16.05 trans-l,4-Di MCH 20 90-170 816.0 +3.16 .. 2.5 +0.06· _ •• + 1.8· +0.23· + 5.7 + 0.47 - .. 0.60

Cydohexenes
17.01 Cyclohexene 20 90-170 7.04.4 +3.04 .. 7.1 +0.14· _ •• - 3.8 +0.75· + 4.2 + 1.32-•• 0.66
17.02 1,3-Cyclohexadiene 20 90-170 688.6 +2.94 .. 11.6 +0.39· _ •• + 2.7' +0.78' + 19.8 + 1.86 - .. 0.62
17.03 1,4-Cyclohexadiene 20 90-170 724.9 +2.95 _.. 11.4 +0.12· -:-., + l.0· +0.12" + 17.5 + 0.51 - .. 0.57

A/Icy/benzenes
18.00 Benzene 20 90-170 675.0 +2.57 .. 17.0 +O.78··_u + 5.1 +0.91· + 30.9 + 2.72 - .. 0.90
18.01 Toluene 20 90-170 784.0 +2.69 - .. 16.9 +0.66· _., + 4.5 +0.78· + 30.5 + 2.35 - .. 0.71
18.02 Ethylbenzene 20 90-170 874.0 +3.03 - .. 16.4 +0.56· .-•• + 4.6 +0.70' + 30.2 + 2.08 -

.,
0.56

Miscellaneous

19.01 Adamantane 16 130-210 I 135.3 +7.98
_..

11.0 -0.44· _ •• - 6.8 +2.39 + 6.1 + 2.86 - .. 0.98

19.02 Naphthalene 16 130-210 1213.7 +7.89 .. 34.0 -0.95' - .. - 5.1 +2:68 + 41.9 + 2.87 .. 1.12

19.03 Azulene 16 130-210 I 329.7 +8.69
.,

35.7 -0.18' -" +21.1 -0.80' + 81.9 - 0.67 _., 1.66

ALKANE DERIVATIVES

I-F/uoroa/kanes

20.05 I-Fluoropentane 20 90-170 557.1 +0.11' -" 12.9 +0.15· -" + 4.0' -2.12 + 26.1 - 2.61 - ,.
l.09

20.06 I-Fluorohexane 20 90-170 658.0 +0.08· -" 13.0 +0.10' ~" + 3.7' -2.06 + 25.5 - 2.60 - .. l.03

20.08 I-Fluorooctane 20 90-170 859.6 +0.06' -" 13.1 +0.17· -" + 5.2 -0.96 + 27.0 - 0.89 0.59

1,1,1-Trifluoroalkanes

21.08 1,1,1-Trifluorooctane 20' 90-170 720.0 -2.26
,.

10.9 -0041' -" + 8.0 +0.01· + .29.9 - 0.29 1.30

21.10 ,1,1,I-Trifluorodecane 20 90-170 918.5 -2.25 11.3 -0.22' _., + 8.6 +0.32' + 31.2 + 0.41 1.34

I-Chloroa/kanes

22.04 I-Chlorobutane 20 90-170 639.5 +1.69 ., 15.0 +0.21· _ •• + 2.3 -0.88 + 24.4 - 0.73 0.47

22.05 l-Chloropentane 20 90-170 741.7 +1.41 16.0 +0.61' _ •• + 4.6 +0.36' + 29.7 + 1.67 - .. 0.30

22.06 l-Chlorohexane 20 90-170 842,9 +1.65 16.4 +0.55' _U + 5.8 -0.07' + 32.3 + 0.99 -
,.

0.48

I-Bromoa/kanes

23.03 I-Bromopropane 20 90-170 627.1 +2.26 .. 17.2 +0.66' _ •• + 4.9 -0.66' + 32.7 + 0.29 - " 0:77

23.04 1-Bromobutane 20 90-170 73004 +2.51 17.5 +0.56' _u + 6.5 -0.35' + 36.3 + 0.63 - " 0·77
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No Themwdynamic data

C78 POH -C78 Mixture id POH([OHJ=l) - C78

IlH IlS IlCp t!H t!S t!Cp It <1 AH AS t!Cp (J

(cal (cal (cal (cal mo[-l (call . (cal
mol-J) (cal mo[-J K-J) moP) (cal mol-l K-I) moP) K-I) mof-2) (call mol-2 K-I) mol-J)

16.04 - 8201 -18.281 9.2 + 176 +0.220 + 1.3" - 124" -0_214" + 55 -0_038 - 1.9 3.5

16.05 - 8027 -18.123 10.0 + 181 +0.230 + 1.5" - 126' -0.213" + 60 -0.018 - 2.9 2.9

Cyclohexenes

17.01 - 6923 -16.812 7.7 + 155 +0.228 + 2.5" + 39" +0.141" + 254 +0.477 - 2.7 3.3

17.02 - 6776 -16.650 6.9 + 158 +0.294 + 2.6" 26" +0.066" + 198 +0.539 - 2.1 2.9

17.03 - 7150 -17.113 8.3 + 108 +0.169 + 1.5" .- 145' -0.256" 44 -0.101 - 1.9 3.0

Allcylbenzenes

18.00 - 6717 -16.685 8.2 + 190 +0.443 + 3.8' 18" +0.119" + 268 +0.860 - 3.7 3.5

18.01 - 7793 -17.954 10.9 + 157 +0.355 + 1.0" 34" +0.055" + 182 +0.605 - 4.8 2.7

18.02 - 8641 -18.918 11.9 + 137 +0.291 + 0.7" 56" -0.012" + 134 +0.445 - 4.4 2.4

Miscellaneous

19.01 -10 541 -20.340 17.9 + 189' +0.313' - 4.8' + 297 +0.690 +·741 +1.548 -11.2 2.9

19.02 -11 305 -21.266 17.9 - 174" -0.312" - 3.3" + 332 +0.788 + 334 +0.946 - 9.6 4.4

19.03 -12443 -22.642 21.9 + 207" +0.633' -14.4 - 496 -0.967 - 641 -1.045 -10.2 5.4

ALKANE DERIVATIVES

1-Fluoroalkanes

20.05 - 6050 -16.603 9.5 + 98' +0.214' - 7.6' - 671 -1.485 - 799 -1.773 - 2.3 S.4
20.06 - 7073 -17.791 11.2 + 84' +0.155' - 5.4' - 622 -1.387 - 758 -1.738 - 1.1 4.9
20.08 - 9108 -20.255 14.3 + 94 +0.151 - 2.2" - 395 -0.839 - 411 -0.938 - 1.8 3.2

1,1,1-Trifluoroalkanes

21.08 - 8184 -19.747 16.3 1" -0.082" - 8.7' - 237' -0.393" - 311 -0.598 - 4.2 5.7
21.10 -10 174 -22.163 20.2 + 34" -0.013" - 7.4' - 172" -0.256" - 178 -0.326 - 5.4 6.2

1-Chloroalkanes

22.04 - 6543 -16.714 7.9 + 93 +0.186 + 1.5" - 367 -0.772 - 371 -0.788 -1.3 2.1
22.05 - 7639 -18.109 10.2 + 164 +0.367 + 0.4" - 124 -0.159' 79 +0.350 - 2.7 1.5
22.06 - 8611 -19.234 12.1 + 137 +0.297 - 0.7" - 220 -0.397' 96 -0.087 - 2.7 2.6

1-Bromoalkanes

23.03 - 6299 -16.268 6.3 + 160 +0.393 - 2.8" - 356 -0.709 - 244 -0.370 - 0.9 3.8
23.04 - 7294 -17.406 11.3 + 133 +0.325 - 5.8' - 291 -0.547' - 207 -0.264 - 4.2 3.6

(Continued on p. 244)
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TABLE IV (continued)

No. Compound Temp. Retention index
range

C78 POH- C78 Mixture id POH (fOH]=l) - C78

10 x 100 x 10 x 100 x 10 x 10 x 100 x
n 1130 Ar ATT M130 dAr ·dATT AL ALr dI dAr dATT (J

(OC) (K·1) (K·2) (K·1) (K·2) (K·I) (l (K-11 (K-21
mol· l ) mol·l ) mol-1)

23.05 1-Bromopentane 20 90-170 832.7 +2.59-.. 17.7 +0.63' -" + 8.0 +0.24' + 38.8 + 1.60 - .. 0.84

1-Cyanoalkanes
24.02 Cyanoethane 20 90-170 489.2 +0.69-.. 57.2 -0.47' -" +19.7 -3.11 +112.3 - 4.15 - .. 1.41

24.03 l-Cyanopropane 20 90-170 587.9 +1.17-.. 55.9 -0.59' -" +15.2 -2.23 +104.2 - 3.11 - .. 1.01

24.04 l-Cyanobutane 20 90-170 693.6 +1.30-.. 56.9 -0.37' -" +16.2 -1.32' +107.1 - 1.44 - .. 1.05

24.05 l-Cyanopentane 20 90-170 795.5 +1.38 - .. 57.8 -0.24' -" +17.1 -0.99' +109.2 - 0.78 - .. 1.06

l-Nitroalkanes
25.02 Nitroethane 20 90-170 567.8 +1.43 -" 47.3 +0.05' -" +13.2 -2.21 + 88.7 - 2.30 -" 1.15

25.03 I-Nitropropane 20 90-170 661.9 +1.75 - .. 45.6 +0.20' - .. +13.4 -1.64' + 86.9 - 1.29 - •• 1.09

25.04 I-Nitrobutane 20 90-170 765.2 +2.01 - .. 45.1 +0.31' _ •• +13.5 -1.74 + 86.0 - 1.28 - .. 1.07

25.05 I-Nitropentane 20 90-170 867.0 +2.14-.. 45.6 +0.37' _ •• +14.6 -1.46' + 89.0 - 0.76 - •• 1.12

1-Acetoxyalkanes
26.03 l-Acetoxypropan~ 20 90-170 637.8 -0.58 - .. 41.9 -0.63' -" +11.3 -1.25' + 76.9 - 2.01 -" 1.16

26.04 l-Acetoxybutane 20 90-170 139.5 -0.53 - .. 42.9 -0.64· -" +12.2 -1.28' + 79.9 - 2.04 -" 1.05

26.05 l-Acetoxypentane 20 90·170 840.1 -0.41 -" 43.1 -0.73' -" +13.2 -1.22· + 82.2 - 2.07 -" 1.13

I·Alkanols
27.04 I-Butanol 20 90-170 594.8 +0.87 +0.06' 66.3 -6.54 +0.56 + 2.4 +0.06' + 99.2 - 8.37 +0.72 1.02

27.05 • I-Pentanol 20 90-170 698.8 +0.89 +0.08' 67.9 -6.42 +0.57 + 3.1 +0.47' +102.5 - 7.57 +0.75 0.91

27.06 I-Hexanol 20 90-170 800.9 +1.11 +0.08· 68.6 -6.61 +0.60 + 3.8 +0.18' +104.6 - 8.24 +0.79 0.97

27.07 I-Heptanol 20 90-170 902.2 +1.19 +0.10' 69.9 -6.68 +0.58 + 4.0 +0.45' +106.6 - 7.93 +0.77 1.02

2-Alkanols
28.04 2-Butanol 20 90-170 545.4 +0.52 +0.07' 58.9 -5.05 +0.45 + 3.6 -0.72' + 90.2 - 7.44 +0.59 1.25

28.05 2·Pentano! 20 90-170 643.8 +0.43 +0.07· 60.3 -4.82 +0.49 + 5.9 -0.10' + 95.4 - 6.14 +0.66 1.03

28.06 2-Hexanol 20 90-170 744.7 +0.60 +0.04' 60.8 -4.85 +0.55 + 5.3 -0.55' + 95.5 - 6.82 +0.74 0.99

28.07 2-Heptanol 20 90-170 845.0 +0.71 +0.05' 61.6 -4.94 +0.55 + 5.6 -0.84' + 96.9 - 7.37 +0.73 1.19

2·Methyl-2·alkanols
29.04 2-Methyl-2-propanol 20 90-170 471.0 +0.64 +0.20' 59.6 -5.85 +0.26 - 3.9 -1.54' + 80.4 - 9.91 +0.29 2.64

29.05 2-Methyl-2-butanol 20 90-170 597.9 +1.20 +0.15· 55.8 -5.02 +0.31 + 1.0 -1.25' + 81.9 - 8.26 +0.38 1.50

29.06 2-Methyl-2-pentanol 20 90-170 690.9 +1.03 +0.12" 55.2 -4.82 +0.41 + 2.2 -0.87' + 82.9 - 7.38 +0.53 1.16

29.07 2-Methyl-2-hexanol 20 90-170 786.1 +1.07 +0.13' 56.1 -4.80 +0.43 + 3.1 -0.91' + 85.4 - 7.41 +0.56 1.02
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TABLE IV (continued)

No Thermodynamic data

C78 POH -C78 Mixture id POH(fOHJ=l) - C78

IlH IlS IlCp AH AS ACp II <1 Mf -AS tfCp (j

(cal (cal (cal (cal mo[-l (call (cal
mol·J) (cal mol·JK·J) moP) (cal mol·JK-J) mol·J) K·J) mol·2) (call mo[-2 K·J) mol·J)

23.05 - 8312 -18.624 12.2 + 135 +0.323 - 5.9' - 175· -0.257·· - 47 +0.121 - 4.4 3.9

1-Cyannalkanes

24.02 - 5239 -15.536 8.8 - 482 -0.611 - 4.4·· -1076 -2.260 -1981 -3.514 -1.5 8.1

24.03 - 6114 -16.339 11.2 - 508 -0.744 - 4.6·· - 836 -1.733 -1684 -2.999 - 1.5 5.4

24.04 - 7169 -17.574 14.5 - 459 -0.636 - 5.0·· - 621 -1.232 -1345 -2.183 - -4.4 5.2

24.05 - 8179 -18.768 14.5 - 448 -0.620 - 3.1·· - 552 -1.065 -1236 -1.945 - 3.0 5.6

l·Nitroalkanes

25.02 - 5853 -15.970 10.0 - 290 -0.293 - 4.9·· - 796 -1.645 -1363 -2.377 - 2.1 6.3

25.03 - 6754 -16.954 12.6 - 232 -0.20r - 5.8·· - 651 -1.333 -1 116 -1.853 - 3.7 5.8

25.04 - 7743 -18.076 13.6 - 206 -0.166· - 5.2·· - 652 -1.352 -1 105 -1.887 - 3.4 5.8

25.05 - 8750 -19.282 15.9 - 204 -0.168· - 7.5' - 609 -1.249 -1027 -1.702 - 4.6 5.6

1-Acetoxyalkanes

26.03 - 7008 -17.893 11.4 - 357 -0.576 + 0.8·· - 546 -1.098 -1145 -2.043 - 0.3 6.7
26.04 - 8021 -19.088 12.9 - 366 -0.596 - 0.8·· - 544 -1.099 -1 168 -2.110 - 0.1 6.1

26.05 - 9006 -20.252 15.1 - 393 -0.675 - 1.7·· - 536 -1.082 -1 198 -2.205 - 0.7 6.2

1-Alkanols

27.04 - 6259 -16.592 9.5 -1886 -4.049 +31.9 - 209·· -0.365·· -2728 -5.675 +38.6 5.5
27.05 - 7319 -17.865 12.9 . -1843 -3.944 +31.3 95·· -0.102·· -2554 -5.256 +37.2 4.9
27.06 - 8299 -18.990 14.3 -1880 -4.049 +33.0 - 164·· -0.275·· -2703 -5.654 +40.2 5.3
27.07 - 9313 -20.224 17.4 -1896 -4.087 +31.4 95·· -0.122·· -2654 -5.547 +38.2 5.6

2-Alkanols

28.04 - 5842 -16.245 10.1 -1494 -3.123 +24.7 - 465 -0.965' -2443 -5.019 +31.2 6.9
28.05 - 6858 -17.438 11.9 -1436 -3.021 +26.8 - 276' -0.497·· . -2205 -4.453 +32.9 5.3
28.06 - 7839 -18.568 12.6 -1433 -3.021 +28.3 - 346 -0.697' -2329 -4.807 +36.2 5.1
28.07 - 8828 -19.744 14.9 -1460 -3.101 +28.7 - 389 -0.815' -2444 -5.121 +35.8 5.9

2-Methyl-2-alkannls

29.04 - 5078 -15.379 14.2· -1714 -3.651 +18.4· - 505·· -1.172·· -2959 -6.377 +21.3 14.7
29.05 - 6225 -16.464 12.8 -1446 -3.098 +20.3 - 474' -1.043' -2526 -5.395 +24.0 7.9
29.06 - 7209 -17.696 14.5 -1378 ':2.951 +22.7 - 381 -0.815' -2325 -4.929 +28.1 5.9
29.07 - 8158 -18.829 16.5 -1377 -2.955 +23.8 - 384 -0.822 -2344 -4.989 +29.3 5.0

(Continued on p. 246)
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TABLE IV (continued)

No. Compound Temp. Retention index
range

C78 POH-C78 Mixture id POH ([OH}=l) - C78

10 x 100 x 10 x 100 x 10 x 10 x 100 x
n 1130 AT ATT MBO MT MTT AL ALT dJ MT M TT (]

(DC) (K·l) (K·2) (K·l) (K·2) (K·l) (I (K-11 (K·21
mol·1) mol·1) mol·1)

1-Thiols

30.04 I-Butanethiol 20 90-170 718.9 +3.18 - .. 16.6 -1.05' - .. - 2.6 -0.07" + 20.6 - 1.43 - .. 0.93

30.05 I-Pentanethiol 20 90·170 821.1 +3.34 - .. 17.3 -0.98' -" - 3.2 -0.20' + 20.7 - 1.52 - .. 0.82

30.06 I-Hexanethiol 20 90-170 922.0 +3.42 -" 18.6 -0.88' -" - 1.6' -0.59' + 25.1 - 1.89 - .. 1.24

2-Alkanones

31.04 2-Butanone 20 90-170 537.5 +0.74 -" 46.1 -1.14' -" + 9.0 -3.35 + 79.1 - 5.77 - .. 1.26

31.05 2-Pentanone 20 90-170 629.6 +0.79 -" 46.7 -1.04' -" + 8.6 -2.56 + 79.8 - 4.47 - .. 1.31

31.06 2-Hexanone 20 90-170 731.4 +0.85 -" 47.9 -0.90' -" .+ 9.9 -2.33 + 82.6 - 3.91 -" 1.27

31.07 2-Heptanone 20 90-170 831.4 +0.91 - .. 48.9 -0.87' -" +11.0 -2.14 + 85.3 - 3.56 - .. 1.37

Aldehydes

32.05 Pentanal 20. 90-170 647.8 +1.35 -" 41.9 -2.01 .. +14.3 -0.83' + 79.5 - 3.38 - .. 1.48

32.06 Hexanal 20 90-170 749.5 +1.31 -" 42.8 - 1.88 +14.0 -0.89' + 80.2 - 3.27 - .. 1.32

32.07 Heptanal 20 90-170 851.0 +1.39 -" 43.2 -1.88 +12.0 -1.07' + 78:2 - 3.55 - .. J.J9

Ethers

33.06 Dipropylether 20 90-170 656.8 +0.03' -" 16.3 -0.55' - •• + 7.0 -0.65' + 33.3 - 1.42 -" 0.57

33.08 Dibutylether 20 90-170 854.9 +0.06' -" 16.2 -0.50' - .. + 7.1 -0.69' + 34.0 - 1.41 - .. 0.53

Primory amines

34.04 Butylamine 20 90-170 609.4 +0.84 -" 63.1 -4.33 .. -24.4 +2.17' +55.4 - 2.60 - .. 2.35

34.05. Pentylamine' 20 90-170 711.8 +0.78 - .. 63.6 -3.79' •• -27.0 +3.23' + 51.3 - 0.34 - .. 3.04

34.06 Hexylamine 20 90-170 813.4 +0.86 - .. 64.8 -3.59' -32.4 +2.89' + 43.8 - 0.61 - •• 3.42

Secondary amines

35.04 Diethylamine 20 90-170 548.9 -1.01' -" 52.9 -4.13 - 2.4 +0.27' + 73.6 - 4.91 -" 1.28

35.06 Dipropylamine 20 90-170 742.6 +0.37' -" 41.3 -4.05 - .. - 1.9 +0.29' + 58.5 - 4.90 .. 1.30

Ternary amines

36.06 Triethylamine 20 90-170 673.6 +0.91 -" 27.6 -3.75 .. -16.2 -J.J8· + 16.6 - 6.99 .. 2.20

Halomethanes

37.01 Dichloromethane 20 90-170 504.9 +1.37 - .. 24.3 +0.71' -" 13.4 +0.46' + 52.6 + 2.17 - .. 1.45

37.02 Trichloromethane 20 90-170 606.8 +2.17 - .. 25.7 +0.39' -" 11.5 -0.24' + 53.3 + 0.72 -" 0.87

37.03 Tetraehloromethane 20 90-170 680.7 +3.19 .. 6.3 -0.04' -" IS -0.27' + 5.5 - 0.39 0.81

37.04 CF2Br2 20 90-170 481.4 +1.01 11.3 +1.83 .. - IS -1.64 + 15.0 + 0.41 - .. 0.74
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No Thermodyruunic data

C78 POH-C78 Mixture id POH([OH)=1) - C78

LiH L1S LiCp AH AS ACp It <1 tW 8S 8Cp (J

(cal (cal (cal (cal mol-J (call (cal
mol-J) (cal mol-JK-J) mol-J) (cal mo[-l K-J) mol-J) K-J) moL-2) (callmoL-2 K-J) mol-J)

1-Thiols

30.04 - 7043 -16.922 6.9 - 191 -0.497 - 0.5-- - 142-- -0.292-- - 472 -1.121 + 0.3 4.8

30.05 - 8042 -18.097 10.1 ~ 186 -0.488 - 0.1-- - 158-- -0.352-- - 491 -1.201 - 1.4 4.6

30.06 - 9050 -19.330 14.6 - 178 -0.463 - 1.4-- - 244-- -0.561-- - 608 -1.467 - 4.1 6.5

2-Alkanones

31.04 - 5708 -16.031 10.1 - 515 -0.866 + 1.4-- -1028 -2.295 -1973 -3.968 - 0.9 6.7

31.05 - 6628 -17.063 12.2 - 493 -0.850 + 1.2-- - 809 -1.781 -1696 -3.362 - 1.1 6.4
31.06 - 7649 -18.273 13.5 - 468 -0.794 + 3.2-- - 750 -1.639 -1583 -3.098 - 1.0 5.8

31.07 - 8643 -19.462 14.9 - 476 -0.824 + 4.6-- - 714 -1.549 -1539 -3.007 - 1.0 5.9

Aldehydes

32.05 - 6700 -16.998 10.1 - 645 -1.306 + 8.1- - 484 -0.908' -1463 -2.805 + 0.1 6.7

32.06 - 7738 -18.258 11.7 - 618 -1.243 + 8.2' - 478 -0.916 -1432 -2.766 + 0.2 5.5

32.07 - 8746 -19.469 14.1 - 626 -1.272 + 7.3 - 488 -0.982 -1466 -2.919 ~ 0.5 4.5

Ethers

33.06 - 7074 -17.803 9.9 - 79 -0.223 + 1.5-- - 366 -0.712 - 590 -1.226 - 0.3 3.1

33.08 - 9061 -20.196 13.8 - 71 -0.221 - 0.7-- - 359 -0.726 - 585 -1.283 - 0.9 2.8

Primory amines

34.04 - 6421 -16.798 6.7-- -1352 -2.771 + 6.6-- + 529- +1.101-- -1065 -2.111 + 2.2 12.2

34.05 - 7468 -18.068 10.0- -1222 -2.472 + 9.4-- + 768- +1.644- - 548 -0.925 - 0.6 15.4

34.06 - 8470 -19.259 13.7- -1 189 -2.407 +14.5- + 749- +1.523- - 529 -1.013 - 2.7 15.0

Secondary amines

35.04 - 6218 -17.133 10.4 -1226 -2.528 - 0.7-- - 156-- -0.288-- -1698 -3.383 + 0.4 7.5

35.06 - 7858 -18.658 18.6 -1064 -2.336 - 2.3-- - 74-- -0.120-- -1534 -3.283 - 5.6 5.2

Tertiary amines

36.06 - 7049 -17.539 15.1 - 870 -2.033 + 1.8-- - 272-- -0.779-- -1572 -3.874 - 3.3 11.0

Ha/omerhanes

37.01 - 5247 -15.326 4.1-- + 126' +0.406 + 7.4-- - 210-- -0.209-- - 17 +0.529 - 0.7 7.6
37.02 - 6111 -16.068 7.7 + 21-- +0.148' + 2.3-- - 330 -0.556' - 365 -0.399 - 2.4 3.8

37.03 - 6643 -16.422 5.7 + 127 +0.147- + 5.3' - 210' -0.439- - 117 -0.418 - 0.1 4.0

37.04 - 5093 -15.274 5.3 + 497 +1.178 - 4.7* - 524 -1.188 31 +0.004 - 1.5 3.9

(Continued on p. 248)
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TABLE IV (continued)

No. Compound Temp. Retention index
range

C78 POH-C78 Mixture id POH (fOH]=l) - C78

lOx 100 x 10 x '00 x /Ox 10 x 100 x
n 1130 AT ATT dI130 dAT dATT AL ALT tfI MT MTT (1

(OC) (K-I) (K·2) (K·I) (K-2) (K-l) (I (K-Il (K-21
mol·l ) mol-I) moP)

HALOBENZENES

38.01 F1uorobenzene 20 90-170 664.6 +2.23 - •• 17.8 +0.39' -" + 5.0 +0.42' + 34.2 + 1.47 _ ... 0.92

38.02 liexafluorobenzene 20 90-170 548.7 -2.14 - •• 8.6 -0.30' -" + 0.9' -0.34' + 13.8 - 0.79 -" 0.62
38.03 Trifluoromethylbenzene 20 90-170 656.4 +0.22' -

.,
17.4 +0.54' -" :I- 4.0 -0.41' + 31.5 + 0.49 - •• 0.78

38.04 Chlorobenzene 20 90-170 864.5 +4.16 - .,
20.0 +0.66' -" + 4.5 +0.64' + 35.1 + 2.19 -

.,
1.02

38.05 Bromobenzene 20 90-170 959.6 +5.34 - .. 22.2 +0.76' - .. + 5.0 +0.35' + 37:7 + 1.95 - .. 1.15

ALKYLPYRIDINES

39.01 Pyridine 20 90-170. 723.4 +3.44 -" 63.4 -3.25 .. +16.3 -1.09' +113.8 - 5.23 ~.. 1.28

39.02 2-Picoline 20 90·170 802.2 +2.84 - .,
64.8 -3.59 -" +17.7 -1.91 +117.8 - 6.87 - .. 1.24

39.03 3-Picoline 20 90-170 843.4 +3.45 - " 72.3 -3.98 - .. +23.6 -1.69' +136.8 - 6.93 -'. 1.47

39.04 4-Picoline 20 90-170 843.1 +3.63 -" 74.7 -3.94 _.. +18.9 -3.03 +134.4 - 8.85 -" 1.17

39.05 2.3-Lutidine 20 130-210 933.9 +3.27 -" 69.9 -3.49 .. +20.7 -0.44' +130.5 - 4.49 -" 1.57

39.06 2,4-Lutidine 20 130-210 919.5 +2.81 -" 72.8 -3.66
,.

+18.8 +0.78' +132.1 - 2.96 -" 1.02

39.07 2.5-Lutidine 20 130-210 920.0 +2.76 - •• 70.2 -3.26
.,

+17.0 -0.63' +125.6 - 4.48 -" 1.18

39.08 2.6-Lutidine 20 130-210 870.1 +2.69 - .. 63.4 -3.25 •• +19.5 -2.27 +119.2 - 6.88 - .. 0.97

39.09 3,4-Lutidine 20 130-210 982.8 +5.01 - " 86.1 -4.29 - •• +27.8 -1.23' +164.0 - 6.48 -'. 1.32

39.10 3.5-Lutidine 20 130-210 961.4 +4.26 - •• 80.4 -3.64 " +26.1 -2.13 +153.3 - 6.94 - " 1.24

39.11 2-Ethylpyridine 20 130-210 886.9 +3.33 -" 54.9 -1.84 +13.5 -0.60' + 98.6 - 2.61 -" 0.90

39.12 3-Ethylpyridine 20 130-210 938.6 ;+-4.18 - .. 70.4 -3.58 ---.. +20.2 +1.63 +130.7 - 1.61 -" 0.95

39.13 4-Ethylpyridine 20 130-210 941.1 +4.33 .. 74.6 -3.92 ._" +18.3 -0.74' +133.8 - 5.49 .. 1.60

39.14 2-Propylpyridine 20 130-210 976.5 +3.26 - .. 54.1 -2.69 •• '+ 6.1 +3.18 + 87.0 + 1.50 -'. 0.73

39.15 4-Propylpyridine 20 130-210 1 032.3 +3.82 - ., 73.7 -3.05 •• +13.3 +2.78 +125.7 + 0.76 -" 1.32

39.16 2.3.6-Collidine 20 130-210 1 000.5 +2.74 - " 61.5 -2.65 +19.6 -1.73' +116.7 - 5.26 -" 1.48

39.17 2.4,6-Collidine 20 130-210 986.6 +2.28 - " 71.1 -4.09 .. +18.4 +1.02' +129.0 - 3.26 -
.,

1.04

39.18 4-tert-Butylpyridine 20 130-210 1 067.3 +5.19 -" 75.7 -4.04 .. +19.1 -0.08' +136.6 - 4.71 - .,
1.23

39.19 3-Chloropyridine 20 90-170 885.0 +4.47 -" 46.5 -1.45 +16.3 -0.17' + 90.8 - 1.51 - .,
0.93

ORGANOSlUCON COMPOUNDS

40.01 Tetramethylsilane 20 90-170 428.0 -0.46· -'. - 0.8' +0.74' -'. + 1.3' -0.87' - 2.4 - 0.20 .. 2.00

40.02 liexamethyldisilane 20 90-170 685.9 +0.30 .. - OS +O.3OS -" + 2.5' -0.12' + 3.4 + 0.29 -" 0.78

40.03 liexamethyldisiloxane 20 90-170 597.4 -2.46 - .. - 0.3' +0.50' -" + 0.5' -1.26' + 1.0 - 1.10 -" 1.23



K. S. Reddy et 01. / J. Chromatogr. 609 (1992) 229-259 249

No Thermodynamic data

C78 POH-C78 Mixture id POH({OHJ=l) - C78

!JH !JS !JCp .4H ,4S .4Cp d <1 tlli ,4'S tXCp (J

(cal (cal (cal (cal mol-l (call (cal
mol-I) (cal mol-l K-I) mol-I) (cal mol-l K-I) mol-I) K-I) moP) (callmol-2 K-I) mol-I)

HALOBENZENES

38.01 - 6680 -16.734 11.6 + 94 +0.237 - 4.3·· - 128·· -0.150·· - 24 +0.191 - 6.0 4.5

38.02 - 6474 -17.769 10.8 + 51s +0.020'· + 0.4'· - 244 -O.472s - 265 -0.615 - 2.8 3.3

38.03 - 7029 -17.699 10.2 + 135 +0.331 - 2.6·· - 281 -0.541s -178 -0.229 - 2.1 4.2

38.04 - 8308 -18.212 11.7 + 119 +0.292 + 1.0·· - 73·· -0.054·· + 93 +0.411 - 5.5 4.4

38.05 - 9036 -18.814 10.2 + 122 +0.304 + 5.2·' - 140·' -0.229·· + 16. +0.212 - 3.7 4.5

ALKYLPYRlDINES

39.01 - 7032 -16.839 8.9 -1 112 -2.198 + 7.9' - 557 -1.078 -2181 -4.196 + 2.3 6.4
39.02 - 7948 -18.105 11.3 -1 198 -2.413 + 7.6' - 746 -1.538 -2545 -5.090 + 3.0 6.2

39.03 - 8242 -18.314 11.3 -1352 -2.707 + 9.6' - 764 -1.514 -2747 -5.376 + 3.2 7.0
39.04 - 8199 -18.219 13.5 -1374 -2.723 + 5.9· - 987 -2.123 -3108 -6.293 + 2.0 5.4
39.05 - 9255 -19.678 13.0 -1182 -2.321 + 3.3" - 418· -0.718' -2139 -3.994 + 2.4 7.5
39.06 - 9182 -19.679 12.7 -1244 -2.436 + 3.4·· - 191" -0.174·' -1868 -3.297 + 1.7 5.2
39.07 - 9237 -19.807 13.8 -1121 -2.164 + 2.6·· - 417s -0.757· -2063 -3.862 + 1.5 6.1

39.08 - 8816 -19.387 14.8 - 917 -1.747 - 0.8·' - 704 -1.438 -2407 -4.772 + 0.5 4.5
39.09 - 9535 -19.747 15:8 -1416 -2.717 + 2.8·· - 611 -1.117 -2741 -5.116 + 0.9 6.3

39.10 - 9413 -19.719 14.6 -1278 -2.438 + 3.2" - 764 -1.510 -2777 -5.319 + 2.8 6.2

39.11 - 8770 -19.065 12.3 - 799 -1.546 + 4.1·· - 372 -0.688 -1436 -2.620 - 0.6 4.3

39.12 - 9136 -19.324 12.7 -1217 -2.401 + 3.8·· 81·· +0.119·· -1555 -2.549 - 0.2 4.5

39.13 - 9071 -19.133 11.1 -1405 -2.811 + 6.2·· - 464s -0.857· -2420 -4.654 + 4.2 7.9
39.14 - 9609 -20.024 11.7 - 998 -2.059 + 6.2 + 316 +0.927 - 587 -0.693 - 0.7 3.8

3915 -10 169 -20.708 15.5 -1155 -2.222 + 4.2·· + 224·· +0.772· -1031 -1.357 - 2.5 6.3

39.16 -10 063 -20.842 15.4 - 909 -1.761 + 2.7·· - 609 -1.219 -2122 -4.152 + 2.3 7.3

39.17 - 9982 -20.818 14.6 -1378 -2.801 + 6.2' - 147·· -0.078·· -1882 -3.402 + 2.3 5.3
39.18 -10219 -20.400 14.7 -1489 -3.026 + 7.5· - 348s -0.581· -2247 -4.248 + 1.2 5.9
39.19 - 8455 -18.317 12.1 - 582 -1.116 + 1.4" - 372 -0.648s -1208 -2.139 - 2.4 4.5

ORGANOSIUCON COMPOUNDS

40.01 - 4894 -15.508 0.5·· + 393 +0.717 +11.7· - 407·· -0.853·· + 18 -0.104 + 4.0 11.3
40.02 - 7308 -18.009 11.7 + 268 +0.423 - 2.6·· - 209s -0.388· + 62 +0.003 - 3.6 3.9
40.03 - 7019 -18.453 13.1 + 313 +0.549 - 3.0·' - 442 -0.974s - 196 -0.626 - 4.9 6.6

(Continued on p. 250)
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No. Compound Temp. Retention index
range

C78 POH-C78 Mixture idPOH (fOHJ=l) - C78

lOx J()() x lOx JOO x )0 x )0 x 100 x

n [130 Ar Arr dI130 Mr -dArr AL ALr B dAr M rr (1

(OC) (K-)) (K·2) (K')) (K·2) (K')) (I (K')l (K·21
mo{-l) mol·J) mol'))

MISCEUANEOUS

41.01 Carbon disulphide 20 90-170 605.2 +4.21 -" 7.6 -0.17' -" + 0.2' -0.28· + 12.6 - 0.54 - .. 0.83

41.02 Tetramethyltin 20 90-170 603.3 -0.12* -'. 3.6 +0.93· _ .. + 1.6· +0.21· + 6.1 + 1.70 - .. 1.04

41.03 Tetrahydrofuran 20 90-170 609.8 +2.09 -'. ·38.4 -1.21 -" + 6.4 -1.99 + 64.9 - 4.03 -
,.

0.69

4104 1,4-Dioxane 20 90-170 669.7 +2.46 -" 47.3 -0.85' -" + 9.6 -1.52 + 83.0 - 2.67 -" 0.61

41.05 Thiophene 20 90-170 683.0 +2.82 -'. 19.7 +1.09 -" + 8.7 +1.41 + 42.1 + 3.98 - .,
0.62

41.06 Cyclopentanone 20 90-170 740.9 +3.10 -'. 60.4 -1.58 -" +17.1 -0.79· +111.6 - 2.41 -" 1.33

41.07 Cyclohexanone 20 90-170 853.9 +3.96 -" 61.7 -1.69 _.. +17.1 -0.77· +113.3 - 2.52 -" 1.15

41.08 Cyclohexanol 20 90-170 852.9 +4.16 +0.01· 65.8 -5.62 +0.43 +12.1 +0.54' +112.5 - 7.81 +0.54 1.63

41.09 Pyrrolidine 20 90-170 674.9 +2.64 -" 90.5 -5.39 -" +15.1 +2.57' +1,52.1 -10.12 -'. 2.55

41:10" Piperidine 20 90-170 762.0 +3.00 -'. 70.6 -5.13 -'. +29.5 -2.66' +142.3 - 9.96 -'. 1.80

41.11 Nitrobenzene 20 130-210 1 048.2 +5.59 -" 46.3 +0.08' -" +15.6 +0.62· + 92.8 + 1.86 -'. 0.91

41.12 Benzyl alcohol 20 130-210 980.0 +4.34 -0.03· 86.3 -2.95 +0.26' +18.7 -1.69' +118.7 - 5.58 +0.33 1.45

41.13 2-Phenylethanol 20 130-210 1 058.2 +4.82 -" 81.5 -2.94 +0.12' +23.1 -1.49 +122.7 - 5.26 +0.13 1.19

41.14 Anisole· 20 130-210 909.4 +3.07 -" 26.7 -0:07' --*. +12.3 -0.60' + 52.9 - 0.49 _ •• 0.54

41.15 Phenetole 20 130-210 978.1 +2.34 -" 27.5 -0.85' -" + 8.9 +1.05' + 54.3 + 0.77 _ •• 0.73

ERROR OF THE COEFFICIENTS (STANDARD DEVIATION)

f (n-a/kanes) 90-210 def.

f (n-a/kanes) 150-210 de/.
f(solutes) 90-170 0.43 0.154 0.055 2.09 1.03 0.089 2.01 0.713 2.93 1.44 0.125

f(solutes) 130-210 0.71 0.154 0.071 4.10 1.03 0.101 3.42 0.720 5.74 1.44 0.141

CONVERSIONS

A Dala related to KD 0 0 0 0 0 0 0 0 0 0 0

B Dala relared to 1 bar 0 0 0 0 0 0 0 0 0 0 0
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No Thermodynamic data

C78 POH-C78 Mixture id POH([OH]=1) - C78

L1H M L1Cp .4H .4S dCp II <1 till AS ,fCp (1

(cal (cal (cal (cal mol'] (call (cal
mol']) (cal mo[-l K-]) mol']) (cal mol'] K-I) mol']) K·I) mol·2) (call mol·2K']) mol'])

M1SCELLANEOUS

41.01 - 5644 -14.938 7.5 + 68' +0.049·· - 4.2* - 238' -0.474· - 243 -0.599 :. 4.8 3.9

41.02 - 6566 -17.231 5.0' + 365 +0.708 + 4.9·· - 143·· -0.223·· + 332 +0.724 + 0.4 5.3

41.03 - 6157 -16.144 8.3 - 449 -0.843 + 0.0·· - 657 -1.431 -1467 -2.979 + 0.5 3.8

41.04 - 6684 -16.674 9.4 - 470 -0.785 - 2.3·· - 590 -1.229 -1362 -2.520 - 0.3 3.2

41.05 - 6743 -16.646 9.2 + 53' +0.250 - 3.4· + 378 +0.956 + 406 +1.339 - 5.1 3.2

41.06 - 7279 -17.228 8.7 - 742 -1.313 + 3.0·· - 482 -0.884· -1590 -2.772 + 1.2 7.2

41.07 - 8249 -18.189 7.0 - 784 -1.426 + 3.7"· - 483 -0.904' -1631 -2.912 + 3.8 5.9

41.08 - 8196 -18.075 9.5 -1645 -3.507 +24.6 - 398 -0.755·· -2701 -5.573 +29.2 8.3

41.09 - 6704 -16.652 7.6·· -1984 -3.912 + 5.5·· + 492·· +1.346· -3567 -7.124 + 7.6 13.4

41.10 - 7506 -17.527 12.2 -1571 -3.261 +11.9' -1020 -2.052 -3416 -6.922 + 3.7 7.7
41.11 - 9891 -19.828 12.5 - 384 -0.641 + 3-4 - 182 -0.211 - 571 -0.613 - 2.4 4.6

41.12 - 9421 -19.512 10.6 -1698 -3.404 +16.1 - 603 -1.211 -2339 -4.656 +19.1 6.9
41.13 -10 183 -20.423 14.3 -1403 -2.746 + 8.6' - 609 -1.181 -2240 -4.396 + 8.9 5.6
41.14 - 9032 -19.434 12.4 21·· +0.019·· - 1.4·· - 366 -0.689 - 568 - 1.035 - 2.3 2.8

41.15 - 9845 -20.587 13.4 - 196· -0.412· - 0.3·· 52·· +0.041·· - 362 -0.533 - 2.0 3.6

ERROR OF THE COEFFiCIENTS (STANDARD DEVIATION)

3.4 0.0061 0.10 4.7 0.0083 0.13 2.8 0.0061 6.6 0.0112 0.18
4.2 0.0102 0.49 4.7 0.0083 0.13 2.8 0.0061 6.6 0.0112 0.18
6.3 0.0154 0.44 8.6 0.0211 0.72 28.6 0.0711 12.0 0.0295 /.01

18.3 0.0486 0.49 31.9 0.0771 0.78 315 0.0711 44.6 0.1078 1.09

CONVERSIONS

A 550 7.799 0.9 2 +0.024 - 0.3 0 -0.001 2 +0.024 - 0.3

B 0 -0.026 0 0 0 0 0 0 0 0 0

was found that loadings of about 7% were required surface area of the stationary liquid was of the order
in order to obtain retention indices of the polar test of SL ~ 8 m2 g-l.
compounds where the adsorption contributed less The results are summarized in Table IV. The
than I i.u. to retention. On such columns the specific method of evaluation is discussed in detail under
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Significances of data listed in Table IV
The significance of the coefficients ofsolutes other

than n-alkanes was always tested against the residual
variance of the data set of the specific solute in

Fig. 4. Residual variance of retention index data sets around the
regression equation as a function of the additional retention on
the POH stationary phase, M~~~ . • = n-Alkane; 0 = hydro
carbons; D = cyclic hydrocarbons and alkylbenzenes; f::,. =
haloalkanes; 8 = halomethanes; 0 = halobenzenes; • =
cyano- and nitroalkanes; ... = polar alkane derivatives (com
pounds 26.03-26.05 and 30.04-33.08 from Table IV); • = al
kanols; + = pyridines; x = silanes; " = miscellaneous (three
alcohols).

available (see point vi). Regression calculations in
different spaces give slightly different results. There
fore, retention indices calculated with data listed
under Thermodynamic data will slightly differ from
those obtained by direct evaluation of retention
index data sets listed under the heading Retention
indices. In Table V retention indices calculated with
eqn. 10 by using thermodynamic data are compared
with those obtained with the experimental index
data set, listed in Table IV, for the example of three
chosen solutes. Differences in the coefficients ob
tained by fitting eqns. 15-18 directly to experimental
data or to data sets generated by eqn. 10 are
negligible. However, it is interesting that data gener
ated by eqn. 10 cannot be described with high
precision if quadratic terms are neglected. Indeed,
the fitting error (residual around the regression) is of
the same order of magnitude as the error when
fitting eqn. 10 to experimental retention indices.
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Experimental. The principles of the calculations can
be summarized in the following points.

(i) Thermodynamic data of n-alkanes were calcu
lated from specific retention volumes whereas those
of all other solutes were determined via retention
indices, i.e., relative to n-alkanes as reference com
pounds.

(ii) Data of n-alkanes were calculated by fitting
eqns. 3-6 to experimental chemical potentials de
termined at different temperatures on C78-POH
mixtures of the following composition: 100qJpoH =
0.0, 33.3, 50.0, 66.7, 83.3 and 100.0%. Data in
idPOH at hydroxyl concentrations of[OH] = 1mol
1- 1 were calculated by calculating standard chemical
potentials at several temperatures by using eqns. 7
and 8 and fitting eqn. 9 to the resulting data set.

(iii) Retention indices of solutes were determined
at several temperatures on C78-POH mixtures of
the composition 100qJpoH = 0.0, 33.3, 66.7 and
100.0%. Retention indices at 130°C, It30 and ztr;S~,

and the coefficients A and ztA were calculated by
fitting eqns. 15-18 to the experimental data set.

(iv) Retention indices on idPOH at [OH] = 1mol
1-1 were calculated for several temperatures by
using eqn. 20 where the molar volume ofPOH, VPOH,
was calculated with eqn. 21 and the value of K with
eqns. 29 and 32.

(v) Thermodynamic data for solutes other than
n-alkanes were calculated by converting experimen
tal retention indices point by point to standard
chemical potentials (see eqn. 10) and by fitting eqns.
3-6 to the resulting data set.

(vi) Thermodynamic data for solutes other than
n-alkanes in idPOH were calculated by generating
points at different temperatures with retention index
coefficients listed in Table IV, converting these
indices into chemical potentials with the aid of
thermodynamic functions of n-alkanes in idPOH
and fitting eqn. 9 to the resulting data set.

From points iii-v it follows that regression equa
tions describing the variations of retention indices
are always based on experimental retention index
data sets and those describing the variations of
standard chemical potentials are always based on
experimental standard chemical potential data
(either directly measured or reconverted point by
point from retention indices). The only exception are
thermodynamic data on idPOH where, for obvious
reasons, experimental retention indices are not
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TABLE V

RETENTION INDICES OF THREE SOLUTES CALCULATED BY FITTING EQNS. 15-18 TO DATA SETS OF DIFFERENT
ORIGIN

T IV (same as in Table IV) = experimental retention indices; TD = data set generated with eqn. 10 by using thermodynamic data listed in
Table IV, without (A TT = 0) and with quadratic dependence. Temperature range = 90-1 70°C. Standard deviations of the coefficients are
given in italics: T IV, experimental error; TD, fitting error (fitting eqns. 15-18 to data generated with eqn. 10).

Solute Method C78 POH-C78 Mixture (J

1130 AT' 10 ATT . 102 tl1130 tlAT . ]0 tlATT . ]02 AL ALT' 10 A LTT . ]02

(r 1) (r 2) (K -1) (r 2 ) (K- 1) (r 2
)

I-Chloropentane TIV 741.7 + 1.41 16.0 +0.61 4.6 +0.3 0.30
±(J 0.1 0.04 0.6 0.31 0.6 0.25
TD I 741.8 +1.42 16.3 +0.61 4.7 +0.34 0.27

0.1 0.04 0.8 0.27 0.5 0.19
TD2 741.7 + 1.42 +0.000 15.9 +0.61 +0.001 4.8 +0.29 -0.016 0.03

0.0 0.01 0.002 0.1 0.03 0.013 0.1 0.G2 0.009

2-Hexanone TIV 731.4 +0.85 47.9 -0.90 9.9 -2.33 1.27
0.5 0.19 2.6 1.31 2.5 0.90

TD I 731.5 +0.86 48.2 -0.88 9.7 -2.43 0.85
0.4 O.ll 2.4 0.87 1.7 0.60

TD2 731.4 +0.86 -0.000 47.9 -0.91 +0.004 9.7 -2.35 +0.020 0.Q3
0.0 0.01 0.002 0.2 0.03 0.002 0.1 0.G2 0.010

Pyridine T IV 723.4 +3.44 63.4 -3.25 16.3 -1.09 1.28
0.5 0.19 2.6 1.31 2.5 0.91

TD I 723.5 +3.46 63.9 -3.25 16.4 -1.16 0.78
0.3 0.12 2.2 0.79 1.5 0.55

TD 2 723.4 +3.44 +0.003 63.4 -3.26 -0.001 16.4 - 1.09 -0.020 0.03
0.0 0.00 0.002 0.1 0.03 0.012 0.1 0.02 0.009

question. A data set consisted in general of 20 data
points. After calculation of eight regression coeffi
cients the residual variance had twelve degrees of
freedom. In Fig. 4, the residual variance of a solute
data set around the regression equation is plotted as
a function of the retention index difference of the
solute at the standard temperature, zfr;~~. It is seen
that there is a correlation between the residual
variance and the zfI value of the solutes. However,
around the correlation residual variances vary as
would be expected from variances of samples origi
nating from the same population. On the basis of
Fig. 4 we conclude that in the solute by solute
evaluation of the experimental data sets the signifi
cance of the coefficients in eqns. 15-18 was seriously
underestimated. In fact, variances of the coefficients
were tested by the method of Fisher and Yates [16]
against residual variances ofa data set having twelve
degrees of freedom, whereas these residual variances
are themselves members of groups where an aver-

aging would be fully justified. Consequently, vari
ances of coefficients should be tested against a
variance of the same order of magnitude but having
a much higher degree of freedom. In Fig. 4, classes
could be formed at every 50-i.u. interval of zfIwith a
resulting average residual variance of well over 100
degrees of freedom. Testing variance ratios against
residual variances having over 100 instead of 12
degrees of freedom would considerably change their
significance level. In particular, in Table IV all
coefficients significant at the 10% significance level
would become significant at the 5% level. On the
basis of this discussion, such a coefficient will be
considered to be significant and is designated by the
subscript s.

Correlations
It was mentioned under Experimental that, with

the exception of alcohols, retention indices could be
.described by six coefficients instead of eight needed
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Fig. 5. Mean partial molar heat capacity differences of soluies,j,
in the non-polar standard stationary phase, ,1Ct,r as a function of
those of hypotheticaln-alkanes with carbon numbers z* = /t3ol
100. The inset marked ,195 is the error ellipse of the individual
value at the 95% confidence limit. Symbols as in Fig. 4.

for the description of the dependence of the standard
chemical potential on temperature and composition.

Eqn. Al2 shows that a non-linear temperature
dependence of the index can have two reasons. First,
it may be due to a difference in the slope of the
numerator and denominator and, second, to a

difference in their curvature. The curvature intro
duced by the difference in the slope of the numerator
and denominator is very slight for normal cases. A
difference in their curvature is due to a difference of
the partial molar heat capacity of the solute, LlCp,j,
and that of the n-alkanes bracketing the solute in the
chromatogram. In Fig. 5, mean molar heat capaci
ties of the solute in the standard non-polar station
ary pha.se, Ll C~.j, are plotted as a function of an
n-alkane with carbon number z* = 11,130/100. The
approximate correlation (r = 0.7451) is sufficient to
make non-significant the quadratic term in the
functions liT) (A TT :::::: 0 in eqn. 16). Very high
apparent molar heat capacities are observed for
alcohols on the polar stationary phase, POH, effect
ing a significant curvature of the temperature de
pendence of their retention indices, r;OH.

"In future work the most important correlation
would be that permitting the prediction of the
coefficient of non-ideality of the chemical potential
of a solute, j, in the C78-POH mixtures, mj'

Knowledge of this coefficient is necessary for the
calculation of the thermodynamic functions in sta
tionary liquids with non-associated alcohol groups,
idPOH. Its determination implies experimental de
termination of the thermodynamic functions on at
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Fig. 6. Experimental coefficients ofnon-ideality (non-linearity) of
the chemical potential-composition plot as a function of the same
coefficient calculated with eqn. 34. Symbols as in Fig. 4. The
dashed line marks the perfect correlation. The error ellipse is
composed of the error of the experimental coefficients and the
error of the correlation of the calculated coefficients.

Fig. 7. Entropic component of the coefficient of non-ideality of a
solute j, <JJ' as a function of the coefficient of non-ideality, mJ at
the reference temperature Tt = 130 + 273.15 K. The compo
nents of the error ellipse ~re the errors of the experimental
determination of <Jj and mJ. Correlation coefficient: 0.7169.
Symbols as in Fig. 4.
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A.j/eal mol·1

Fig. 8. Enthalpic component of the coefficient of non-ideality of a
solute}, Aj , as a function of the coefficient of non-ideality, mJ, at
the reference temperature Tt = 130 + 273.1 5 K. The components
of the error ellipse are the errors of the experimental determina
ti?n of Aj and mJ. Correlation coefficient: 0.7345. Symbols as in
FIg. 4.
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Fig. 9. Entropic component of the coefficient of non-ideality of a
solute, aj, as a function of the enthalpic component, Aj . Correla
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least two liquid stationary phase mixtures, C78
POR, of different composition. Unfortunately, we
cannot offer a good method of prediction. Eqn. 34
permits the prediction of the solutes with fair
precision with the exception of alcohols:

mJ = -0.0064L1.uJ'A + 0.236 zt.uV - 64.5 (34)

Fig. 6 shows experimental coefficients of non-ideali
ty as a function of those calculated with eqn. 34.

Knowledge of the coefficient of non-ideality of
the thermodynamic data would permit an approxi
mate prediction of its entropic and enthalpic com-

ponent as shown by the correlations depicted in
Figs. 7 and 8. As pointed out by Krug et al. [17], the
correlation between entropy and enthalpy can -be
excellent in spite of the lack of good correlations -of
enthalpy and entropy on the chemical potential. The
latter correlation is shown in Fig. 9.

Finally, it should be noted that the present
discussion is restricted to the presentation and
criticism of the measured data. Their evaluation for
the calculation ofinteraction free energies will be the
subject of forthcoming publications.

SYMBOLS

The system adopted is as follows. Superscripts mean "at" or "in": t = at the reference temperature; in A,
A/P, L, P, idP. Superscripts in parentheses mean "referring to" or "of the degree": (D) = referring to Kn; (g).
(h). Subscripts mean "of': A, A/P, L, P,j, Z = 0, 1 ... , with the exception of the generally accepted symbols KD ,

Vg, VN , where the subscript is considered as part ofthe symbol. Brackets: [X] means molar concentration ofX.
Dimensions are given in parentheses.

A == C78H
A-PH
A (div.)
B = (l/2) (da/d1)(K-2)
a(K- 1 )

b(div.)
CP•j (cal mol- 1 K -1)

The standard non-polar liquid
Mixture of A and P
Coefficients in eqns. 16-18
Temperature dependence of a
Isobaric coefficient of thermal expansion
Coefficients in eqn. 25
Partial molar heat capacity of j
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Ll a (div.)
,1(-)
z:t(-)
zf (I mol-I)

c5 (~)

F(-)
f(div.)

<P.(";'}
qJ (-)

g (atm kgmol-· I)
Hj(cal mol-I)
h(atm}.

, A(calmol- I)
IC-)
idPH
i{~)

}(-)
KDH
/((1 mol-I)
LH
L(-)
M(gmol- I)
~ (cal mol-'I )

jJ. (cal mol"': 1)
n(-)
n(~}

P(atm)
PH
P(-)
R(cal mol- I X-I) and
~(atm I mol- I K- I)

p(gcm- 3)

Sj (cal mol- I K -1)
a (div.)
<:l (cal mol- I K -'I)
T(K)
T(-}
V(ml)
VN(ml)
Vg(mlg- 1)

V(y) (div.)
v(mlmol- I)
v(ml g-l)
w(g)
X(-)
Z(-)
iH
z(-}

K. S. Reddyet af.! J. Chromatogr. 609 (1992) 229-259

,Confidence limit at the a% confidence level
Difference from the reference state, ideal gas
Difference from the reference state, ideal dilute solution in A
Partial derivative of Ll yA/L with respect to [X] •
Difference between the property of two substances in the same solvent
Fisher's'F .
Factor to give the standard deviation of a coefficient as a function of standard
deviation around the regression
Degrees of freedom
Volume· fraction
Molal Henry coefficient
Partial molar enthalpy of} at rt
Molar Henry coefficient
Enthalpic coefficient in eqn. 6
Retention index
Ideal solution of P in A
Coefficient in eqn. ·15 ;
A solute including n-alkanes
Distribution coefficient
Coefficient defined in eqn. 20
A stationary liquid
"Factor" in the variance'analysis ofTable III (composition ofthe stationary phase)
Molar m~ss

CoeffiCient in eqn. J
Chemical potential referring to g
Number of moles
Number ofdata in a set
Pressure
A polar stationary liquid, monofunctional derivative of A
Mass/total mass percent
Universal gas con'stant

Density
Partial molar entropy of} at rt
Standard deviation
Entropic coefficient in:eqn. 6
Thermodynamic temperature
".Factor'.' in Table III referring to the temperature of an experiment
Vohune '
Net retention volume
Specific retention volume
Variance of y
Molar volume
Specific volume
Mass

.Polar. group oin P
"Factor" in Table III referring to a dependence on z
Carbon number of the n-alkane CzH 2z + 2

n-Alkane solute with carbon number z
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(A2)

(A3)

(A4)

where zf refers to chemical potential differences
between the ideal dilute solution in P with reference
to that in the non-polar standard, A, and mf/P
describes deviations from linearity of the function
A/lf/P (cpp). In ideal A-P mixtures mt/P = O.

(B) Properties of A-P mixtures of liquids applied
Compounds depicted in Fig. 1 have the same

molar volume and are slightly polar. Consequently,
their mixture will be nearly ideal so that in eqn. A7
the molar volume of the pure liquids, vAand Vp can
be used instead of partial molar volumes:

(A7)

(A9)CPP = vp[P]/1000 = vp[X]/1000

where AHj and ASj are the partial molar enthalpy
and entropy difference, respectively, at the standard
temperature rt = 130 + 273.15 K.

Combination of eqns. AI, A2 and A4 gives

A/lY - A/l)DlL = RTln (fJfTpL) (A6)

where PL is the density of the solvent. Eqn. A6 is the
necessary relationship for the conversion of the
function A/lj to that related to the distribution
coefficient, A/l)ol. Obviously, a knowledge of PL over
the whole temperature range is necessary.

(C) Standard chemical potential of a solute in A-P
and A-idP mixtures

In the nearly ideal A-P mixtures the standard
chemical potential difference of the solute will be
given with sufficient precision by the symmetrical
function (regular mixtures) given in eqn. 3. The
derivative of eqn. 3 at constant temperature gives

(
0A/lf

/P
) PAPaq;;- T = zf/l j + (CPA - cpp)m/ (A10)

where V is volume and n the number of moles.
Division of eqn. A7 by VAlP gives

1 = CPA + CPP = ([A]VA/IOOO) + ([P]vp/1000) (A8)

where cP is the volume fraction and [A] and [P] are the
molar concentrations ofA and P in th~ A-P mixture.
The polar-type compounds in Fig. 1 are monofunc
tional. Therefore, the molar concentration of the
molar group [X] == [P]. From eqn. A8 follows the
relationship between the volume fraction and the
molar concentration of the polar groups in the A-P
mixture:
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where Vg and VN (ml) is the specific and net retention
volume respectively, Ko is the distribution coeffi
cient and h (atm) and g (atm kg mol- 1

) are the molar
and molal Henry coefficients of the solute, j, in the
stationary liquid L (= A or P or A-P mixture), WL

(g) is the mass of the stationary liquid in the column,
M is the molar mass and v (ml g -1) is specific
volume. The standard chemical potential difference
of the solute between the ideal gas phase and the
ideal dilute solution in L can be given relative to K o,
h or g:

A/l)ol = - RTln Ko,j

A/l)hl = RTln [hj/(atm)]

A/lj = RTln[gj/(atmkgmol- 1
)]
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(A) Standard chemical potential of a solute at.
ideal dilution

In the absence of adsorption at the gas-liquid
stationary phase and liquid stationary phase-solid
support interfaces and if the interaction energy
between the carrier and solute in the gas phase is
negligible, eqn. Al holds:

Vg,j = VN,j/WL = vLKo,j = f!JlT/(MLhj) =
= f!JlT/(1000gj) (AI)

In this paper, the chemical potential related to the
molal Henry coefficient will be used if not stated
otherwise. Application of Kirchhoffs approxima
tion (i.e., that the difference of the partial molar heat
capacity between the two standard states, ACP,j, is
constant in the experimental temperature domain)
results in eqn. A5 for the temperature dependence of
the function A/lj in a given solvent:

A/lY = AHy - TASy + AC~,{T - rt - Tln(~) ]

(A5)



258 K. S. Reddy el al. / J. Chromalogr. 609 (1992) 229-259

The'slope of Ap1/P at [P] = [X] = 0 is calculated
by using eqns. A9 and Al 0 to give eqn. 7 in the
Introduction. The chemical potential in an ideal
liquid P with reference to the standard non-polar
liquid, A, is given by eqn. 8.

(af~/idP) O"AO',/dP - O"~ O'"idP) 100 rz r)/z rJ/z rz
a[p] T = . (Op~)2 (1 + [P]K)2

where for simplicity

K = (1J'p~dP - 0'p~) /0p~

(A14)

(A15)

(A20)
'dP ",(vp/1000) + Kztr· = ztl,..:....::..:'-------'---) ) 1 + K
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ABSTRACT

A correspondence factor analysis (CFA) of gas chromatographic retention data, i.e., Kovats retention indices, is presented. The data
matrix correspond to aromatic congeneric solutes series, monosubstituted benzenes, benzaldehydes or acetophenones, studied on the
same type of stationary phases, namely phenylmethylsilicone with various percentages of the phenyl substituent (0-75%). CFA of three
reduced submatrices gives a trend analysis of the relative behaviour of solutes and of the relative influence of stationary phases and
temperatures. CFA was found to be a sensitive detector of the relative heterogeneity between solutes and/or chromatographic systems,
even for the study of congeneric compound series studied on stationary phases of the same type.

INTRODUCTION

Most often principal component analysis (PCA)
is used to search for similarities in the chromato-

Correspondence to: Dr. J. R. Chretien, Laboratoire de Chimio
metrie, Universite d'Orleans, 45046 Orleans Cedex, France.

'" For part XII see B. Walczak, M. Dreux and J. R. Chretien,
Chromatographia, 31 (1991) 575-582 and for part. XI see
ref. II.

graphic behaviour of heterogeneous series of com
pounds [1]. However, PCA is not suitable for the
analysis of closely similar data, such as chromato
graphic retention data relative to homogeneous or
congeneric series of compounds. When there is a
major factor that governs the chromatographic re
tention, e.g., the vapour pressure in gas-phase chro
matography, the contributions of the remaining
factors are hidden. In such types of factor analysis,

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.Y. All rights reserved



262

about 99% of the information content of the data
matrix is taken into account with the first axis [2]
and all the variables are strongly correlated.

The less often used correspondence factor analy
sis (CFA) is more appropriate for the analysis of
homogeneous populations [2,3]. It can be used just
as a classical clustering technique or as a detector of
fine physico-chemical effects influencing the chem
ical activity of the studied compounds and/or of the
selectivity of the stationary phases. CFA has been
used, for example, for the analysis of a large set of
Kovats retention indices of esters [2] and hydrocar
bons [3]. In the latter instance, interesting results
were obtained for simulation of the catalysis of hy
drocarbons, for comparison of the interactions of
zinc and nickel ions with alkenes, the data later be
ing made more precise by topological analysis [4-6].
Such studies partially explain the interest devoted
to factor analysis and to CFA in chromatographic
structure-activity relationships (CSAR) with their
extension to the field of liquid chromatography
[4,7].

It must be emphasized that, like polarity, the het
erogeneity of solutes and/or stationary phases is a
relative concept. CFA has proved to be a valuable
tool for evaluating the heterogeneities nested in a
chromatographic retention data matrix [3], but it
must be questioned whether this technique is able
also to detect potential heterogeneity of more ho
mogeneous chromatographic systems. For exam
ple, let us consider the previous example of esters
[2]. This involves a large set of 1450 Kovats reten
tion indices of 175 saturated and unsaturated ali
phatic esters determined of fourteen polysiloxane
stationary phases which were analysed by factor
analysis. The series of compounds was congeneric,
but variation in the polarity of the stationary phases
was obtained with different percentages of different
types of substituent groups, phenyl, cyanoethyl, tri
f1uoroalkyl, trifluorophenyl, etc. The question now
arises of whether the application of CFA could
have been extended to the case of a homogeneous
series of stationary phases by varying only the per
centage of the same substituent to obtain phases of
different polarities.

To go beyond the practical limit of application of
CFA presented so far, for a homogeneous series of
compounds, we selected a data matrix of Kovats
retention indices of aromatic compounds deter-
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mined on a homogeneous series of seven OV phenyl
stationary phases. This matrix corresponds to 35
unsubstituted or monosubstituted benzene, alde
hyde and acetophenone compounds, studied at dif
ferent temperatures.. A systematic chemometric
analysis of heterogeneity inside homogeneous sys
tems is presented with progressive CFA analysis of
this large data set. The study of three complemen
tary matrices will offer the possibility of explaining
more subtle chromatographic factors.

DATA

The 35 compounds, presented Fig. 1, were eleven
monosubstituted benzenes [including the unsubsti
tuted benzaldehyde (AH) and acetophenone (CH)],
fourteen 0-, m- and p-substituted aldehydes and ten
0-, m- and p-substituted acetophenones. These com
pounds were studied on seven OV methylphenyl
silicone phases. The phenyl compounds were stud
ied in the range 80-140°C and the disubstituted
phenyl compounds in the range 120-160°C [8,9].

Three different data matrices ~ere studied. The
first corresponds to 33 compounds of the three sub
series: benzenes, aldehydes and acetophenones de
rivatives, that is, except the two compounds la
belled BF and AoOM. These compounds were
studied on all the OV stationary phases, except
OV-22. The temperatures considered were 120°C
for all these six phases plus 130 and 140°C for
OV-ll and 130°C for OV-25. Hence this first data
matrix regroups the data relative to 33 compounds
studied in nine different chromatographic systems,
including six different stationary phases and three
temperatures effects.

The other two data matrices correspond to more
homogeneous data sets. In the second matrix, the
temperature is limited to 120°C. This matrix corre
sponds to all 35 compounds indicated in Fig. 1. In
the third matrix, the subseries of compounds is lim
ited to all the aldehydes and acetophenones, i.e., to
26 compounds including the unsubstituted alde
hyde (AH) and acetophenone (Ae). This last case
offers the possibility of treating the largest set of the
chromatographic system, the seven OV phases con
sidered at four different temperatures, 120, 130, 140
and 160°C, minus OV-25 at 140°C, that is, 27 differ
ent chromatographic systems.
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a

Substituents:

X H F CH3 Cl OCH3 Br OH OC2HS N02

Label: H F M Cl OM Br OH OE NO

Compounds:

B BH BF BM BCl BOM BBr BOH BOE BNO

A AH AoF AoM AoCl AoOM AoBr
AmF AmM AmCl AmOM AmBr
ApF ApM ApCl ApOM

C CH CoF CoM CoCl CoOH
CrnM

CpF CpM CpCl CpOM CpBr

B = X-C6Hs A X-C6HrCHO C X-C6H4-CO-CH3

b

MATRIX 1 MATRIX 2
T"e 0'1101 OYJ 0V7 0'111 0'117 0V25 0\/22

120 Ii B B B B B I
I AC AC AC AC~ACI ACI

130
AC AC AC rA ci A C LA£.! AC

140 II I
AC AC AC LA..£J AC AC AC

180
AC AC AC AC AC AC AC

T"C 0'1101 0V3 0V7 0'111 0'117 0V25 0\/22

120 IB A C
B B B B

B lociAC AC AC AC AC
130 B B

AC AC AC AC AC AC AC
140 B

AC AC AC AC AC AC AC
180

AC AC AC AC AC AC AC

MATRIX 3

T"C OVlO1 0V3 0V7 0'111 0Vl7 0V25 0\/22

120 B B B B B B
A C A C A C ! lAc A c' IACACl

130 ' B' IBI ,
AC AC A c! It. C ACI.!.JAC loci

, B'
140 AC AC A C L!!.JA C AC AC loci
180

AC AC AC AC AC AC AC I

B: benzene serllIlI

A: benzaldehyde serllIlI
e: acetophenone Serlllll

Fig. I. (a) The 35 substituted phenyl compounds: benzenes (B), benzaldehydes (A) and acetophenones (C). The label for a compound
consists of the label of its substructure A, B or C, plus the position of the substituent, ortho (0), meta (m) or para (P) for the disubstituted
ones, plus the label of the substituent X. (b) Table of the experimental design: chromatographic system and considered data matrices.
The columns of the matrix indicate the stationary phase type and the rows indicate the temperature. The compounds series are indicated
by their labels A, B or C. The submatrices submitted to CFA are indicated by a dashed-line box for the first, a solid-line box for the
second and a dot-dashed-line hox for the third.

DATA PROCESSING

Factor analysis is particularly effective as a meth
od of extracting information from large data sets.
Among the variants of this technique CFA, devel-

oped by Benzecri [10], is more suitable for the anal
ysis of relatively homogeneous series of data. The
basic principles of CFA have been presented previ
ously [3] and will not be repeated here. Owing to the
normalizations used in this method, the compounds
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and chromatographic variables .play a symmetric
role which allows the superposition of both projec
tions on the same graph (Fig. 2-4). Relative prox
imities of compounds and chromatographic sys
tems in the considered factorial planes are informa
tive, even if they must be handled with caution [11].

RESULTS AND DISCUSSION

The CFA of the first data matrix gives rise to the
first factorial plane presented Fig. 2. This plane in
cludes 68% of the information content, 47% ac
cording to the first and 21 % according to the sec
ond axis. This first axis is determined by the non
polar OV-IOI, a 0% phenylsilicone, OV-3, only a
10% phenylsilicone, and the most polar OV-25, a
75% phenylsilic~)TIe, all studied at 120·C. This axis
reflects the increase in the average polarity of sol
utes and phases.

The second best axis of inertia is determined ~y

J. R. Chretien et al. / J. Chromatogr. 609 (1992) 261-267

OV-l7 at 120·C and OV-ll at 140·C. OV-ll at
I20·C shows an average behaviour and is projected
near the centre of the graph. Axis 2 reflects the tem
perature effect for medium-polarity phases:' The
temperature effects on OV-11 show greater varia
tions according to axis 2 than with the polar OV-25.

The compounds are projected on axis I according
to their polarity. Methylbenzene is on the left-hand
side, whereas nitrobenzene is on the right, accord
ing to the variation of the electronegativity of the
corresponding substituents.

The monosubstituted benzenes offer a larger vari
ation of dipolar moments than their disubstituted
acetophenone and aldehyde analogues. A larger
cloud is observed for the representative points of
the monosubstituted benzene derivatives. These
compounds contribute the most to axes 1 and ~.

Two restricted clouds are observed for the carbon
ylated series which show a restricted variation of
their dipolar moments.

BM

AXIS 2
21%

BH

0112

BBr

BCI

AH

BCE

BaM

BaH

1712 BN02

Fig. 2. CFA of 34 compounds ofthc three subseries with three temperatures etrects on OV-II and OV-25. Projection of the lirst matrix
on the first factorial plane. The two disubstituted series acetophenone (C) and benzaldehyde (A) are circled with solid lines. In CFA
projections, the label of the chromatographic systems is composed of four figures: the first two characterize the stationary phase and
correspond to the value n taken from the name OV-n, i.e., 01,03,07, 11,17,22,25 for OV-101, OV-3, ... , up to OV-25, respectively; the
two last figures characterize the temperature and correspond t6 the number often degree steps, i.e., 12, 13, 14 and 16 for 120, 130, 140
and 160·C, respectively. The temperature effects are circled with a dashed line for OV-II.
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The study of this large set of compounds and
phases used with some temperatures effects shows
that differences in behaviour can be detected at dif
ferent levels. The CFA detects differences with an
average behaviour calculated from the experimental
data matrix. The compounds or phases that have
this average behaviour are projected at the centre of
the graph. The compounds or phases that can be
deduced from each other by a proportionality rela
tionship have the same projection. In Fig. 2, the
compounds or phases that have different projec
tions, i.e., with no proportionality relationships be
tween them, are significantly different.

The projection area of the benzene derivatives is
more scattered than that for the other two subseries
of carbonylated compounds. However, the temper
ature effects must also be taken into account. These
temperature effects partially hide the potential
structural variations between aldehydes and aceto"
phenones.

A second matrix without temperature effects
must be considered. This matrix ineludes the six OV
phases used at the same temperature of 120°C. The
corresponding CFA is presented Fig. 3 in the form
of the first factorial plane. This factorial plane in-
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eludes 79% of the information content, 57% for
axis I and 22% for axis 2. The information content
of the similar first factorial plane for the preceding
matrix was 67% owing to a greater dispersion of the
information induced by two supplementary temper
atures corresponding to three supplementary chro
matographic systems (OV-II at 130 and 140°C and
OV-25 at 130°C). This graph, corresponding only to
Kovats retention indices determined at 120°C,
shows the same trends. Axis I, determined by
OV-lOI and OV-25, reflects polarity. The projec
tion order of compounds on the first axis is similar.
The greatest variations of dipolar moment are for
the substituted benzenes. They induce a greater dis
persion of the representative points of the com
pounds. Axis 2 offers a better discrimination of the
three series of compounds. The most deactivated
compounds, i.e., benzaldehydes, acetophenones
and nitrobenzene, are on the right-hand part of the
diagram and the less polar compounds, with donor
substituents, are on the left.

To improve the sensitivity of the CFA analysis
for the partially hidden disubstituted compounds, a
new matrix will be considered. The set of mono
substituted benzenes which contribute the most to

AXIS 2
22%

BBr

BM

BH

0112

BF

BCI BCE

BOH

CoF
CpCl
CoM CoOH

BrCpF
AoF 0712 AmF CoCl

1112
AmCl

AoBr

AoOM

BOM

1712

BN02

Fig. 3. CFA of the second matrix including the three subseries without temperature effects. The projection on the first factorial plane
shows a better discrimination between the two substituted series, acetophenone and benzaldehyde.
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the information content in the two previous analy
ses are removed. Then only the two more similar
carbonylated subseries remain. A more extensive
study of temperature effects can be envisaged simul
taneously.

The third matrix is then based on a more homo
geneous population including only carbonylated
compounds, i.e., substituted benzaldehydes or ace
tophenones. It includes a wider heterogeneity deal
ing with temperature effects by using the seven sta
tionary phases OV-IOl, OV-3, OV-7, OV-ll,
OV-17, OV-22 andOV-25 at four temperatures,
120,130,140 and 160°C, except forOV-25 at 140°C.
This represents a set of 26 compounds studied .in 27
different chromatographic systems.

Projection on the first factorial plane is given Fig.
4. The plane includes 72% of the information con
tent, 45% according to the first and 27% according
to the second axis. This graph presents an interest
ing relationship order. Aclear separation of the two

AXIS 2
27%
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series of compounds is observed. Comparison with
Fig. 3, corresponding to the second matrix, shows
an apparent rotation of about45° of the compound
clusters due to the absence of monosubstituted
phenyl compounds. The comparison of Figs. 3 and
4 shows that the first axis is rotated counterclock
wise. The better separation of the two series is due
to the absence of the levelling effect oJ the mono
substituted phenyl series, with its important varia
tion of the electronic effects of the' substituent re
flected in the variation of the dipolar moments.

The two populations, aldehydes and acetophe
nones, constitute two clouds admitting the origin of
the axes 1 and 2 as a centre of symmetry, or, more
precisely, the first bisector as an axis of symmetry.
The better separation of the two chemical series ac
cording to their corresponding cloud is given by the
first bisector. The variation of the polarity of the
stationary phases is introduced by the second bisec
tor, from the non-polar OV-lOl up to the most po-

AXIS 1
45%

Fig. 4, CFA of the third matrix limited to carbonylated compounds with maximum temperature etl'ects. Projection on the first factorial
plane. A total discrimination is observed between the two disubstituted series acetophenone and benzaldehyde, circled with solid lines.
Temperature effects, circJed with dashed Jines, are oriented according to the first bisector.
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lar OV-25. Comparison of Figs. 2 and 4 shows that
axes 1 and 2 in Fig. 2 playa similar role to the first
and second bisectors, respectively. We have shown
in Fig. 2 that the temperature effect with OV-Il was
parallel to axis 2. In Fig. 4, the temperature effect is
parallel to the corresponding first bisector. The gen
eral trends of the temperature effects are directed
according to the first bisector. Increasing temper
atures are noticed in this direction except for the
non-phenyl-substituted OV-lOl, a methylsilicone,
and for OV-22 studied at 160°C, labelled 2216,
which shows a relatively large DI/dT variation in
the range 140-l60°C. For these two exceptions the
directions of these temperatures effects are opposite
to the preceding ones.

We could have considered also a "supplemen
tary" Fig. 2, not given here, which corresponds to
a CFA of the first matrix but with a projection on
the second factorial plane, defined by factorial axes
3 and 4. The analogy between this "supplementary"
figure and Fig. 4 must be stressed. In Fig. 2, the
major contribution of the monosubstituted phenyl
derivatives to the information content is taken into
account by axes 1 and 2. Hence the resulting in
formation corresponding to the two disubstituted
phenyl derivative series is given chiefly and more
clearly in the "supplementary" Fig. 2. In Fig. 4 the
corresponding data matrix is strictly independent of
the monosubstituted benzene series. This first facto
rial plane is a pure contribution of the aldehydes
and acetophenones studied at different temper
atures. Despite three supplementary temperatures
(OV-ll at 130 and 140°C and OV-25 at 130°C) in
Fig. 2, the level of similarities between the CFA of
matrices 1 and 3, that is, between the "supplemen
tary" Fig. 2 and Fig. 4, was not so evident, a priori.

The influence of a relatively limited effect on Ko
vats retention indices, such as the temperature ef
fect, introduced only by three supplementary tem
perature effects can produce non-negligible pertur
bation. On comparing Fig. 2 and 3, a modification
of the ordering of the three chemical series is ob
served. In Fig. 3, the cluster of acetophenones is lost
among the aldehydes. The contribution of axis 3,
i.e., factorial plane 2-3, must be considered also to
observe a clear separation between these three
chemical series.
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CONCLUSION

Despite the strong homogeneity of the data ma
trix, due to the choice of congeneric series of aro
matic solutes analysed on the same type of phenyl
silicone stationary phases, the present study demon
strate that CFA is a sensitive detector of the relative
heterogeneity between solutes and/or stationary
phases. The so-called heterogeneity corresponds to
deviations from proportionality between rows or
columns of the data matrix, that is, between partic
ular compounds or between particular chromato
graphic variables.

The posibility of taking homogeneous systems,
such as congeneric compound series and stationary
phases of the same type, offers the possibility of
identifying weak structural, electronic, polarity or
temperature effects. To emphasise this point, let us
consider the case of another experimental design,
with a higher degree of heterogeneity of the com
pounds and/or of the stationary phases. The projec
tion of the compounds considered here would have
been much less scattered and the corresponding fac
tors, detected here, more or less hidden.

A progressive study with CFA of particularly
chosen submatrices helps to delineate more precise
ly the abstract and/or the real factors which govern
the chromatographic process.
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ABSTRACT

Liquid particles from the breakup of liquid jets produced by a gas chromatographic syringe autoinjection system were observed and
measured experimentally. The particle size depended on ~he motion of the syringe plunger. Very large, fast-moving particles were
observed during accelerating pedods of the liquid jet. The injection test chamber temperature affected the downstream particle size by
heating the liquid before it left the needle and by evaporation into the hot gas. The particles produced by the water and heptane samples
used were large and did not lend themselves to rapid vaporization within the gas stream of the gas chromatographic inlet port. Under
such conditions, total sample vaporization must be considered either on the hot inlet port wall or on inserts within the inlet port.

INTRODUCTION

A common method of sample introduction into a
gas chromatograph is injection via a microliter
syringe into a heated inlet port. The liquid jet from
the needle breaks down into particles which evapo
rate in the carrier gas stream, by interaction with
inserts within the inlet port or in contact with the hot
inlet port wall. Reproducible rapid vaporization and
uniform mixing of the resulting sample vapor with
the carrier gas are important for proper separation
of the liquid sample components and for deter
mining or minimizing different discrimination er
rors. Rapid sample vaporization may, however,
result in pressure excursions within the inlet port,
which can alter the flow-rate through the column [1].

The evaporation rate of the liquid particles pro
duced during an injection depends on their initial
size and velocity. The mechanism of liquid jet
breakup and particle formation from a sample
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'" Present address: Graduate Program, Department of Me
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injector is therefore the first step in the study of inlet
port injection performance, and constitutes the
subject of this investigation. As it turns out, the size
of the particles produced is relatively large and does
not lend itself to the commonly perceived flash
vaporization process within the carrier gas stream,
even at high inlet port temperatures. This leaves
interaction with the hot wall or with inserts as the
dominant mechanism for vaporization. Additional
considerations are that the injection process using a
syringe involves plunger motions which are not
smooth, resulting in liquid jets with intermittent or
variable injection speeds, and that the mechanical
motion of the plunger may result in needle tip
oscillation producing jets with large lateral motions.

This investigation is the first in a series aimed at
examining liquid jet breakup from a commonly used
autoinjection system. The specific aims of this work
were to record the liquid injection process and to
measure the size ofparticles injected into a simulated
inlet port. A needle support system that eliminated
large-amplitude lateral motion of the needle tip, and
ofthe emerging liquid jet, allowed conclusions on the
ability to generate particles for different fluids and
ambient temperatures and on the general require
ments for sample vaporization. The sample size used
was large (5 Ill) to permit a clear identification of the

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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windows for photographic observation of the liquid
jet and of the resulting particles. The photographic
system employed parallel light from a pulsed (17-ns
pulse duration) ruby laser which was triggered via a
time delay connected to the control box of the
automated injector. The photographic set-up could
also be used to record in-line holograms to avoid
depth of field problems with measuring small-sized
particles at different object distances from the plane
of focus. For this work the negatives were evaluated
manually using appropriate enlarging optics with a
video camera and monitor. Holograms were recon
structed using a helium-neon laser and then evalu
ated using the same video-monitor system.

Fig. 2 is a more detailed diagram ofthe test section
showing the position of the syringe needle during
injection. The needle used was 5 em x 150 mm
J.D. x 650 mm O.D. For the flow-rate and fluids
tested, this resulted in fully developed flow at the
needle exit. The test section J.D. was 6 cm, and was
equipped with two sets of 4 cm wide and 5 cm long
quartz windows for photographic observation of the
liquid jet and of the resulting particles. The windows
were positioned so that one set allowed observation
of the liquid in the vicinity of the needle exit, where
the jet breakup occurred, and the second set was
used for observation of liquid particles to a maxi
mum distance of 15 cm from the needle tip. As
shown in Fig. 2, the needle entered the test section
through an opening (1 mm in diameter) machined
into a 2.5 cm diameter and 3.5 cm long aluminum
cylinder attached to the top of the test section. The
purpose of this cylinder was to support two rubber

HOT AlA --=~==:=r----;::r:~;::z~---'=====_ HOT AIR

Film

/
/

Test Section

different periods during autoinjection. In addition,
elevated temperature results were obtained by pre
heating the gas stream in addition to the wall.
Although preheating the gas stream is not part of the
chromatographic system under consideration, its
use in the present experimentation resulted in a
uniform test section environment and permitted
easier interpretation of the experimental findings.
The majority of the present data were with pure
heptane and water as sample liquids to provide
variation in surface tension and latent heat of
vaporization.

The breakup of a laminar liquid jet issuing from a
small orifice has been the subject of numerous
experimental and analytical investigations because
of its practical importance in the understanding of
liquid droplet formation in sprays, in the generation
of controlled droplet streams, etc. Several reviews
[2,3] can be consulted for treatment of different
aspects of the process. Of primary interest has been
the amplification of disturbances and drop forma
tion in laminar jets [4-8], jet breakup length [9-11],
the influence of ambient and liquid properties and
the aerodynamic effect of the surrounding gas
[5,8,12-15], etc. Results from these and other previ
ous works will be used as necessary in the discussion
of the experimental findings of this work.

Pulse Laser

\

Fig. 1 is a schematic diagram of the experimental
apparatus. The sample injection process employed
an autoinjector (Model 7673A automated sampler;
Hewlett-Packard) discharging into a heated test
section at ambient pressure. Both the test section
and the injector were bolted on to a heavy brass plate
mounted on a movable platform. A low-speed
(18 cm/s), heated air flow was maintained through
the test section, which was also equipped with

EXPERIMENTAL

Fig. 1. Schematic diagram of the experimental apparatus. Fig. 2. Test section inlet.
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Fig. 3. Syringe plunger position and liquid jet speed during
injection.

which are attributed to interactions among the
electromechanical components of the injector: (a) an
initial unsteady period (0-20 ms) where the jet speed
first increased to a maximum of about 10.5 mls
within the first 5 ms and then changed irregularly for
the next 15 ms; (b) a steady injection period lasting
about 38 ms, where the jet speed was 5.3 m/s; and (c)
a final short, ca. 3 ms period where the speed
dropped to zero as the liquid was depleted. The data
for the period between about 10 and 18 ms were
insufficient to resolve accurately the shape of the
liquid speed curve, and the dashed line was drawn to
reflect the observed liquid jet behavior from photo
graphy. It should be noted that superimposed on the
relatively long time-scale speed variations shown in
Fig. 3, the liquid jet was also subjected to small
amplitude, high-frequency disturbances from the
injector electromechanical system and from the
laboratory environment. These disturbances were
amplified resulting in the jet breakup, as will be
discussed in the following sections.

Table I gives a summary of the experimental
parameters tested and of the steady injection period
jet Reynolds and Weber numbers calculated using
the steady speed of the jet. The Reynolds numbers at
200 e show that both the water and heptane jets were
laminar. At the higher temperature shown (70°C),
the Reynolds numbers were near the upper limit of
the laminar regime and the jets would be expected to
show sensitivity to hydrodynamic disturbances. The
Weber numbers for water were sufficiently low for

septa 3 mm in diameter and 0.7 mm thick as shown
in Fig. 2. The septa sealed the test section entrance,
and also provided damping of lateral vibrations of
the needle. The needle length was 4 cm and its tip
extended 3 mm beyond the second septum.

Air was introduced through the test section using
two 4 mm diameter inlet ports and a perforated
aluminum plate positioned downstream from the
inlets to smooth the gas flow. Two bare thermo
couples were used for temperature monitoring and
control of the air heater and of the heating tapes
which were wrapped around the test section wall.
This resulted in almost isothermal conditions within
the injection environment. This was verified using a
separate movable thermocouple probe with which
the maximum temperature difference between any
two points within a radius of 2 cm along the test
section axis was found to be 2%. The range of
temperatures tested was between 20 and 270oe, and
the liquids injected were pure heptane and pure
water.

Heat transfer from the test section resulted in an
increase in the temperature of the syringe and of the
fluid inside the sample vial. A separate set of
thermocouples were used to check the injector and
vial temperatures, which were found to be ca. 25°e
higher than ambient at the highest test section
temperature used. In addition, for the present test
conditions, the needle required 100 ms before it
reached its final position inside the test section. The
combination of higher syringe and fluid tempera
tures together with the heating of the sample as it
passed through the heated syringe during injection
will be considered in the interpretation of the
experimental results. The liquid speed at the needle
exit was calculated from the speed of the syringe
plunger, which was recorded on 16-mm film using a
high-speed motion picture camera. .

RESULTS AND DISCUSSION

Injection periods
Fig. 3 shows the temporal variation of the mean

liquid jet speed at the needle exit. For the incom
pressible liquids used the jet speed was calculated
from the measured speed of the syringe plunger
motion (also shown in Fig. 3) and the known ratio of
plunger to syringe diameter. Fig. 3 shows three
distinct periods during the 61-ms injection process,
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TABLE I

SUMMARY OF EXPERIMENTAL CONDITIONS

Initial unsteady injection period
Fig. 4a and b show a heptane jet 3 ms after the

beginning of injection for 20 and 212°C test section
temperatures, respectively. The acceleration of the

Jet Reynolds number, VjDj/v, at: 20°C 70°C
Water 760 1900
Heptane 1300 2000

Jet Weber number, pDi/u, at: 20°C 70°C
Water 0.Q7 0.Q7
Heptane 0.26 0.26

Rayleigh breakup [2] of the jet, meaning breakup by
the growth of axisymmetric oscillatios induced by
surface tension. For heptane, the larger Weber
numbers place the jet breakup mode within the
regime where aerodynamic forces augment the effect
of surface tension [2]. The resulting oscillations
wavelengths and droplet sizes produced are there
fore expected to be smaller for heptane samples [2].

In the following sections, findings related to the
initial unsteady and steady-state periods are dis
cussed. The final short, unsteady period at the end of
the injection involves a relatively small fraction of
the sample and will be examined in future work.

liquid noted in Fig. 3 resulted in the formation of a
large liquid particle at the leading edge of the jet. In
addition, during the accelerating period at the
beginning of injection, the syringe plunger motion
caused intermittent lateral oscillations of the needle
tip which show as high-frequency sinuous distur
bances on the emerging jet. The speed of the jet
leading edge, and of the large particle formed, were
around 10 mls as measured using photographs taken
at different times from the beginning of injection.

For the heptane jets in Fig. 4, the leading edge
particle (with initial typical major dimension of
1000 j.lm) had an irregular shape and tended to
disintegrate into smaller particles as it travelled
downstream. For water jets (not shown), the higher
surface tension of water maintained integrity of the
large leading edge particle as it travelled through the
test section. Particle Weber numbers based on the
major particle dimension were ca. 6 for heptane and
1.5 for water, and confirm the observed difference in
the disintegration process. Additional large particles
were also observed during the period between 15 and
20 ms during the irregular motion of the plunger,
which is indicated by the dashed line in Fig. 3. The
production of such particles was attributed to rapid
changes in the jet speed during this period.

The implications of these observations are that
the unsteady jet period can produce appreciably
sized particles which move at high speeds, i.e., which
are not amenable to rapid vaporization, at least
within the air stream. Such large particles may also
be a significant fraction of the sample size, especially
for small injected samples. In such cases rapid
vaporization within the inlet port must be accom.
plished using liquid contact with heated insert
surfaces.

Water, heptane
5 III
150/lm
60 ms
I atm
2Q-270oe

Sample liquids
Sample size
Jet diameter, D j

Injection time
Test section pressure
Test section temperature

Fig. 4. Heptane jet, initial unsteady period, 3 ms after beginning
of injection. (a) 20°C test section temperature; (b) 265°C test
section temperature. The needle tip is visible at the top of the
photograph.

(a)

I~

(b)

Steady injection period
Fig. 5a shows the initial breakup of a water jet in

20°C ambient gas, and Fig. 5b shows the resulting
droplets at a mean distance of 12 cm from the needle
tip. Fig.' 5c and d show similar photographs for a
heptane jet. Fig. 5a and c show that the jet breakup
was the result of the growth of capillary waves
arising from disturbances in the injector environ
ment. The size of the particles produced depended
on the wavelength before breakup and both main
and satellite droplets Were observed. Fig. 5a and c
also show evidence of coalescence of droplets after
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Fig. 6. Variation of arithmetic mean particle size with distance
from the needle tip, at 20De test section temperature. Mean
particle size in 11m.

Fig. 5. Steady-state period, 20De test section temperature. (a)
Water jet, 40 ms after the beginning of injection; (b) water
particles, 12.5 em from needle tip, at 50 ms; (c) heptane jet, 50 ms;
(d) heptane particles, 12.5 em from needle tip, 45 ms.

breakup. Fig. 5b and d show that around 12 cm from
the needle tip the heptane jet droplets were smaller
and showed considerably more radial dispersion
than water droplets. The larger droplets from the
water jet were due to coalescence between particles
moving along the same axis. As is indicated in
Fig. 5d, heptane droplets tended to disperse by
several millimeters in the radial direction, thus
minimizing the probability of coalescence. The
magnitude of the observed particle radial dispersion
was of the order of the inside radius of typical inlet
port inserts. This suggests that during a chromato
graphic injection significant sample vaporization
takes place on the hot insert wall. In addition, lateral
oscillations of the needle during injection (such
oscillations were mostly suppressed in this work)
will promote wall vaporization.

Fig. 6 presents measured mean particle sizes as a
function of distance from the needle tip for a 200 e
test section temperature. The data are for at least 100
particles per point measured from different photo
graphs taken using the same time delay after the
start of injection. and the size of non-spherical

."

.,.' • Oli, •• f#

.I-j

2_

~-- ... \.'..,'.' ..

Fig.. 7. Heptane jet, at 265°e test section temperature, 40 ms after
the beginning of injection.

particles was recorded as the mean of two major
dimensions. For water the coalescence effect shows
as a gradual increase in the size of the droplets. There
was a very small size increase for heptane particles.
Fig. 6 also shows that the mean particle size right
after the jet breakup was 256 /lm for water. This
compares favorably with the value of 260 /lm
predicted from axisymmetric stability theory at the
wavelength of maximum disturbance amplification
[16]. For heptane the mean measured particle size
near the jet breakup was 245 /lm, which is smaller
than that for water. The difference is due to the
higher jet Weber number for heptane (Table I),
which, according to calculations from stability the
ory, including the aerodynamic influence of the
ambient gas [16], yields a slightly shorter wavelength
for maximum disturbance amplification.

Fig. 7 shows a typical breakup of a heptane jet for
a test section temperature of 265°C. It is noted that
the jet surface before breakup was irregular at high
temperature and that this resulted in segmentation
of the jet. This behavior was typical at elevated test
section temperatures and was also observed with
water samples. The irregular appearance of the jet

.", .......: : ~ "',
'. .• o ...... .. "... ~ '."•• • o:-,••~ .-.. .
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TABLE n
ESTIMATION OF DROPLET PREHEAT TIME

Liquid

Water
Heptane

Initial droplet
diameter0:tm)

284
278

Temperature
(0C)

265
265

Preheat lime
(ms)

73
7

270 ....--------------=-...,

260

250

240 +--_..---.....,.......,.-""T'"--..------.,.._--;

Fig. 9. Variation of the arithmetic meartparticle size near the jet
breakup with test section temperature. Mean particle size in pm.

injected intO the test section at 20 and 300"C,
respectively. The large number of small droplets
evolving at the needle exit for the high test section
temperature is attributed to boiling conditions with
in the needle. For hexane this means·li temperature
of at least6$.7"C, which is the normal boiling point
of hexane.

The appearance <lad amplification of irregular
disturbances On the. jet resulted in jetsegmentatioo,
which is evident in Fig. 7. The liquidsegmehts
subsequently collapsed into lal'ge particles with the
net result that the mean particle size after breakup
increased as the test section temperature. increased..
This is indicated in Fig. 9, where the test section

surface at elevated test section temperatures is
attributed to increased sensitivity of the jet to
hydrodynamic disturbances as the jet Reynolds
number was in.creased due heating of the fluid
during injection (Table H). Liquid heating during
the injection process is influenc.ed by the tempera
ture reached during the initial 100 ms period as the
needle enters the heated test section and by the
convection process within the syringe as the liquid is
pushed out. It is currently difficult to make an
accurate prediction <)f the liquid temperature at the
needle. exit because of lack of reliable data on the
time-varying heat transfer coefficient between the
needle outside surface and the hot <lmbient gas. It is
possible, however, to demonstrate th<lt .significant
heating takes place inside the needle by using a
sample fluid of relatively low boiling point and
showing that, at a sufficiently high test section
temperature, there is evidence of boiling at the
needle eXit. Fig.. 8aand b show a hexane sample

o 100

Temperature, ·C

200 300

Fig. 10. Ratio ofparticle $auter mean diameter at a di~tance Qf
12.5 Clll frolll the needle tip to thlj,tat jet brea~up, a~a function of
te$tsectiop.tetnperatuj.'e..

Temperature,·C

300

••

20,0

Water

1.5

.
1,4

1.3
0

-e 1.2c
::0
CIl

1.1

1.0

0.9
0 100

Fig. &. Hexane jet, 50 ms alter the beginning ofinjection. (li) 20°C
test section temperature; (b) 300°C test section temperature..
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temperature is plotted against the arithmetic mean
particle size for both liquids tested.

The downstream development of particle size at
elevated temperatures is suggested by the results in
Fig. 10, where the ratio of the Sauter mean diameter
12.5 cm from the needle tip to that after breakup is
plotted against the test section temperature (the
Sauter [2] mean diameter is used here because it is
appropriate for evaporating particles). At low tem
peratures, this ratio was larger than unity for both
samples tested, which is consistent with the results in
Fig. 4. As the test section temperature was increased
the Sauter mean diameter ratio for water particles
increased whereas that for heptane decreased. This is
because for the water samples coalescence, which
increased the particle size, predominated over the
decrease in size due to evaporation. For heptane
particles, however, vaporization predominated, re
sulting in a net decrease in particle size. It is not
possible to separate the opposing effects of coales
cence and vaporization on particle size. An estimate
of incipient vaporization can, however, be furnished
by estimating the preheat time, which is the time
needed for a water or heptane droplet to reach its
equilibriul1'\:...temperature. This can then be com
pared with the residence time in the hot environment
to estimate the time available for vaporization.
Table II shows estimated droplet preheat times
calculated using the relationships shown in the
Appendix. The preheat times were ca. 73 ms for
water and only 7 ms for heptane for conditions
appropriate to a 265°C test section temperature. The
particle residence time travelling at a speed of 5 mls
within the 12.5-cm test section distance is calculated
to be ca. 24 ms. This shows that the heptane particles
were subjected to steady-state vaporization condi
tions for about 17 ms, whereas water particles did
not reach conditions for significant vaporization.

CONCLUSIONS

The breakup of water and heptane liquid jets
under conditions encountered with sample auto
injection in a gas chromatograph injection port was
examined experimentally using 5-fll samples injected
in 61 ms. The specific aims of this work were to
measure the size of particles produced with different
injection port temperatures in the range 20-270°C
and to relate the measurements to conditions rele
vant to actual sample injections.
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It was shown that the motion of the syringe
plunger during injection is of primary importance.
The initial unsteady (0-20 ms) period of unsteady
plunger motion produced large, fast-moving parti
cles which were not subject to rapid vaporization.
The subsequent (20-59 ms) steady-state injection
period produced particles which conformed to jet
breakup stability theory at low test section tempera
tures. Radial dispersion of the heptane particles was
significant, and of the order of a gas chromatogra
phic insert diameter, indicating the importance of
liquid vaporization on the insert wall during injec
tion.

At high temperatures, heating of the liquid during
injection increased the jet Reynolds number to near
the upper limit for laminar jet flow. This resulted in
irregular breakup and segmentation of the jet,
producing larger particles after the jet as the test
section temperature was increased. For heptane
samples injected into high test section temperatures,
the particle size decreased with distance from the
needle tip, while particles from water samples in
creased in mean size under the same conditions. This
was shown to be the result of the competing effects
of coalescence and evaporation.

This work is being extended to include examina
tion of various parametric effects, such as sample
size, injection speed and sample type, on the parti
cles produced. The work will also includes high
speed motion pictures of the liquid jets and of the
particles produced, and a more detailed 'examination
of liquid heating inside the syringe and the needle.
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APPENDIX

Determination of droplet preheat time
Heat transferred into a liquid droplet which is

introduced into a hot environment initially increases
the liquid temperature and also contributes to liquid
vaporization. Eventually the droplet may reach
equilibrium conditions where the temperature re
mains constant with time and all the heat transferred
is used for quasi-steady vaporization. For the rela
tively large water droplets and ambient conditions
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where Cg is the vapor' specific heat at constant
pressure, L is the .latent heat of vaporization and Ys
the equilibrium vapor mass fni.ction,.is given by the
Clausius-Clapeyron equation:

considered, vaporization during the unsteady heat
up period is negligible and calculation of the heat-up
time can be carried out using a constant-diameter
sphere. Under the assumption of a uniform droplet
temperature T(t), an energy balance for a droplet of
diameter D initial1y at temperature To moving inside
a hot environment at T. yields the following rela·
tionship for the time, t, to reach different droplet
temperatures [17]:

pCI 2 (T. - TO)
t = 6Kg(2 + O.6Reo.5) . Do In T. _ T (AI)

where p and C1 are the liquid density and specific
heat, respectively, Kg is the gas thermal conductivity,
Re = VD/v is the droplet Reynolds number based
on the droplet speed, V, and v is the kinematic
viscosity of the gas. Eqn. A I is solved forthe preheat
time, t., for which the droplet temperature reaches
its equilibrium value, T., given by the fol1owlng
equation fot quasi-steady vaporization [18]:

(A2)

(A3)

Tb is the liquid boiling point, WI is the molecular
weight of the liquid and W is the molecular weight of
the vapor mixture at the liquid surface.
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ABSTRACT

Hexa-O-octanoyl-scyllo-inositol, a scyllitol-derived disc-shaped liquid crystal, was tested as a stationary phase in gas chromatogra
phy. The retention indices of series of isomers selected as test substances differing in chemical structure, molecular geometry and
physico-chemical properties were measured, and conclusions about the mechanism of interaction between the stationary phase and the
test molecules are discussed. The polarity of the phase was measured according to Rohrschneider. The determination of the phase
transition temperatures using the capacity factor in the heating and cooling cycles showed thatthe liquid crystal can be supercooled.

INTRODUCTION

Rod-shaped and polymeric liquid crystals ofvari
ous structures are being widely investigated and
used as stationary phases in gas chromatography
(GC). Little information is available on the proper
ties and separation mechanisms of discotic liquid
crystalline stationary phases. In 1984 Witkiewicz et
at. [1] investigated discotic nematic triphenylene de
rivatives and in 1988 Zhang and Wang [2] used rufi
gallol hexaalkanoates.

We became interested in filling this gap by study
ing the discogen 1, a hexaester [3-5] of the naturally

Correspondence to: Dr. G. Kraus, Institute of Analytical Chem
istry, Martin-Luther-Universitat Halle, 0-4010 Halle (Saale)
Germany.

* Part 66 on liquid-crystalline compounds of the Berlin re
search group; Part 65: K. Praefcke, B. Kohne, S. Diele, G.
Pelzl and A. Kjaer, Liq. Cryst., 11 (1992) 1-8.

RO~OR
RO~OR

RO

Hexa-O-octanoyl-scyllo-inositol (1).

occurring scyllo-inositol (scyllitol)** with an ex
tremely wide discotic mesophase (,1 T ~ 120 K), as
a stationary phase in capillary GC to broaden our
knowledge about the mechanisms of interaction be
tween such a phase and various test molecules and
about structure selectivities [7,8]. 1 has the follow
ing melting and clearing temperatures

** scyllo-Inositol is one of the possible eight stereoisomers of
inositol [6] having all hydroxyl groups in equatorial posi
tions with the result of a totally flat structure.

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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Fig. L Dependence of capacity factors, k', OJ'! temperature (on
heating and cooling) for isomeric methylanisoles.• = PO; 0 =
111-; 6. = o-methylanisole. '

K,.-+ Dho

Dho ..... ls,

where' K indicates crystalline, Dho indicates discotic
hexagonal orthorhombic, and Is indicates isotropic
state. Between these temperatures the compound is
a discotic hexagonal orthorombic liquid crystal.
Between these temperatures the compound isa 'dis
c.otic hexagonal orthorombic liquid crystal.

EXPERIMENTAL

The measurements were carried out using a mod
if1ed gas chromatograph, GCHF 18.3 (ZWG/Chro
matron), equipped with a flame ioniiation detector
and split injector. Nitrogen was used as the carrier
gas. The glass capillary column was made of soft
-glass''(25> m x 0.25 m·mLD.). After etching with
gaseous HCI and'deactivating with Carbowax zOM,
the capillary was coated dynamically with a :solu
'lion of 10% of the·liquidcrystal I in dichlorometh
ane. The efficiency of the column was 66 500 theo
retica.,l,plates for o-methylanisole with capacity fac
tor,k', = 2.89.

RESULTS AND DISCUSSION

Transition temperatures·
The GC determination of the: transition temper

aturesusirig,the k' values of methylanisoles in the
heating and cooling cycles shows that the phase can
be supercooled to ~ISC (Fig. I) and that a change
of phase in the wide discotic range of temperature
can be excluded, as no jumps can be' observed.
Comparing the transition temperatures determined
byGC with the values obtained with a polarization
microscop'e we' conclude th.at there are higher devia
ijons', for'disc- than for rod-shaped liquid crystals
[7,8].

The ratio of the capacityJactors at the m'elting
point (Llk' high) and at the clearing temperature
(Llk' relati~ely small) correlates with the ratio of the
transition enthalpies of the phase at these temper
atures, as determined by differential scanning calo
rimetry [5]:
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Structure selectivity and I'etention behaviour.
,Generally, stationary phases consisting of rod

shaped liquid crystals are (more or less) suitable for
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Fig. 2. Structure of a discotic columnar D bo phase.
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Fig. 4. Dependence of retention indices of naphthalene, tetralin
and decalines on temperature.

ed, no structure selectivity concerning the length-to
breadth ratio is observed for the isomeric disubsti
tuted benzenes (lX p /m < 1) and cis- and trans-deca
lines (Figs. 3 and 4), Deviations from the elution or-
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separating close-boiling geometrical isomers ac
cording to their length-to-breadth ratio, taking ad
vantage of the ordered structure in the liquid crys
talline state [7,8]. This so-called structure selectivity
(IX) leads to, for instance, IX p/m > 1 for disubstituted
benzenes.

To elucidate possible separation effects caused by
the liquid crystal structure of the used discotic
phase (Fig. 2), several types of substances with dif
ferent molecular structures and space requirements
were used. Taking into account the rule "like dis
solves like", we assumed, for example, stronger in
teractions of the cyclohexane structures with the
stationary phase than of the other substances used.

The Kovats retention indices, determined in the
mesophase range, in the isotropic liquid phase and
in the supercooled state, show that the elution order
mainly follows the order of the boiling temper
atures of the test substances (Figs. 3-8). As expect-
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Fig. 3. Dependence of retention indices (1) of isomeric benzene
derivatives on temperature. Me = Methyl.

Fig. 5. Dependence of retention indices of cyclic hydrocarbons
on temperature.
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der according to boiling points can be observed for
the elution of cyclohexane, -hexene and -hexadiene
and benzene and for the pair cyclooctane (b.p.
151.l°C)/and cis,cis-cycloocta-l,5-diene (b.p.
148°C) (Fig. 5).

In addition to the supporting effect of the polar
ity of the stationary phase, the probable reason
seems to be that interactions of the substrate mole
cules take place only within the gaps (e.g., the emp
ty spaces between the columns) of the hexagonal
columnar discotic phase (Fig. 2) with parts of the
radical-symmetrical arranged lateral functions of
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Fig. 7. Dependence of retention indices of terpenes on temper
ature. iX-Ph = iX-phellandrene.

the disc, but not with or between the centres of the
discotic molecules of columnar structure. There
fore, the results confirm the structural attributes of
this discotic phase, discussed by Kohne and

. Praefcke [4,5]. These are perfect space filling (mini
mum dead space in the centre of the discotic mole
cule) and an optimum coverage of the area in the
periphery of the "core", which can become slightly
puckered by the radical-symmetrical arranged lat
eral functions.

This interaction characteristic would explain the
retention ofthe six-membered hydrocarbons, where
the flatter cyclohexadiene (b.p. 80SC) is eluted af
ter cyclohexane (b.p. 80.7"C) and nearly co-eluted
with the higher boiling cyclohexene (b.p. 83.0°C).
The lowest boiling benzene with the flattest struc
ture is eluted last. This can also explain the lack of
selectivity of the discotic phase concerning the
length-to-breath ratio (e.g., xylenes). The dimethyl
naphthalenes (Fig. 6) are eluted as on normal low
polarity stationary phases [9,10].

Unexpectedly, the o-halotoluenes with the lowest
boiling temperatures are eluted after or together
with the corresponding meta isomers (Fig. 3). Com
paring our results with the measurements of Wit
kiewicz et al. [1], we find a corresponding elution
order of the test substances used in both instances.
The elution of n-nonane before cyclooctane, consid
ered by Witkiewicz et al. to characterize their dis
cotic phases and for comparison also tested in our
measurements, seems to be normal. It follows the
boiling points and the rules of GC polariLy estab
lished by Schomburg [11].

In general, the explanation of the retention mech
anism g!ven by Witkiewicz et al. does not contradict
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our suggestions, because the structures of the in
vestigated discotic stationary phase differ consid
erably.

Polarity
The polarity values of I were determined accord

ing to Rohrschneider: benzene, x = 0.85; ethanol,
y = 1.53; 2-butanone, z = 1.23; nitromethane, u =

1.64; pyridine, S = 1.30. In the discotic hexagonal
columnar state, the phase is of low polarity like a
methylsilicone substituted by a small proportion of
phenyl groups.

CONCLUSIONS

Taking into consideration the structure of the in
vestigated scyllo-inositol derivative [4,5], which
shows perfect space filling in the centre of the mole
cule and an optimum coverage of the area in the
periphery oj) the "core" which can become slightly
puckered by radical-symmetrical arranged lateral
functions (yielding a "flexible super disc"), we can
conclude that the interactions of the test com-
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pounds take place favourably within the empty
spaces between the columns of the columnar struc
ture with random parts of the lateral substituents
but not between the centres of the discotic mole
cules.
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ABSTRACT

High-resolution capillary gas chromatography (HRGC) with an isomeric selective liquid crystal as stationary phase permits a better
separation of the seventeen possible n-nonadecene isomers and n-nonadecane than a separation system with a non-mesogenic stationary
phase. For the identification of the separated isomers, structure-retention correlations based on extrapolation of the dependence of
homomorphous factors on the number of carbon atoms for homologous series of n-alkenes and the different temperature dependences
of the retention indices of geometrical isomers were used. Identification was confirmed by a combination of HRGC with Fourier
transform infrared and mass spectrometric detection on the basis of infrared spectra which are distinctly different for the geometrical
isomers. The rule of the alternation retention of cis- and trans-alkenes with an odd number of carbon atoms separated on a mesogenic
stationary phase was reformulated.

INTRODUCTION

n-Alkenes represent an interesting model for the
study of gas chromatographic (GC) isomeric selec
tivity concerning positional and geometrical iso
merism. They are also technologically important
materials obtained as complex mixtures of isomers
by catalytical dehydrogenation of n-alkanes with a
wide range of carbon numbers.

In GC separations of higher n-alkenes, a favour
able effect of the polarity of stationary phase is
compensated for by the interfacial adsorption of

Correspondence to: Dr. L. Sojik, Chemical Institute, Faculty of
Natural Sciences, Comenius University, Mlynski Dolina, 84215
Bratislava, Czechoslovakia.

isomers on the polar stationary phase-gas interface,
this effect being inversely proportional to the polar
ity of the individual isomers [I]. Separation systems
combining the high efficiency of capillary columns
with the isomeric selectivity of liquid crystals as sta
tionary phases permit improved separations of
complex mixtures of isomers, including those with
very similar physico-chemical properties [2].

In previous work [3], the separation of isomeric
C 17 and CIS n-alkenes and n-alkanes was studied
on a high-efficiency capillary column with 4' ,5-n
hexylpyrimidin-2-yl-phenyl 4-n-propylbenzoate
(PrBHP) liquid crystal as stationary phase. The sep
aration was optimized with respect to the stationary
phase film thickness and column temperature. This
separation system permits better and faster separa-

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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tions of isomeric n-heptadecenes and n-octadecenes
compared with previously obtained separations on
non-mesogenic and mesogenic stationary phases.

The aim of this work was the separation and
identification of all isomeric n-nonadecenes and n~

nonadecane using the separation system with
PrBHP liquid crystal as stationary phase coupled
with Fourier transform infrared (FT-IR) and mass
spectrometric (MS) detection. The contribution of
the mesogenic stationary phase used to the separa
tion of isomeric n-nonadecenes is based on a com
parison with their separation on the non-mesogenic
phase Apolane-87 in a capillary column with an effi
ciency of about 500 000 plates [4].

EXPERIMENTAL

As a model mixture, the product of the catalytic
dehydrogenation of n-nonadecane, in which the n
alkene content was enriched by displacement liquid
chromatography with 2-propanol, was used. It con
tains a mixture of the seventeen possible isomeric
n-nonadecenes and n-nonadecane.

GC measurements were carried out with a Hew
lett-Packard GC-FT-IR-MS system. The model
mixture was separated in a glass capillary column
with liquid crystalline PrBHP (synthesized by Dr.
K. D. Scherf, Martin-Luther University, Halle,
Germany) as stationary phase, having a mesophase
range from 65 to 170°C and possible supercooling
to about 28°C. The capillary column was prepared
from Unihost glass (Kavalier, Teplice, Czechoslo
v~kia). After etching with gaseous hydrogen chlo
ride, the glass capillary was coated statically with a
solution of PrBHP in dichloromethane. The effec
tive efficiency of a prepared column of 90 m x 0.25
mm J.D. for the studied compounds was about
200000 plates (film thickness 0.03 /lm, column tem-'
perature 100°C, average linear velocity of carrier
gas 40 cm s-1). The selectivity coefficient (relative
retention), a, for p- and m-xylene at 50°C was 1.16.

RESULTS AND DISCUSSION

The chromatograms of isomeric n-nonadecenes
and n-nonadecane obtained with the PrBHP liquid
crystal separation system and those obtained with
Apolane-87 (from Ref. 4) are shown in Fig. 1. Re
tention indices and their temperature coefficients of

L. Sojak et 01. / J. Chromatogr. 609 (1992) 283-288

Fig. I. Separation of isomeric n-nonadecenes and n-nonadecane
using a 90 m x 0.25 mm J.D. column with PrBHP (N ~ 200000
plates) and a 200 m x 0.25 mm J.D. column with Apolane-87 (N
~ 500000 plates). c = cis-; t = trans-; I = I-nonadecene; n-C19
= Il-nonadecane.

TABLE I

RETENTION INDICES OF Il-NONADECENES AND
THEIR TEMPERATURE COEFFICIENTS ON PrBHP AT
100·C AND ON APOLANE-87 AT I70·C

dl",BIIP/dT values were measured within the temperature range
90-100·C and dIAp-87/dTvalues within the range 17o-190'C.

n-Nonadecene .f.,BIIP dl/dT lAp-87 dl/dT100 170

cis-9- , 1839.2 0.57 1860.3 0.12
cis-8- 1840.4 0.50 1861.7 0.12
cis-7- 1844.8 0.51 1864.4 0.11
cis-6- 1850.3 0.48 1869.0 0.11
cis-5- 1859.1 0.42 1874.7 0.10
trans-9- 1862.1 0.39 1870.4 0.09
trons-8- 1863.5 0.37 1871.3 0.08
tralls-7- 1865.2 0.33 1872.8 0.08
cis-4- 1868.3 0.37 1881.3 0.08
trolls-6- 1869.9 0.30 1875.3 0.Q7
trolls-5- 1873.7 0.29 1878.9 0.06
trolls-4- 1880.1 0.23 1879.9 0.04
cis-3 1882.4 0.23 1887.9 0.06
trons-3- 1888.3 0.17 1884.6 0.01
1- 1902.0 0.07 1887.1 0.04
cis-2- 1908.3 0.24 1907.6 0.06
trons-2- 1910.9 0'.10 1899.0 0.00
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n-nonadecenes on PrBHP and Apolane-87 are given
in Table I.

Individual n-nonadecene isomers were identified
by extrapolation of the dependence of the homo
morphy factors, H, on the number of carbon atoms
(nc) for the homologous series of C15-C18 n-al
kenes, on the basis of previously measured reten
tion indices [3]. The characteristic monotonous de
pendence of homomorphy factors, H = f (n c), for
homologues on a non-mesogenic stationary phase
does not apply on mesogenic stationary phases be
cause it is influenced by the alternation of retention
in homologous series when homologous with the
orientation of the carbon chain more in the direc
tion of the molecular axis have increased retention

[3,5]. In connection with alternation of retention. in
some instances an opposite retention order of iso
mers with the double bond in the middle of the car
bon chain and their neighbouring positional iso
mers on mesogenic, in comparison with their sep
aration on non-mesogenic, stationary phases has
been found. Therefore, for the identification of iso
meric n-nonadecenes separated on PrBHP, further
means were used.

The identification of cis and trans isomers was
confirmed on the basis of the different temperature
dependences of their retention indices. The data in
Table I show that the dI/dT values on PrBHP are
higher for cis than for trans isomers by an average
of 0.14 i.u.;oC. On Apolane-87 the corresponding
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Fig. 3. Mass and IRspectra of cis-3- and trans-3-nonadecene.

difference is 0.05 i.u.;oC; therefore,easier temper
ature optimization of their separation is possible on
the PrBHP column..

The identification of isomeric n-nonadecenes car
ried out on the basis of structure-retention correla
tions was confirmed by FT-IR and MS detections
of the eluates from the PrBHP capillary column.
The results for the peaks identified as cis-2- and
trans-2-nonadecenes and cis-3- and trans-3-nonade
cenes are shown in Figs. 2 and 3, respectively. The
geometrical and positional isomers of n-nonade
cenes produce very similar mass spectra, and there
fore their use for identification purposes is problem
atic. However, the infrared spectra of the geomet
rical isomers are distinctly different [6f In contrast

to cis isomers, the trans isomers show a character
istic absorption at 963 cm -1 for trans-2-nonade
cene and at 967 cm -1 for trans isomers with the
double bond located closer to the middle of the car
bon chain of the molecule (trans-3 c up to trans-9
nonadecene).

The dependence of the difference in the retention
indices of neighbouring positional cis- and trans-n
nonadecene isomers (M values) on the position of
the double bond, in comparison with thoseob
tained on Apolane-87, is shown in Fig. 4. The M
values of positional cis and trans isomers increase
with a shift of the double bond from the middle to
the end of the carbon chain. The M values on
PrBHP are generally higher, with the exception of
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Fig. 4. Dependence of difference in retention indices of neigh
bouring positional cis- and trans-nonadecene isomers on the po
sition of the double bond for PrBHP and Apolane-87.

2/) 3/4 "ts 5/6 6/7 ~8 8/9 2/3 3/4. 4/5 5/6 67 lf8 8/9

position of double bo.nd

Fig. 5. Dependence of relative retention values on the position of
the double bond for neighbouring positional cis and trans iso
mers of n-octadecenes and n-nonadecenes on PrBHP.
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the pair cis-8-cis-9-nonadecene, even taking into
consideration the different column temperatures
used with PrBHP and Apolan-87. This is in agree
ment with the fact that the selectivity of liquid crys
tals for positional isomers increases with a shift of
the double bond from the middle to the end of the
carbon chain [5]. Hence the selectivity increases in
the same direction as the retention of positional iso
mers, and therefore their separation is more fa
voured on a liquid crystal than on a non-mesogenic
stationary/ phase. The comparison of the retention
indices of'n-nonadecenes measured on PrBHP and
those measured on Apolane-87 shows a higher re
tention range of the studied compounds (66.1 i.u.)
relative to Apolane-87 (47.3 i.u.). As is shown in
Fig. 1, using a column with PrBHP the separation
of all isomeric n-nonadecenes was achieved at a 2.5
fold lower efficiency in comparison with the Apol
ane-87 column.

The lower M value for the pair cis-8-jcis-9-non
adecene on PrBHP than on Apolane-87 is connect
ed with the alternation of retention of positional
n-alkene isomers on mesogenic phases. From the
data in Fig. 4, it follows that on a mesogenic phase
cis-nonadecenes with an odd position of the double
bond and trans-nonadecenes with an even position
of the double bond show an increased retention, as
followsfrom the regular decrease in retention with a

shift of the double bond from the end to the middle
of the carbon chain. However, previously [3,5], on
the basis of results on alternation of retention for
homologous series of n-alkenes on a mesogenic
phase, the increased retention of n-alkenes with an
odd number of carbon atoms for cis-alkenes with
an even position of the double bond and for trans
alkenes with an odd position of the double bond
was proposed.

The dependence of the relative retention values,
IX, on the position of the double bond for neigh
bouring position cis- and trans-nonadecenes and
-octadecenes on PrBHP is shown in Fig. 5. It seems
that trends of these dependences are similar to those
in Fig. 4. This means that the alternation of the
retention of n-alkanes (as standards in the Kovats
retention index system) on PrBHP does not affect
the trends of the alternation retention of positional
trans- and cis-nonadecene isomers. These results
and also similar results obtained for C13, C15 and
C17 n-alkenes confirm the formulated trends of al
ternation ofthe retention of cis- and trans-n-alkenes
with an odd number of carbon atoms on mesogenic
stationary phases. Previously formulated trends of
alternation of retention of these n-alkenes were dis
torted .by the effect of the alternation of retention of
n-alkenes with an even number of carbon atoms in
homologous series.
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A low M value was found on Apolane-87 for the
pair trans-4-Jtrans-5-nonadecene (Fig. 4), the sep
aration of which on Apolane-87 is worse than the
separation of isomeric pairs of trans-nonadecel)es
having a more central position of the double bond
in the carbon chain. This result is connected with
the propyl effect experienced by the trans-4-isomer.
The propyl effect is an intramolecular interaction
between the propyl group and the n-electron system
of the double bond [4,5]:

c ~ c
: 'c
"c - C /

which causes a lower retention of this isomer of ca.
3 i.u. Therefore, this isomer is eluted m'ore closely to
the trans-5-isomer, as could be predicted from the
regularity of the dependence of the retention of the

L. Sojak et 01. / J. Chromatogr. 609 (1992) 283-288

positional trans isomers on the position of the dou
ble bond. On PrBHP in connection with alternation
of retention, the increased retention of trans-4-no
nadecene leads to the partial elimination of the ef
fect of a propyl group on the retention dependence
(see Fig. 4). It is evident from the measurements on
Apolane-87 that the propyl effect is present also at
relatively high temperatures, e.g. 190·C.
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ABSTRACT

The correlation between relative retention values of halogenated hydrocarbons (methanes, ethanes and ethenes with different halogen
atoms in the molecule) and their boiling points at atmospheric pressure was found to be linear, and was used for identification purposes
in gas chromatography. Absolute and relative retention values were measured on non-polar (OV-1) and polar (SP-1000) packed
columns; the linear correlations found with the boiling points as a function of the number of hydrogen, chlorine, bromine and iodine
atoms permits peak identification starting from known boiling points. Calculation of the boiling points of trace compounds starting
from gas chromatographic data or linear interpolation to predict both the retentions and the boiling points of substances whose
standards are not available are also possible.

INTRODUCTION

When complex mixtures of organic compounds
have to be analysed in industrial or environmental
samples, gas chromatographic (GC) techniques are
often used, and the identification of the various un
known substances is carried out by using specific
detectors or mass spectrometry (GC-MS). When
conventional GC detectors are used, the identifica
tion can be achieved by comparing the retention
values of the unknown peaks with those of a target
compound list on columns having different polar
ities. Unexpected compounds, often present in pol
luted environmental samples, may remain unidenti
fied with this procedure, as a proper reference stan
dard is not available.

The GC-MS technique takes into account the re
tention times on a capillary column (often non-po-
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ale. Universita. Corso Europa 30. 16132 Genova. Italy.

." Present address: Laboratorio Chimico, Castalia SpA, Via
Borzoli 76, 16161 Genova, Italy.

lar or low polarity) and the comparison of the mass
spectra with those listed in a standard library. Some
differences in the actual and literature spectra, due
to the background, different ionization conditions,
etc., often do not permit the identification of the
sample [1]. Further, in order to obtain a sensitivity
similar to that of specific detection methods such as
electron-capture detection (ECD), MS should be
applied in the single ion monitoring (SIM) mode
and the information contained in a full-scan spec
trum is therefore lost. The use of a GC-MS system
with ion-trap detection (lTD), which permits the
identification to be carried out with full-scan spec
tra on 10 pg of sample [2,3], can solve the sensitivity
problem, but expensive and delicate MS equipment
generally cannot be applied in routine and field
analysis.

When authentic standards are not available, nei
ther the use of specific GC detectors nor mass spec
tra permit the tentative identification of unknown
compounds, but an indication of the identity of a
given peak can be obtained by using correlation
rules between the retention data and the physical

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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and structural properties ofthe compounds [4-7]. A
relatively simple spectrum search restricted to a few
compounds or the injection of authentic samples on
to different columns can achieve the final identifica
tion.

In a previous paper [8], it was shown that a linear
correlation exists between the relative retention, r,
and the vapour pressure of halogenated hydrocar
bons, and that it can be used to precalculate the
retention times of compounds for which standard
samples are not available. The dependence of the
retention data on the vapour pressure is more rigor
ous from the theoretical point of view [9], but in
practice the boiling point values (TB) which are
more readily available in handbooks, catalogues,
etc., can be used with satisfactory results. The corre
lation between boiling point and retention data was
noted in early days of chromatography [10] and was
mainly used for the identification of hydrocarbons
[II] and for simulated distillation purposes. Less at
tention has been devoted to the study of retention
boiling point correlations for other homologous se
ries, but correlations between chromatographic be
haviour and physico-chemical properties of many
compounds have been observed [12-15].

In this paper, we confirm the existence of regular
correlations between the TB and r values of halog
enated hydrocarbons, and the possibility of using
these rules to predict the retention behaviour of
compounds for which standards are not available
and conversely, the vapour pressures and boiling
points through GC analysis.

EXPERIMENTAL

Packed columns having different polarities were
used: non-polar OV-1 and polar SP-1000, both
10% (w/w) on Chromosorb W DMCS (80-100
mesh), each 3 m x 2 mm J.D.

In order to evaluate the effect on retention of in
terfacial adsorption and support activity, two col
umns of each type were used, filled with stationary
phases prepared in the same way but from different
batches of support, and made from stainless steel
and Pyrex glass. The differences in adjusted reten
tion times, tR, were restricted to the second decimal
figure and were mainly attributed to differences in
flow-rates. The relative retention values were in fact
reproducible to the third decimal figure (relative
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standard deviation less than 1%) and no apprecia
ble difference in the shape, width and tailing factor
of the peaks was observed. This is probably due to
the relatively high percentage of liquid phase, the
efficient deactivation due to DMCS silanization,
and the low "polarity" of the compounds analysed.

A Varian (Palo Alto, CA, USA) Model 3760 gas
chromatograph was used with thermal conductivity
detection (TCD). The small differences in the re
sponses of TCD to halogenated compounds with
different numbers of carbon atoms in the molecule
permit the preparation of standard mixtures con
taining comparable amounts of each compound.
Specific detection methods, such as ECD, currently
used for the determination of low concentrations of
halogenated compounds in the environment, re
quire very different amounts of each substance to be
injected in order to obtain peaks of comparable
area, and this may influence the width, shape, reten
tion time and resolution of some peaks. The chro
matogram may also be complicated by the presence
of impurities that, nearly undetected at low concen
tration by TCD, show large peaks using ECD, due
to their great electron affinity. Helium was used as
the carrier gas at a flow-rate of 30 cm3 min -1.

The samples used (see Table I) included chloro-,
bromo- and iodo-methanes, -ethanes and -ethenes
with one or more identical or different halogen
atoms in the molecule. They were analysed at 50,
75, 100 and l2SOC on both columns. The following
discussion is based on the retention values mea
sured at 100°C, but the conclusions can easily be
applied to analyses carried out at different temper
atures.

THEORY

A detailed discussion of the theoretical back
ground of the work was published previously [8],
and is briefly summarized below.

For many homologous series, the boiling point,
TB, the vapour pressure, pO, the activity coefficient,
Y, and the number of structural units in the mole
cule, n, are linearly correlated [9,12-14]:

log pO = K 3 + K 4 n = K 1 + K 2 TB (1)

log y = K s + K 6 n = K s - (K3 K 6 / K 4 ) +
+ (K6/ K4 ) log pO (2)

log rs.q = log(p~/p?> + log (Yq/Ys) (3)
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where Nt is the number of moles of stationary
phase in the column, the following equations are
obtained:

where the K are constant for each homologous se
ries at constant temperature, rs,q is the relative re
tention of substance s with respect to a reference
compound q and subscripts q and s onpo and y have
the same meaning.

By taking into account the equation for the reten
tion volume, VR :

RESULTS AND DISCUSSION

10

Table I lists the compounds analysed, their ad
justed retention times, fR, measured at lOOT, the r
values measured with respect to l-chloro-2-bro
moethane [8] and the boiling points taken from lit
erature [17], TB (w).

The correlation between the log r values of halo
methanes listed in Table I on the non-polar OV-1
column and TB (w) is shown in Fig. I. The various
halomethanes lie on different straight lines depend
ing on the number of hydrogen atoms in the mole
cule and on the type of halogen atom. It has been
shown previously [8] that when the correlation be
tween log r and log pO is considered, all the halo
methanes lie on four straight lines that depend on
the number of hydrogen atoms in the molecule, in
dependent of the type of substituted halogen atom.

Fig. 1 also shows that compounds with different
halogen atoms linearly interpolate those with the
same halogen: CH2ClI is between CH2Cl2 and
CH212; CH2ClBr between CH2Ch and CH2Br2;
CHCI2Br and CHCI2Br2 between CHCI3 and
CHBr3; and CChBr between CCl4 and CBr4. It can
therefore be accepted as a general" rule that mole
cules that contain two different halogens lie on the
straight line connecting the three halomethanes
with the same number of hydrogen atoms and a

0.1'-------:~------:~--:e:_:___--~--7.;-:----'
50 100 150 200 250 T

B

Fig. 1. Retention of halomethanes on OV-I relative to I-chlo
ro-2-bromoethane, r, as a function of the boiling point at 760
Torr, Tw • = Experimental data; 0 = calculated values (see
text).

(5)

(4)

(6)

log VR = log (Nt R1) - Z

and

log rs,q = log(pg Yq) - Z

where

Z = K s - (K3 K 6 /K4 ) + [(K6 /K4 ) + 1]
(Kt + K 2 TB) (7)

showing that for homologous series the behaviour
of r values is as linear as that of VRvalues as func
tion of TB • This linearity was confirmed experimen
tally [8].

When neither the pO nor TB values for a given
compound are available, but it belongs to a homo
logous series and its number of structural units, n.,
is known, the TB value being linearly correlated
with ns [9], a linear relationship is found:

log rs,q =. log(pg Yq) - (K3 + Ks) - (K4 + K6 )ns
(8)

also when the structural units considered are not
methylenic groups or carbon atoms, but are halo
gen atoms, substituent groups, etc. [8,9,16]. The
above equations will apply exactly when the reten
tion is due only to gas-liquid partitioning. Interfa
cial adsorption in different columns would produce
different although similar results. The experiments
carried out with different columns, as described un
der Experimental, showed that no appreciable dif
ference in the results is found when the concentra
tion of liquid phase on the silanized support is not
lower than 10%. Lower percentages of liquid phase
or the use of a less deactivated support may influ
ence the results as the effect of adsorption can be
come appreciable with respect to that of partition.
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TABLE I

HALOGENATED COMPOUNDS ANALYSED, LISTED IN ORDER OF DECREASING NUMBER OF HYDROGEN AND
Cl, Br, I ATOMS, THEIR RETENTIONS RELATIVE TO I-CHLORO-2-BROMOETHANE, r, ON NON-POLAR AND POLAR
COLUMNS AT 100'C AND THEIR BOILING POINTS AT 760 TORR TAKEN FROM REF. 17, Tn (w)

Compound OV-I SP-1000 Tn(w)

I' r I'R R

Halomelhanes
CH3I 0.60 0.27 0.77 0.11 42.4
CH 2CJ 2 0.58 0.27 1.65 0.24 40
CH2C1Br 1.05 0.48 3.44 0.50 68.1
CH2ClI 2.12 0.98 8.55 1.24 109
CH2Br2 1.84 0.85 7.00 1.02 97
CH2I2 7.22 3.33 44.58 6.49 182
CHCI3 1.04 0.48 2.84 0.41 61.7
CHCI 2Br 1.90 0.87 6.48 0.94 90
CHCIBr2 3.40 1.57 14.57 2.12 119.5
CHBr3 6.02 2.77 32.55 4.73 149.5
CHI3 49.50 22.81 218
CCI4 1.58 0.73 1.35 0.20 76.5
CCI3Br 2.97 1.37 3.92 0.57 104
CBr4 18.79 8.66 112.80 16.42 190

Haloelhanes
CH3CH2C1 0.3 0.15 0.33 0.05 12.3
CH3CH 2Br 0.60 0.28 0.70 0.10 38.4
CH3CH 2I 1.12 0.52 1.34 0.19 72.3
CH3CHCI 2 0.81 0.37 1.34 0.19 57.28
CH 2CICH 2Cl 1.30 0.60 3.86 0.56 83.5
CH 2CICH 2Br 2.17 I 6.87 I 107
CH2BrCH2Br 3.69 1.70 12.13 1.76 131.4
CH2ICH 2 ] 14.20 6.54 200
CH 3CCl3 1.37 0.63 1.37 0.20 74.1
CH 2CICCI3 4.95 2.28 11.60 1.69 130.5
CHCI 2CHCl2 6.76 3.11 45.34 6.60 146
CHBr2CHBr2 60.4 27.83 243.5
CHCI 2CCL3 11.15 5.14 30.02 4.37 162
CCJ3CCI3 21.64 9.97 30.12 4.38 186

Haloelhenes
CH2 =CCI 2 0.56 0.26 0.5:2 0.08 37
CICH=CHCI,lrans 0.76 0.35 1.10 0.16 47.5
CICH = CHCl, cis 1.00 0.46 2.41 0.35 60.3
CICH= CC12 1.91 0.88 2.54 0.37 87
CI 3C=CCI2 4.12 1.90 3.18 0.46 121
BrCH = CHBr, cis 3.06 1.41 10.83 1.58 112.5
BrCH = CHBr, Irons 2.53 1.17 5.58 0.81 108

unique type of halogen (CH2CI2, CH2Br2' CH2h;
CHCh, CHBr3, CHI3; CCI4, CBr4, CI4). When the
boiling point is known, the linear interpolation of
these straight lines wiIl permit the r values of all the
possible halomethanes to be calculated. On the oth
er hand, as the boiling points of many uncommon

compounds are unknown or only approximate, the
interpolation from measured r values should permit
more correct values to be obtained.

In a previous paper [8], the correlation between r
and log pO was found to give satisfactory precision,
pO being calculated with Antoine-type equations.
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TABLE II

COMPARISON OF RELATIVE RETENTION VALUES ON
THE NON-POLAR OV-I COLUMN PREVIOUSLY MEA
SURED AND CALCULATED FROM REF. 8, I'P' CALCU
LATED FROM LITERATURE Tn(w) VALUES, I'w AND
GRAPHICALLY INTERPOLATED WITH THE TRIAN
GLE RULE, I'g

Compound I'p rw r g

CH2BrI 1.64 1.64-1.72 1.64
CHCI2I 1.73 2.65 1.71
CHCII2 6.29 14.61 6.22
CHBr2I 5.59 9.63 5.56
CHBrI2 11.30 34.0 11.27
CCl2Br2 2.52 1.89 2.52
CClBr3 4.69 4.44 4.66

I atoms

250

200

VI

C
'0150
c.

en
c

Fig. 2. Linear behaviour of the boiling points as a function of the
number of structural units (Cl, Br or I atoms) in dihalomethane
molecules.

Table II shows that the correspondence between the
rp values, measured experimentally and calculated
starting from pO, and rw values, calculated from the
TH(w) values listed in ref. 17, is small. This may
depend on the low precision of the tabulated TH(w)
of uncommon compounds. In fact, eqn. 1 shows
that for homologous series the boiling point is lin
early correlated with n, and this is confirmed in
Figs. 1-4 for di-, tri- and tetrahalomethanes. By in
terpolation in Figs. 2-4, the values of the boiling
points TH(g) shown in Table III were calculated.
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Fig. 4. Linear behaviour of the boiling points as a function of the
number of structural units (Cl, Br or I atoms) in tetrahalometh
ane molecules. Thin lines in the inner part of the triangle show
the fine structure that permits the calculation of I' or Tn values
for molecules with three different halogen atoms.
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Fig. 3. Linear behaviour of the boiling points as a function of the
number of structural units (Cl, Br or I atoms) in trihalomethane
molecules.
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a The compounds are listed in order of decreasing number of
hydrogen, chlorine and bromine atoms..

TABLE III

BOILING POINTS OF HALOGENATED METHANES
FOUND IN THE LITERATURE [17], T8 (w)? AND CALCU
LATED BY INTERPOLATION WITH THE TRIANGLE
RULE TR(g)

Compounda

CH 2 BrI
CHCI3

. CHCI2 Br
CHCI 2I
CHClBrI
CHCII 2
CHBr3
CHBr21
CHBrl2
CHI3 .

CCI3Br
CCI31
CCI2Br2

CCl2BrI
CCI212

CCIBr3
CCIBr2I
CClBrIi
CClI3
CBr4

CBr31
CBr212

CBrI
3

.

CI4

138-141
61.7
90

I3I

200
149.5

218
104
142
120

J58-159

190

138
62
90

131
160
201
150
190
231
272
104
142
133
166
210
161
200
235
276
190
228
266
304
344

CHClIz and CHClzI (131°C), and a difference of
65SC between CCI3I (l42°C) and CCI4 (76,5°C).
The predicted value of 272°C or for CHI3 therefore
seems more reliable.

By using the TIl(g) values shown in Table III, the
rg values shown in the last column of Table II were
obtained. The good correspondence between these
values and those calculated with the more rigorous
approach of the vapour pressure is evident. The lin
ear correlation of the r values with the boiling
points therefore being confirmed, the retention
times can be deduced from known boiling points
and vice versa (Fig. I).

When both r and Til are known for three com
pounds having only chlorine, bromine or iodine
atoms in the molecule, these compounds can be
plotted as the three apices of a triangle while com
pounds with mixed halogens lie at regular intervals
on the three sides of the same triangle. This simple
"triangle rule" therefore pemlits one to obtain by
linear interpolation or by simple arithmetic propor
tions the r and Til values of any compound belong
ing to the considered homologous series.

The general rule states in fact that when the rand
Til values of the three halomethanes having the for
mula CHzXm (Fig. 5), where X may be CI, Br or I,
are known, it is possible to calculate the Til or the r
values of all the compounds having the formula

1

Te values

Fig. 5. Schematic diagram of the "triangle rule" for halometh
anes. Z = 0,1,2 or 3; m = 4 - z; n < 111. The compounds with
different halogen atoms lie on the sides of the triangle at constant
intervals whose number depends on the z value.

Some of the predicted values are very different from
the literature values, but in our opinion this is due
to the imperfect knowledge of the physical data for
uncommon compounds, which may also decom
pose when heated.

Literature data on the boiling points of the three
compounds CCl3Br (104°C), CClzBrz (120°C) and
CCIBr3 (160°C) show that on replacement of Cl
with Br atoms an increase of 16 and 40°C, respec
tively, is observed. A regular behaviour is more
probable, and a Ll Til of (160 - 104)/2 = 28°C leads
to a value of 104 + 28 = 132°C for the boiling
point of CClzBrz, closer to the value predicted by
the proposed method.

As another example, the difference in literature
Til on replacement of a CI with a I atom between
CHI3 (218°C) and CHClIz (200°C) is only 18°C,
whereas a difference of 69°C is observed between

l/I

'":l
'"> compounds ........

CHzClm_nBrn

CHZClm

CHzlm
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TABLE IV

COMPARISON OF RELATIVE RETENTION VALUES ON
THE POLAR SP-IOOO COLUMN PREVIOUSLY MEA
SURED AND CALCULATED FROM REF. 8, rp CALCU
LATED FROM LITERATURE Tn(w) VALUES, rw AND
GRAPHICALLY INTERPOLATED WITH THE TRIAN
GLE RULE, r.

Compound rp rw r.

CH2 BrI 2.56 2.48-2.65 2.48
CHCl2I 3.25 6.43 3.18
CHCIBrI 6.90
CHCII2 25.6 102.9 21.9
CHBr2I 16.51 43.5 16.4
CHBrI2 57.6 411.5 57.5
CHI3 202
CCI 2 Br2 1.77 1.07 1.77
CCIBr3 5.32 4.82 5.32

0.1 '----__----=':---'__---,-'-:- "'-- -'-----J

50 100 150 200 T
B

Fig. 6. Retention of some halomethanes on the polar SP-IOOO
column relative to 1-chloro-2-bromoethane, r, as a function of
the boiling point at 760 Torr, Tn' • = Experimental data; 0 =
calculated values (see text).

1000'--~--------~---''

CHCI3

0.1'----_-'-__-'--__-'--__'-_=_---'

100 150 200 250 To

Fig. 7. Retention ofal! the trihalomethanes on the polar SP-1000
column relative to l-chloro-2-bromoethane, r, as a function of
the boiling points at 760 Torr, Tn'

CHzXm- nY,,, where Y is a halogen different from X.
It is obvious that when z = 3, i.e., with compounds
having the general formula CH3X, the triangle is
reduced to a straight line where the three halometh
anes lie.

The compounds with three different halogen
atoms lie within the triangle and, belonging to ho
mologous series, follow a linear behaviour. It is pos
sible to calculate their I" and Bp values, as shown
with thin lines in the centre of the triangle in Fig. 4.

The correlation between I" and Til values shows
the same behaviour on the polar liquid phase
SP-IOOO, as shown in Fig. 6. The triangle rule can
also be applied in this instance, as shown for triha
lomethanes CHX 3 in Fig. 7. In Table IV the I"g val
ues calculated from the graphically extrapolated Til
(g) are compared with the I"w values obtained from
tabulated TIl(w) and with those previously calculat
ed from the vapour pressures, I"p [8]. The I"p and I"g

values correspond reasonably well whereas the I"w

values sometimes being very different, confirm that.
some values of the boiling points deduced from un
certain experimental data can be replaced with
those obtained by GC analysis.

The haloethanes and -ethenes also show regular
behaviour. Fig. 8, obtained from analysis on the
non-polar column, shows that these compounds lie
on three straight lines. A fine triangular structure is
also present, that cannot be seen on the scale of Fig.
8. but permits the calculation of data for various
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Fig. 8. Relative retention, r, of some haloethanes measured ex
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boiling point at 760 Torr, Te.

compounds belonging to different homologous se
nes.

As an example, compounds ClCHzCHzCI,
BrCHzCHzBr, ICHzCHzI are the apices ofa trian
gle on whose sides the compounds with the formula
XCHzCHzY lie. The values obtained by linear in
terpolation correspond fairly well with those calcu.:
lated on the basis of the vapour pressures [8]. For
BrCHzCHzI the values are TB(g) = 16SOC, rg =
3.28 and rp = 3.33. For CICHzCHzI the values are
TB(g) = 141°C, rg = 1.95 and rp = 1.97.

It is probable that a similar regular behaviour is
also shown by the r values of haloethanes and -eth
enes obtained on polar liquid phases, but the avail
able experimental data are insufficient to confirm
this hypothesis.
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ABSTRACT

A method for the determination of organic acids in ambient air using an ion-exchange resin in a bifunctional manner is presented.
The ion-exchange resin is used as an adsorbent for sampling and subsequently as catalyst for the methylation 'of the adsorbed acids by
methyl formate. The methyl esters are analysed by gas chromatography or gas chromatography-mass spectrometry. This method can
be used to monitor workplace atmospheres and to analyse other ambient air samples.

INTRODUCTION

Organic acids are important compounds in chem
ical industry and are encountered in solvents, plas
tics and food processing. They are known as ubiqui
tous odour pollutants with a very low odour thresh
old (below 1 ppb in air). Moreover, fatty acids are
released in considerable amounts into the atmo
sphere by biogenic sources. Hence methods for the
determination of trace amounts of organic acids in
the gaseous phase with low detection limits are de
sirable.

Some methods for the determination ofcarboxyl
ic acids in ambient air have been reported. All these
methods have in common that they require special
ized analytical techniques and instrumentation or,
if gas chromatography (GC) is used, special column
phases. Simon et al. [1] reported a method using
Florisil as adsorbent for sampling followed by ion
chromatographic detection. Brocco and Tappa [2]
also used ion chromatography, but collected air-

Correspondence to: Dr. S. Sollinger, Fraunhofer Institute for
Toxicology and Aerosol Research, Nikolai-Fuchs-Strasse 1,
D(W)-3000 Hannover 61, Germany.

borne acids using filters impregnated with potassi
um hydroxide. The "scrubber" technique has been
described in combination with ion chromatography
[3]. Alternative approaches utilized liquid chro
matographic procedures for detection. Samples
have been collected on charcoal tubes, desorbed by
sodium hydroxide with subsequent injection into a
liquid chromatograph using a cation-exchange resin
and a sulphuric acid mobile phase [4]. This tech
nique has been termed ion-moderated partition
chromatography [5]. For high-performance liquid
chromatography with UV detection, derivatization
by p-bromophenacyl bromide has been proposed,
where sampling is achieved again by adsorption on
charcoal [6]. An 18-crown-6 ether was useful for
improvement of the conversion of the correspond
ing alkali metal salts into their bromophenacyl de
rivatives [7]. Liquid chromatographic approaches
may also include ion-exclusion columns [8]. The GC
determination of free organic acids was performed
using analytical columns packed with 0.3% FFAP
+ 0.3% H 3P04 [9,10].

If a FFAP column is not available, derivatization
of the acids will be necessary, and different methods
have been reported [11-15]. Boron trifluoride in

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.Y. All rights reserved
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TABLE I

CONDITIONS FOR THE DETERMINATION OF VOLATILE ORGANIC ACIDS BY MASS SPECTROMETRY

Time (min) Ion monitored Methyl esther of .Abbreviation
(mlz)

5 -8 88 Propionic al;;id C 3

8 -10.2 74 Butanoic acid C4

100 Metyhacrylic acid METH
10.2-13.5 74 Methoxyacetic acid MEAC

74 Pentaoic acid Cs
13.5-15.5 74 Hexanoic acid C6

117, 119 Trichloroacetic acid TRIC
> 15.5 74 Heptanoic acid C7

74 Octanoic acid Cs
7~ Nonanoic acid C9

methanol is a common derivatization reagent but
with the disadvantage of column degradation if the
methylation solution is injected without removal of
the boron trifluoride. Another drawback is the rela
tively high boiling point of the solvent methanol,
thus not allowing for the baseline GC separation of
the lower homologues of fatty acid esters.

In this paper, a method is proposed in which the
acids are adsorbed on different adsorbents and de
termined by GC after detivatization with methyl
formiate in the presence ofa cation-exchange resin
in the protonated form. The cation-exchange resin
acts as an acidic catalyst to drive the methylation of
the acids..GC can be carried out 'using common
columns with methyl- or methyl/phenylsilicone
phases.

EXPERIMENTAL

Instruments
A Hewlett-Packard Model 5890 gas chromato

graph coupled with a Hewlett-Packard MSD 5970
mass spectrometer and a modified thermal desorp
tion unit (Chrompack, Middelburg, Netherlands)
was used. Baseline GC separation was achieved us
ing an RTx-Volatiles capillary column (30 m x
0.25 mm 1.D., 1.0-/lm film thickness) (Restek). Oth
er columns with methyl- or methyl/phenylsilicone
phases can also be used. The temperature was main
tained at 35°C for 5 min and then raised at 1O~C/

min to 200°C. The gas chromatograph was
equipped with a thermal desorption unit (Chrom
pack) modified as described previously [16]. The
mass spectrometer was operated in the total-ion

mode (33-175u) and in the selected ion monitoring
(SIM) mode (low-resolution option). The ions mon
itored under SIM conditions are listed in Table 1.

Sampling
Gaseous samples were collected by adsorption on

silica gel, activated charcoal and Amberlyst or their
combinations. Fig. 1 shows the apparatus used for
the generation of gaseous samples of the acids, con
sisting of a mass flow controller, a humidifier, a
heated injector and a thermostated adsorption tube.
The recovery experiments were carried out with
gaseous samples of the acids produced as described
in Fig. 1 with the exception of methoxyacetic acid
and trichloroacetic acid, which were injected direct
ly onto the adsorption tube.

Derivatization
Volumes of2 ml ofmethyl formate were placed in

glass vials (160 mm x 16 mm O.D.), which were
closed by a screw-cap sealed with a silicone-rubber
septum. The adsorbent loaded with organic acids

,~- - - - - - - - - - - - - --I

1L-.;.:-----II:l--~~---~~-----:.......--:[~I~I~

Fig. I. Arrangement of standard gas and sampling equipment.
A = Mass flow controller; B = humidifier; C = heated injector;
D == thermostat for the sampling tubes.
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and the Amberlyst cation-exchange resin (400 mg)
was added to these vials. The tightly closed vials
were heated at 90°C for 30 min by immersing them
40 mm deep in a stirred oil-bath. Before opening the
vials they were chilled with water to prevent losses
of the volatile esters. Volumes of 1-100 J.ll of the
solution were injected into a stainless-steel tube fil
led with Tenax TA. The compounds were trans
ferred to the gas chromatograph by thermal de
sorption after purging the solvent.

Thermal desorption
To purge the solvent, the oven of the thermal des

orption unit was kept at 50°C for 8 min, maintain
ing a helium flow of 5 ml/min through the Tenax
tube [160 mm x 6 mm 1.0., containing 120 mg of
Tenax TA (60-80 mesh)]. Thermal desorption was
carried out by heating at 250°C for 10 min while a
cryotrap capillary arranged in series was kept at
- 100°C. The analytes, now cryofocused, were then
transferred to the analytical column by heating the
cryotrap ballistically at 1SOC/min to 200°C.

Chemicals
The acids, methyl formiate and the Amberlyst R

15 ion-exchange resin [17] were purchased from Al
drich (Steinheim, Germany). All reagents were of
special grade. Before use the ion-exchange resin was
washed several times with methanol until the meth
anol phase remained colourless and then extracted
with methanol overnight using a mechanical shak
er.

Silica gel (type G) and charcoal adsorption tubes
(type B) were obtained from Drager (Lubeck, Ger
many). Tenax TA (60-80 mesh) was purchased
from Chrompack.

RESULTS AND DISCUSSION

Methylation
A mixture of ten organic acids (listed in Table I)

consisting of 200 or 2000 J.lg of each compound (not
dissolved in any solvent) was methylated as de
scribed above (eight consecutive methylations were
carried out). Methoxyacetic acid was added to the
acid mixture immediately before the addition of the
methylation suspension. Thus, the concentrations
of the acids in 2 ml of the methylation solution were
0.1 and 1.0 mg/ml, respectively. A typical chro-

299

matogram is shown in Fig. 2a for the total-ion
mode and in Fig. 2b for the SIM mode. Recoveries
were determined by external calibration. Within the
reproducibility of the experiment the yield of the
methylation step for each organic acid tested is
> 80%, with the possible exception of trichloro
acetic acid, showing a slightly lower recovery. As
chloroform was identified by GC-mass spectrom
etry (MS) in the methylation suspension, it is as
sumed that the lower recovery in the case of trichlo
roacetic acid is due to the formation of chloroform
as a competitive process. According to Christensen
et al. [18], trichloroacetic acid decomposes to chlo
roform when heated. The temperature and depth of
immersion of the vial in the oil-bath have to be cho
sen carefully in order to control this competitive
effect. As the methylation was performed with two
different concentrations of the acids (four times at
each concentration), it was found that the methyla
tion was nearly independent of the acid concentra
tion, which is explained by the excess of ion-ex
change resin and methyl formiate (the results are
summarized in Table II).

Recovery including sampling
Activated charcoal tubes, silica gel tubes and ion

exchange resin tubes (Pasteur pipettes containing
800 mg of Amberlyst R 15 ion-exchange resin) were
tested. A I-ml volume of the mixture of ten acids
was used to generate a gaseous sample of vaporized
acids employing the apparatus shown in Fig. 1. Ten
litres of humidified nitrogen (relative humidity
45%) were drawn through the tubes, maintaining a
flow-rate of 150 ml/min. The contents of the tubes
were then transferred into vials containing the
methylation suspension (see Experimental). The
reference solution was prepared by direct injection
of 1 J.ll of the acid mixture into a second vial also
containing the methylation suspension. The meth
ylation of both solutions was carried out as de
scribed under Experimental. The experiment was
repeated three times. The recoveries, shown in Fig.
3, depend on the individual adsorbent and acid un
der investigation. The recovery is ~ 85% for the
organic acids containing four or five carbon atoms,
independent of the adsorbent chosen (standard de
viation < 14%). For the higher homologues a de
crease in recovery was found with increasing boiling
point, the decrease being greater for activated char-
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Fig. 2. (a) Typical total-ion chromatogram and (b) typical 81M chromatogram. For abbreyiations, see Table 1.

coal than for silica gel or Amberlyst. This decrease
in recovery is also observed, if activated charcoal is
added to the reference suspension aftermethylation
of the acids and an additional heating period, thus
leading to the conclusion that this reduced recovery
is due to irreversible adsorption of esters of the
higher homologues.

Amberlyst gave recoveries > 80% for all .acids,
with the exception of propionic acid, the most vola
tile acid studied. Keeping this in mind, acqmbina
tion of two adsorbents is recommended if quantita
tive sampling of all organic acids listed in Table I is
desired. To test this., ~ cOJ!lbination of 500,mg of

Amberlyst and 100 mg of activated charcoal ar
ranged in series was investigated. The recoveries
with both adsorbents were determined separately.
As Table III reveals, only short-chain acids break
through the Amberlyst adsorbent, leading to low
recoveries if only Amberlyst is used. If the recov
eries from both. adsorbents determined separately
are added, a value close to 100% is achieved also for
the very volatile acids.

Detection limits, blanks
Detection limits (signal-to-noise ratio = 3) are

shown in Table TV. If detection occurs by mass
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Ca metha C4 metho Cs C6 tric C7 Cs Cg

recovery (%)
120r---'-----------'-------------,

_ charcoal _ alllca gel 0 ion-exchange resin

Fig. 3. Recoveries using differe~t adsorbents. For abbreviations,
see Table I.

spectrometry in the total-ion mode, detection limits
from 0.1 to 2.4 /lg/l are achieved. They are lower by
a factor of 5-10 if the mass spectrometer is operated
under SIM conditions. The detection limit depends
on the molecular weight, i.e., higher homologues
exhibit lower detection limits, which is due to a
higher detector response. The detection limits can
be further reduced by applying an additional pre
concentration step (i.e., by injecting larger volumes
of the methylation solution onto Tenax adsorbent
followed by thermal desorption after purging the
solvent as described under Experimental). This pro
cedure exhibits a high reproducibility for most of
the methyl esters, with the exception of methyl pro
pionate, which shows a lower recovery due to a

20

o

so

60

40

100

TABLE III

RECOVERY USING A COMBINATION OF AMBERLYST AND ACTIVATED CHARCOAL

Compound

Acetic acid
Propionic acid
Butanoic acid

Recovery (%)

Replicate 1 Replicate 2

Amberlyst Charcoal Total Amberlyst Charcoal Total

31.3 62.2 93.5 40.1 60.4 90.5
55.4 42.5 97.9 57.4 42.9 100.3
85.1 13.5 98.6 89.8 8.6 98.4

TABLE IV

DETECTION LIMITS

Compound Total ion mode: SIM
without additional
preconcentration Without additional With additional

preconcentration preconcentration
ngllll" ngllb

pgllllQ ngllb pgllllQ ngllb

Propionic acid 4.3 861 850 170 11.5 2.3
Methacrylic acid 3.4 672 880 176 10.1 2.0
Butanoic acid 4.7 948 900 180 13 2.6
Methoxyacetic acid 12.3 2464 1020 204 18 3.6
Pentanoic 3.4 696 905 181 11 2.2
Hexanoic acid 2.6 520 157 31.5 1.7 0.3
Trichloroacetic acid n.d.' n.d.' 282 56.4 4.3 0.8
Heptanoic acid 1.2 232 16 3.2 0.3 0.06
Octanoic acid 0.70 142 6.5 1.3 0.09 0.02
Nonanoic 0.56 112 4.2 8.4 0.05 om'

" In methylation suspension.
b In air sample.
, Not determined.
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TABLE V

RECOVERY AND REPRODUCIBILITY OF REPLICATE PRECONCENTRATIONS

Methyl ester of Recovery (%)

Replicate No. Mean R.S.D. ('Yo)

2 3 4 5

Propionic acid 73.8 69.9 61.6 58.4 60.4 64.8 6.7
Methacrylic acid 115.8 90.1 88.7 97.3 95.9 97.6 10.8
Butanoic acid i19.8 86.5 116.7 84.2 84.3 98.3 9.0
Methoxyacetic acid 118.7 93.4 92.4 91.2 90.2 97.2 12.1
Pentanoic acid 113.8 97.7 96.7 96.2 95.1 99.9 7.8
Hexanoic acid 114.7 112.7 103.3 103.9 113.3 109.6 5.5
Trichloroacetic acid 91.9 89.9 73.6 75.2 78.1 81.7 8)
Heptanoic acid 105.6 97.7 98.1 101.2 101.6 100.8 3.2
Octanoic acid 98.8 IOU 105.4 96.7 97.1 99.8 3.6
Nonanoic acid 100.9 110.9 101.9 103.4 104.4 104.3 3.9

en

20181612 14
TIme (mtn )

1986

a u

""u
CD
U

lD
U

II'l
U...

U D::r: I-
1- ....
~u ua:w

:t:

""U

U A III l~lll •• " I to. I
"1/ 'lII.J' ....- -

><107'

1.4

1.2

II 1.0
u
c..

0.8,.
c
:>

.II
a: 0.6

0.4

0.2

0.0

40000
b

lD
U en

U

35000

30000

II
U
C..,.
c
:>

.II
It

25000

20000

15000

""U

CD
U

Fig. 4. (a) Typical total-ion chromatogram and (b) typical SIM chromatogram obtained after preconcentration in the thermal des
orption unit. For abbreviations, see Table 1. Additional peaks are due to impurities in the methylation reagent.
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higher vblatility, and trichloroacetic acid, due to
thermal instability (see Table V). Two chromato
grams obtained after preconcentration are shown in
Fig. 4a (total-ion mode) and Fig. 4b (SIM mode). A
further increase in sensitivity is also achievable by
on-column injection of larger volumes using the re
tention gap technique [19]. Blank values were below
the detection limit for the acids under investigation.

CONCLUSIONS

The method described for sampling and deter
mining trace amounts of gaseous carboxylic acids
shows a high repeatability and high recovery. The
sample volume required is :::; 10 1. The acids are col
lected on an adsorbent (Amberlyst cation-exchange
resin), which also catalyses the methylation of the
acids. Derivatization and GC separation of the car
boxylic acids require no special equipment and are
completed within 50 min. Damage to the analytical
column by a derivatization reagent is eliminated as
the solid catalyst settles at the bottom of the vial
after the derivatization step. Detection limits reach
the lower ppt level.

Further simplification of the procedure. is sug
gested by carrying out the deiivatization directly in
an adsorption tube containing the bifunctional ad
sorbent, follow~d by thermal desorption into the
GC-MS system.

S. Sollinger et al. / J. Chromatogr. 609 (/992) 297-304
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ABSTRACT

The determination of the sulphurated compounds in the essential oil of Tagetes patula cv. nana by gas chromatography (GC)-mass
spectrometry with different ionization techniques (electron impact and positive- and negative-ion chemical ionization), GC-Fourier
transform infrared spectrometry and GC-atomic emission spectrometry is reported. Tagetes essential oils contain a series of acetylenic
thiophenes in various amounts; the most abundant have already been described in the literature, whereas the structures of some others,
especially trace components, are still unknown. These compounds are known to be repellent to insects. The contribution that these
combined techniques can make to the identification and structure elucidation of acetylenic thiophene compounds in the essential oil of
T. patula cv. nana is discussed.

INTRODUCTION

The identification of the components of a com
plex mixture, such as an essential oil, is generally
carried out by combining a separation technique
[mainly gas chromatography (GC)] with a structure
identification technique, of which the best estab
lished are mass spectrometry (MS) and Fourier
transform infrared spectrometry (FT-IR).

The coupling between GC and atomic emission
spectrometry (AES) has recently been made avail
able commercially for the routine analysis of com
plex mixtures. The use of microwave-induced heli
um plasma. (MIP)-AES at low pressure for GC

Correspondence to: Professor C. Bicchi, Dipartimento di Scienza
e Tecnologia del Farmaco, Via P. Giuria 9, 10125 Turin, Italy.

detection has been known since 1965 [1,2]. In 1976,
Beenakker [3,4] described an atmospheric pressure
helium plasma with a new cavity concept which was
immediately successful. More recently, new com
mercial instruments have become available which
combine an atmospheric Beenakker-like plasma
with a photodiode-array detector as a multi-channel
detector [5]. The main feature of MIP-AES is the
multi-element selective detection, which permits the
calculation of the elemental formulae of the com
ponents separated by GC [6-8].

During a study on the composition of the essential
oils of some ornamental plants [9], we focused our
attention on the flowers of a cultivar of Tagetes
patula, in particular Tagetes patula cv. nana Furia. A
class of compounds characteristic of these species is
the acetylenic thiophenes, a group of minor com-

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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ponents which are relatively abundant in the early
vegetation stages of the plant. Acetylenic thiophenes
constitute an important group of secondary metab
olites, found in many species of Asteraceae [10-12].
These compounds are widely studied for their
biological activity, in particular as photoinduced
insecticides, nematocides, fungicides and bacteri
cides. Extracts of Tagetes are used in folk medicine
to treat ailments which include conjunctivitis,
mumps, sore eyes, coughs and dysentery [13].

This paper describes the contribution that com
bined techniques (GC-MS with different ionization
modes, GC-FT-IR, GC-AES) can make to the
identification and structure elucidation of acetylenic
thiophenes in complex mixtures such as T. patula cv.
nana essential oils without the need for preliminary
isolation.

EXPERIMENTAL

Essential oil samples
T. patula cv. nana was identified and supplied by

Professor E. Cappelletti (Dipartimento di Biologia,
Universita di Padova, Padova, Italy). The essential
oils were obtained by submitting dried flowers to
steam distillation, either in a modified Marcusson
apparatus (100 g) [14] or in a modified Marcusson
microapparatus, developed in the authors' labora
tory (10 g) [15].

Capillary gas chromatographic (cGC) analysis
cGC analyses were carried out on a fused-silica

open tubular (FSOT) capillary column (23 m x
0.25 mm LD., film thickness de = 0.3 j.tm) coated
with OV-l, installed in a Carlo Erba Mega 5360 gas
chromatograph provided, with both flame ioniza
tion (FID) and sulphur-selective detection (SSD)
[16]. The operating conditions were as follows:
column temperature, increased from 50°C (held for
1 min) to 220°C at 3°Cjmin; carrier gas, hydrogen;
flow-rate, 1.6 ml/min; injection system, split; split
ting ratio, 1:30; and detector temperature, 250°C.
cGC data were processed by a Hewlett-Packard
3393A integrator.

cGC-MS analysis
cGC-MS analyses were carried out on a Hewlett

Packard Model 5988A GC-MS system. The same
column as for cGC analysis was used, with cGC

C. Bicchi et al. / J. Chromatogr. 609 (1992) 305-313

conditions as above except that the carrier gas was
helium. Positive-ion (PICI) and negative-ion chemi
cal ionization (NICI) were carried out with methane
at an ion source temperature of 100°C and a pressure
of 0.7 Torr.

cGC-FT-IR analysis
A Hewlett-Packard Model 5965 xGC-IR system

was used. A I-j.tl volume of the essential oil diluted
1: 100 in hexane was injected. cGC analysis was
carried out on the FSOT column and under the
chromatographic conditions described above.

The FT-IR conditions were as follows: cGC-FT
IR interface, 100-j.tllight-pipe (10 cm length x 1.2
mm LD.); temperature, 240°C; make-up gas, nitro
gen; flow-rate, 0.2 ml/min; time resolution (repeti
tion rate), 3 scans/s at 8 cm -1 resolution. In rriost
cases five interferograms were added in real time,
resulting in an effective time slice of about 2 s. The
FT-IR detector was an HgCdTe type of narrow
band width (4000-750 cm- 1

).

cGC-AES analysis
The MIP system was an HP 5921 AES instrument

coupled with an HP 5890 gas chromatograph pro
vided with an autosampler (HP 7673A). The same
column as for cGC analysis was used, with the cdc
conditions as described above except that the carrier
gas was helium. AES was used to measure the C:S
ratio at the wavelengths C = 193 nm and S = 181
nm. The AES conditions were as follows: cavity
temperature, 270°C; spectrometer purge flow, nitro
gen at 2 l/min; scavenger gases, oxygen and hydro
gen; make-up flow, helium at 60 ml/min; window
purge helium at 30 ml/min.

RESULTS AND DISCUSSION

Acetylenic thiophenes constitute a classical ex
ample of constituents of a complex mixture that are
quantitatively minor but of high biological interest.
Recently, Hathcock et al. [17] reported the presence
of two of them (compounds 6 and 7 in Table I) in the
essential oils of Tagetes minuta, together with a brief
discussion of the techniques for their identification.
To the authors' knowledge, compounds belonging
to this class have never been reported before in
Tagetes essential oils.

Table I gives the elemental formulae, structural
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TABLE I

ELEMENTAL FORMULAE, STRUc;TURAL FORMULAE AND SYSTEMATIC NAMES OF THE ACETYLENIC TRIO
PHENES IDENTIFIED IN T. PATULA CV.NANA FLOWERS ESSENTIAL OIL

Compound MW Elemental Structural formula Systematic
No. formula

216 C"HRSZ ~eC-CH=CH2 5-(3-Buten-I-ynyl)-2,2'-bithienyl
S S

2 230 C13H ,OS2 HC~C=C-CH=CH 5'-Methyl-5-(3-buten-I-ynyl)-2,2'-bithien~3 S S - .2

3 228 C13H,OSZ OfJ-cec-ceC-CH3
5-(1,3-Pentadiynyl)-2,2'-bithienyl

4 230 C,3H 1OS, ~ceC-CH=CH-CH3 5-(3-Penten-l-ynyl)-2,2'-bithienyl
S S

5 232 C,3H14S2 OfJ-cec-cHrcHrCH3 5-( I-Pentynyl)-2,2'-bithienyl

6 248 C'12HsS2 OOJ[) (X-TerthienyJ

S S S.

7 276 C,4H12S202 ~ceC-CHrCH'-O-C~,o 5-(4-Acetoxy-I-butynyl)-2,2'-bithienyl
S' S ~~

formulae and names of the sulphurated compounds
identified in the essential oil of T. patula cv. nana
flowers. These compounds must be identified
through coupled techniques when their isolation is
impossible, as here, where the plant material was
scarce and the essential oil content low. The classical
methods of detection (FID) and identification [elec
tron impact (EI) MS] can often be insufficient for
identification for several reasons, e.g., the complexi
ty of the essential oils in question, the small amounts
of the compounds under investigation, the com
pounds under investigation elute in very complex

parts of the gas chromatogram and the compounds
under investigation elute very close to quantitatively
major components.

Fig. I reports the cGC-EI-MS pattern of the T.
patula essential oil.

The first problem to deal with is the qualitative
location of acetylenic thiophenes within the cGC
pattern and their quantitative evaluation, if neces
sary. This was achieved by simultaneous FID-SSD
[16]. Fig. 2 shows the cGC-SSD pattern of the
sample previously reported, where seven sulphur
ated compounds are detected.
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Fig, 1. cGC-EI-MS pattern of the T. patula CV. ilOilO flower essential oiL.

Fig. 2. cGC-SSD pattern of the T. patula cV.llana flower
essential oil.

SSD also affords quantitative results, although.
these are affected by the quadratic detector response
related to the excited species 'S2 produced in SSD.
Retention indices were used to identify the acetyl
enic thiophenes in the various combined GC-identi"
fication techniques patterns.

Identification of sulphur-containing compounds
can also be achieved by GC-MIP-AES. This techni
que provides not only information that is multi
element sensitive, selective, qualitative and linearly
quantitative, but also information about the ele
mental formulae of the eluting' components.

Elemental formulae can be calculated from GC
AES results through the following element-to
carbon (E/C) ratio expression [18]:

where at. = atoms, ref. = reference and uk. =
unknown.

As the original molecular structure of the analytes
could influence the element responses [7,8,18], one
of the acetylenic thiophene components unambigu
ously identified in the sample (compound 7) through
its IR and EI mass spectra was used as a reference for
calculation. One of the most critical points for the
determination of the empirical formula is a reliable
and unambiguous evaluation of the peak area of
each element in theformula: this requires a baseline
cGC separation ofthe peaks under investigation and
a careful selection of the integration codes. For
complex mixtures such as those under investigation,
a 'cGC column coated with a different stationary
phase can often be necessary to obtain a baseline
separation of the components in question.

Table II reports the C:S ratios calculated for
acetylenicthiophenes detected in the essential oil
under investigation. Fig. 3 shows those parts of the S
and C AES patterns where the acetylenic thiophenes
elute. This example clearly shows the reason why the
C:S ratio for compound 1 is in 'Very good agreement
with the supposed elemental formula whereas the
C:S ratios for compounds 2, 4 and 6 are not
particularly close to the theoretical values. In these

.§.':..... E at. in ref. E (area of uk.) C (area of ref.)
C - C at. in ref. E (area of ref.) C (area of uk.)

30 min ~
250·C
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TABLE II

C:S RATIOS CALCULATED FOR ACETYLENIC THIO
PHENES DETECTED IN THE ESSENTIAL OIL OF
TAGETES PATULA CV. NANA FLOWERS

Com- MW Elemental C:S ratio
pound formula
No. Theoretical Experimental

1 216 CI2HsS2 0.166 0.164
2 230 CI3HIOS2 0.154 0.175
4 230 CI3H IOS2 0.154 0.160
6 248 CI2HsS3 0.25 0.261
7 276 CI4HI2S202 0.142 Reference

instances, an exaGt'C peak-area value is difficult to
determine because of overlapping with major or
equally abundant peaks. Moreover, the C pattern at
193 nm in the part of the chromatogram where the
acetylenic thiophenes elute is very complex,' and
compounds 3 and 5 are present only in, .trace
amounts; as a consequence, their C peak ;:treas do
not provide a correct calculation of the C:S ratio.

AES results are very useful for identification, and

309

often also to' calculate the elemental formula, but
they do not provide any structural information.
Structure elucidation without isolation can only be
carried out using GC-MS with different ionization
mode and GC-FT-IR.

The EI mass spectra of acetylenic thiophenes are
characterized by a very intense molecular ion M +,
which is often the base peak of the spectrum; other
less intense but diagnostic ions corresponding to the
acetylenic thiophene structure are, for instance, the
fragments at m/z [M - HS] +, m/z 215 ([C 12H 7S2] +)
and m/z 171 ([CllH 7S]+). The fragmentation pat
terns of the acetylenic thiophenes identified here are
in agreement with that reported by Hartough [19]
and Horn and Lamberton [20].

GC-MS with both PICI and NICI using methane
as reactant gas produces high-intensity diagnostic
ions affording the confirmation of the molecular
weight of acetylenic thiophenes. Methane PICI-MS
gives a high-intensity quasi-molecular ion [M + 1] +

due to a proton addition, while methane NICI-MS
produces high-intensity molecular ions (M -) as a
consequence ofan electron-capture phenomenon. In
the essential oil under investigation, the electron
capture phenomenon associated with methane

300 300 300 300

1 4 6 7

C 193 nm

200 200 200 2001
100J 100 100

S 181 nm

Jl
100

i i i i i i ..----,
34.8 35.8 42.6 43.6 43.5 44.5 47.448.4

Time (min )

Fig. 3. Sand C AES patterns of compounds 1, 4, 6 anJ 7.
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Fig. 4. cGC-methane NICI-MS pattern of T. patula cv. nana flower essential oil.

NICI-MS is specific for the acetylenic thiophenes,
and is complementary to GC-SSD and to GC-AES
for their correct identification in the total chromato
gram. Fig. 4 reports the cGC-methane NICI-MS
pattern of T. patula cv. nana essential oil. In both the
CI and EI mass spectra, the peaks at m/z M+ and
[M + 2] + exhibit the characteristic intensity ratio
peculiar to ions containing sulphur. Fig. 5 reports
the EI, NICI and PICI mass spectra ofcompound 1.
Table III reports the main CI- and EI-MS ions
characteristic of the acetylenic thiophenes present in
the essential oil under investigation.

GC-FT-IR also gives significant spectra useful
and complementary to MS for an unambiguous
identification of acetylenic thiophenes. They can be
identified by their characteristic absorptions in the
following regions [19-22]: 3080 cm - 1, medium
highcintensity band, CH = stretch in the thiophene
ring; 2195 cm -1, medium-low-intensity band,
-C == C- stretch of the acetylenic triple bond; 1505,
1415, 1380 cm -1, medium-low-intensity bands, sub
stitution in position 2 of the thiophene ring; and 835,
795 cm -1, high-intensity band characteristic of the
thiophene ring.
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TABLE III

EI- AND CI-MS IONS CHARACTERISTIC OF THE ACETYLENIC THIOPHENES PRESENT IN THE ESSENTIAL OIL OF
TAGETES PATULA CV. NANA FLOWERS

Compound MW Ionization Main fragments (m/z, %)
No. mode

1 216 EI 45(8.38),69(10.15),95(10.31), 127(6.13), 139(6.43),
171(26.32), 172(3.67), 173(1.35), 215(12.57), 216(100),
217(14.83), 218(9.55)

2 230 39(4.71),45(5.47),83(15.60), 102(6.33), 121(4.25),
152(6.09), 184(4.78), 197(22.36), 229(36.07), 230(100),
231(18.10),232(11.38)

3 228 45(1.39), 69(5.32), 121(3.92), 139(5.99), 141(5.01),
169(4.27), 183(4.78), 195(18.71), 227(34.78), 228(100),
229(17.72), 230(11.40)

4 230 39(9.64),45(10.23),69(8.32), 115(6.86), 165(5.76),
171(7.20), 184(7.15), 197(10.75),229(25.94),230(100),
231(17.48),232(9.82)

5 232 41(53.38),43(62.52),83(31.30),84(100),97(28.89),
111(22.15),149(16.35),203(19.72),231(14.69),
232(49.56), 233(9.01), 234(8.46)

6 248 45(13.96), 69(10.92), 121(5.71), 124(6.33), 127(13.49),
171(10.23),190(4.12),203(16.35),247(5.93),248(100),
249(15.75),250(13.82)

7 276 '43(24.56),45(4.32), 69(5.52), 171(9.44), 203(12.41),
215(5.06),216(100),217(15.77),218(9.76),276(8.45),
277(1.42), 278(0.75)

1 216 NICI 216(100), 217(17); 218(11), 231(1.47)
2 230 230(100), 231 (189), 232(12)
3 228 228(100), 229(25), 230(17), 243(1.39)
4 230 230(100), 231 (18), 232(119; 245(1.56)
5 232 232(100), 233(16), 234(11)
6 248 248(100),249(18),250(16),263(1.90)
'7 276 276(100), 277(18), 278(16)

1 216 PICI 216(18.99), 217(M+I) (100), 218(15.11),
219(11.55), 245(18.96)

2 230 230(24.68), 231 (M + 1) (100), 232(20.32),
233(13.59), 259(15.12)

3 228 Non-significant spectrum
4 230 230(25.05), 231(M + 1) (100), 232(17.90),

233(11.57), 259(16.81)
5 232 233(M + 1) (100), 234(14.70),

235(10.03),261(14.16)
6 248 248(23.74), 249(M + 1) (100), 250(17.34),

251(13.96), 277(16.25)
7 276 217(37.11), 277(M+1) (100), 278(14.15),

279(10.97), 305(10.06)

Fig. 6 reports the FT-IR spectra of 1 and 6. The
two spectra clearly show that the IR spectra contrib
ute to the characterization of the thiophenic part of
the structure, with absorptions near 3083, 1509.

1414,1385,841 and 795 cm- 1 for 1, and with those
near 3080, 1503, 1418, 1379,832 and 796 cm -1 for 6.
In addition, 1 exhibits the absorptions characteristic
of the acetylenic group. with the absorption at 2195
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99.4 \

TSP 49.995 for the acetylenic thiophenes present in the essential
oil under investigation. FT-IR also afforded an
unambiguous distinction between the two isomers at
MW 230 (2 and 4), which cannot be distinguished by
MS. Compound 2 actually shows medium-low
intensity bands at 3040, 2870 and 2748 cm -1,

corresponding to the stretching ofa methyl substitu
ent in position 4 of the thiophene ring [19,22]. The
lower sensitivity of GC-FT-IR than GC-MS al
lowed us to record significant IR spectra only for
four of the seven detected acetylenic thiophenes.
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ABSTRACT

A method is described for the analysis of the cis- and trans-isomers of mevinphos in baits and avian tissues. The procedure involves
extraction of the mevinphos isomers with acetone-dichloromethane (l: I) followed by clean-up on alumina. Bait samples were initially
screened by thin-layer chromatography and identity of extracts confirmed by infrared spectrophotometry and gas chromatography
mass spectrometry.

Fig. I. Chemical structures for the isomers of mevinphos.

have resulted in poisoning of native wildlife [6-11].
Mevinphos is also quite toxic to birds with an acute
oral LDso of 0.75-7 mg/kg [2].

Native birds are protected by law, however, some
cases of deliberate poisonings occur as they may be
still considered pests when they compete with man
for food and attack his livestock.

A number of methods have been developed to
determine mevinphos (and other organophospho
rus pesticides) such as thin-layer chromatography
(TLC), cholinesterase inhibition and gas chroma
tography (GC) [12-15]. Of these, GC procedures
are more specific and less time-consuming.

INTRODUCTION

Mevinphos, methyl 3-(dimethoxyphosphinyloxy)
but-2-enoate, is the active component of the insecti
cide Phosdrin. The technical product contains ap
proximately 60% (w/w) of the E or (cis) isomer and
the balance of the Z or (trans) isomer (or r:t. and f3
isomers, respectively, Fig. 1) [1,2]. The cis isomer is
much more biologically active than the correspond
ing trans isomer [3,4].

Mevinphos is a systemic insecticide and acaricide
with contact, respiratory and stomach action. It is
formulated as an emulsifiable spray concentrate for
the control of chewing and sucking insects and spi
der mites over a wide range of crops. Generally,
mevinphos has little effect on wildlife in practice as
it is rapidly broken down to less toxic decomposi
tion products [5]. However, over the years, misuse
of agricultural chemicals, pesticides in particular,

Correspondence to: W. J. Allender, Chemistry Branch, Biological
and Chemical Research Institute, P.M.B. 10, Rydalmere, 2116
New South Wales, Australia.

(E) or cis-mevinphos

°II(CH30) P-O COOCH)
2 " /'c=c

/' "c~ H
(2)

(Z) or trans-mevinphos
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The present paper describes a specific and robust
GC and GC-mass spectrometric (MS) procedure
for the determination of the cis and trans isomers
(or IX and [3 isomers) of mevinphos in the tissues of
poisoned native wedge-tailed eagles (Aquila audax).

EXPERIMENTAL

Reagents
Mevinphos (99.0% purity) was obtained from

Ajax Chemicals (Sydney, Australia). Standard solu
tions of mevinphos contained the cis (IX) and trans
([3) isomers in the proportions of 60:40. A standard
stock solution (10 J1g/ml) was prepared in n-hexane
and refrigerated (ca. 4°C). This solution was used to
prepare a working standard (1.0 J1g/ml) in hexane,
in addition to serving as a spiking media for placing
mevinphos into the bird tissues at known concen
trations. Clean-up was performed using alumina
(Brockman activity II, BDH, Poole, UK) previous
ly heated at 600°C, cooled overnight and then deac
tivated with water (5%, w/w) before use.

All other chemicals used such as acetone, hexane
dichloromethane, etc. were either nanograde or
chromatographic grade.

Gas chromatography
The chromatographic analyses were carried out

on a Varian Aerograph Model 3700 gas chromato
graph equipped with a thermionic specific (ceramic
alkali) detector, and a 1.8 m x 2.0 mm I.D. glass
column containing 10% Carbowax 20M on Gas
Chrom II (80-100 mesh) was used. The column, in
jector and detector temperatures were 155,200 and
300°C, respectively. Nitrogen (high purity) was the
carrier gas at a flow-rate of 30 ml/min. Mevinphos
concentrations (cis and trans isomers) were deter
mined by external quantitation with standard solu
tions of mevinphos using a Varian Model 4400 in
tegrator interfaced to the gas chromatograph and
attenuated at 8 mV full-scale deflection (attenuation
213)·

Gas chromatography-mass spectrometry
The GC-MS analyses were carried out on a Hew

lett-Packard HP5890 gas chromatograph interfaced
to a HP 5970 MSD mass spectrometer system. A 25
m x 0.22 mm I.D. BP20 (a bonded-phase Carbo
wax 20M) column was used to separate the mevin-
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phos isomers and obtain electron-impact spectra of
each. The injector was coolon column, with the
oven temperature programmed from 50°C (1 min)
to 250°C at 25°Cjmin. The helium (high purity) car
rier gas pressure was set at 100 kPa. The pressure in
the ion source (electron-impact mode) was between
10- 5 and 5 . 10- 6 Torr, the ionising potential 70
eV, and the accelerating voltage 5kV. The mass
range examined in the extracts was between 40 to
300 amu.

Sample preparation
Two dead wedge-tail eagles Aquila audax were

seized from a rural property by a National Parks
and Wildlife Service ranger, along with a quantity
of Phosdrin found at the site. The liver, crop and
gizzard tissues were dissected from each of the poi
soned birds, weighed and then cut into small pieces.
All tissue samples were stored at - 20°C prior to
analysis. The tissues were then accurately weighed
(5-15 g) into Sorvall cups, and 50 ml of acetone
dichloromethane (1: 1) solvent mixture were added
to each. The mixtures were then blended at medium
speed (No.5) using a Sorvall omni-mixer for about
2 min and then filtered through a Whatman No. 1
filter into a Kuderna-Danish flask. The samples
were re-extracted with a further 25 ml of solvent
mixture and the residue was washed several times
with the same solvent and passed through the filter
into the flask. The combined solvent extracts were
then concentrated to ca. 2 m!. A l-ml volume of
n-decane was added as a "keeper" and the remain
der of the solvent removed under a gentle stream of
nitrogen to a final volume of 1 m!.

Column clean-up
A slurry of 10 g of prepared alumina in hexane

was poured into a 300 mm x 15 mm I.D. glass
column plugged with glass wool, and 5 g of an
hydrous sodium sulphate were added on top of the
adsorbent. The columns were covered with alumini
um foil to prevent ultraviolet irradiation conversion
of trans isomer to cis isomer [4]. The residue ex
tracts were transferred with two l-ml portions of
hexane and placed on top of the prepared columns.
The columns were then washed with a 50-ml por
tion of hexane to remove any lipohilic co-extrac
tives in the extracts. After discarding the eluate, the
mevinphos (cis and trans isomers) was eluted from
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the column with 100 ml of 20% (v/v) acetone in
hexane into a 100-ml volumetric flask and diluted to
volume with hexane. This fraction was subsequent
ly diluted further with hexane depending upon the
initial screening of the eluate.

Recoveries
A standard additions procedure was followed as

no control eagle tissue was available. Recoveries of
mevinphos were determined from representative,
previously analysed minced eagle liver spiked at 5
10 f.1g/g mevinphos.

RESULTS AND DISCUSSION

Analysis by GC and GC-MS
Several columns were investigated for separating

and detecting the two isomers of mevinphos. Only
polar columns such as Carbowax 20M and diethy-
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lene glycol succinate (DEGS) gave satisfactory sep
aration with sharp, symmetrical peak responses.

Typical GC-MS total ion current chromato
grams of the reference standard mevinphos (cis and
trans isomers) and a liver extract from a poisoned
eagle Aquila audax are shown in Fig. 2. The mevin
phos isomers gave the following retention times: cis
9.56 min and trans 9.78 min under the GC condi
tions described. The peaks of cis- and trans-mevin
phos were analysed by GC-MS, the mass spectra of
which are shown in Fig. 3. For screening and identi
fication purposes, the ions m/z 127 and 192 were
monitored.

The method detection limit for mevinphos (cis
and trans isomers) in the liver tissues was estimated
at 0.04 f.1g/g). The liver recoveries (n = 4) averaged
76.0%, with a relative standard deviation (R.S.D.)
of 4.3%, and were somewhat lower than expected;
whilst recoveries of the standard corresponding to
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Fig. 2.. GC-MS.tot;al··ion,current chromatograms o( (A).cis-and trans-mevinphos reference standard and (B) a liver extract from a
poisoned eagle A,quila audax., . .

l0fJ-g/g were 95.5% (R.S.D. ~.5%). This may be
due to losses 0f.~evinphos from:tissues before exc

traction and clean-up rather than during.the proce
dure.

Infrared spectrophotometry
Infrared spectrophotometry was used to confirm

the identity of the peaks in the bait extract found in:
one eagle's beak. Fig. 4 shows the infrared spectrum

TABLEI'

MEV.INPHOS RESIDUES FOUND "IN TISSUES OF POISONED WEDGE-TAILED EAGLES AQUILA AUDAX

Bird' Tissue Tota] inevinphos Ratio of cis
No~ (cis +. trtins) found in· { to trans isomer

tissue "as received" found in tissue
(mg/kg)

I Food found in beak 32.0 58:42
I Crop and gizzard "16.8 58:43
I Liver 1.7 62:38
2 Crop 4.6 58:42
2 Gizzard '4.5 58:42
2 Liver 0:8 61:39
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of both isomers separated and collected by prepara
tive TLC (based on the work of Mendoza et al. [16])
and rechromatographed by GC. These data corre
spond with those reported by Stiles et al. [1].

Application to a baiting incident
The Phosdrin pesticide found at the site was

found to contain 62% (w/v) of mevinphos with an
isomeric cis/trans ratio of 59:41. Table I shows the
tissue concentrations of mevinphos in the dead ea
gles found at the site.

In one of the birds (No.1), death had apparently
occurred quite rapidly as a portion of the poisoned
meat was still present in the bird's beak. The cis and
trans (rt./f3) isomeric ratios were little different from
the Phosdrin found at the site. The trans (13) isomer
of mevinphos is known to be less active as a cholin
esterase inhibitor being some 22 times less toxic
than the cis isomer [4,17]. Morello et al. [18] showed
that trans-mevinphos (f3-mevinphos) was degraded
faster than the cis (rt.) isomer by mouse liver homog
enates at approximately 3 and 2 j.lmol, respectively.
This may also occur in birds of prey and would
lccount for the slightly increased isomeric ratio of
~is to trans in the livers of the poisoned eagles.
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ABSTRACT

Real-world environmental sample& which contain high concentrations of water and/or extractable matrix components frequently
cause intermittent or irreversible plugging of capillary flow restrictors during off-line supercritical fluid extraction. Heating the entire
restrictor at 50T produces a constant extraction flow-rate (±0.03 ml/min) for such samples, but poor collection efficiencies (30-65%
recovery for polycyclic aromatic hydrocarbons) were obtained because the supercritical fluid could not be depressurized directly into
the collection solvent. While the collection efficiency was improved (80-90%) by nebulizing an organic solvent with the restrictor
effluent, a simpler method was to heat all but the last 3 cm of the restrictor and to depressurize the extract directly in the collection
solvent. Depending on the sample matrix, restrictor heater temperatures ranging from 50 to 200'C were required to avoid restrictor
plugging. With proper heating, constant extraction flow-rates (± 0.07 ml/min) and high collection efficiencies (90-100%) for polycyclic
aromatic hydrocarbons and n-alkanes as volatile as n-octane were achieved.

INTRODUCTION

Efforts to reduce the use of potentially hazardous
solvents and decrease sample preparation time has
led to supercritical fluid extraction (SFE) becoming
a popular alternative to conventional solvent ex
traction methods. A good deal of emphasis has
been placed on the applications of SFE, but less has
been reported about poor SFE flow rates which can
occur from restrictor plugging during extraction
and low collection efficiencies which can be associ
ated with the methods (e.g., heating) used to avoid
restrictor plugging. Restrictor plugging can often
occur during: off-line SFE when the sample matrices

Correspondence to: Dr. S. B. Hawthorne, Energy and Environ
mental Research Center, University of North Dakota, Grand
Forks, ND 58202, USA.

contain high concentrations of water or extractable
matrix components. Since the depressurization oc
curs at the restrictor tip and inside the restrictor [1],

.the reduction of the extraction fluid density within
.the restrictor can cause a decrease in the solubility
of the analytes. The decrease in analyte solubility,
combined with the Joule-Thomson cooling effect of
the expanding extraction fluid at the restrictor exit,
produces a subcritical solvent which may lead to
analytes precipitating and, ultimately, plugging the
inside of the restrictor. For example, cuticle waxes
precipitate when supercritical CO2 (99 atm, 40°C) is
cooled to a subcritical liquid (69 atm, O°C) [2]. In
order to prevent such plugging, the restrictor can be
heated to counteract Joule-Thomson cooling or
constructed to minimize the pressure drop from the
extraction cell to the restrictor outlet. Heating the
restrictor may also increase the extraction fluid sol
ubility of analytes having some volatility, since ex-

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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traction fluid solubility (at a given density) general
ly mirrors analyte vapor pressure [3].

The most practical and popular method to pre
vent plugging during off-line SFE is to heat the re
strictor using a linear flow restrictor generally con
sisting of silica capillary tubing [4-9] or a mechani
cal and/or electric feedback regulator [10-13]. The
advantage of using an electric feedback regulator
[12,13] is the reproducible flow achieved with a vari
able orifice. However, the equipment is expensive
and not amenable to direct collection of extracted
analytes in a small volume of organic solvent. Con
versely, the simple linear restrictor has the advan
tage of being inexpensive and disposable, available
with several inner diameters to achieve desired f1ow
rates, and the extracted analytes can be collected in
a variety of collection systems. Unfortunately, the
linear restrictors are more susceptible to plugging
during the extraction of complex samples and are,
therefore, frequently heated either directly with a
heating element [4-9] or indirectly by warming the
collection device [14]. Alternative methods include
combining an organic solvent with the pressurized
[15] or depressurized [16] extraction fluid, or main
taining the density of the extraction fluid in the line
ar restrictor by using a nitrogen- or argon-pressur
ized collection vessel [17~19].

In this study, three methods of heating a linear
restrictor and their effects on analyte collection effi
ciencies were evaluated based on the criteria that
the ideal system would eliminate restrictor plugging
using cheap, disposable, fused silica restrictors
which could easily be changed to vary the extrac
tion flow-rate, but still produce quantitative collec
tion efficiencies (e.g., > 90%) of the extracted ana
lytes using only a few milliliters (2.5 to 5.0 ml) of
organic collection solvent. The extraction flow rates
and collection efficiencies of the various heater de
signs were determined by spiking polycyclic aro
matic hydrocarbons (PAHs) onto silanized glass
beads and performing SFE. The final design was
further tested with a series of n-alkanes. The ability
of the system to prevent restrictor plugging from
the matrix components was ascertained by monitor
ing the SFE flow-rate while extracting several sam
ples known to cause restrictor plugging.
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EXPERIMENTAL

Supercritical fluid extractions
Supercritical fluid extractions were performed us

ing SFC-grade carbon dioxide (Scott Gases; Plum
steadville, PA, USA) and an ISCO Model 260D sy
ringe pump (ISCO, Lincoln, NE, USA) operated at
400 atm. The extraction cell and pre-equilibration
coil [1 m x 0.76 mm LD. x 1.6 mm (1/16 in.) O.D.
coiled stainless-steel tubing placed before the ex
traction cell to pre-warm the CO2 to the extraction
temperature] were maintained at 50°C using a ther
mostatically-controlled tube heater. Extractions
were performed using a 0.5-ml (30 mm x 4.6 mm
LD.) extraction cell from Keystone Scientific (Belle
fonte, PA, USA). The flow-rate of the supercritical
fluid through the extraction cell was measured as
liquid CO2 at the pump and was controlled by 11
cm-Iong restrictors (28 f.lm or 32 f.lm LD. x 140 f.lm
O.D.) cut from fused-silica tubing (Polymicro Tech
nologies, Phoenix, AZ, USA).

Three restrictor heater designs were investigated.
The first design was similar to the commercially
available Dionex restrictor heater used in their
model SFE-703 instrument [9] and consisted of a
stainless-steel tube (110 mm x 0.25 mm LD.), par
tially wrapped in flexible electrical heating tape
which was insulated with Lytherm insulating mate
rial (Lydall, Rochester, NH, USA) and electrical
insulation tape (Fig. 1). The heating system was reg
ulated with a J thermocouple and a temperature
controller unit (Model 6102; Omega, Stamford, CT,
USA). The heating tape covered 9 cm of the II-cm
stainless-steel tubing, and the last 2 cm of tubing
was heated only by conduction. All but the last 2
mm of the restrictor was encased in the heated
stainless-steel tubing.

Extracted analytes were collected in a 7.4-mi col
lection vial (60 mm height x 10 mm LD. neck)
capped with a screw cap (possessing a hole) and two
15-mm diameter PTFE-faced silicone septa, into
which was placed a 6I-mm-long (5 mm O.D. x:3
mm LD.) glass tube insert and a vent tube (Hypp
dermic needle, Stubs gauge 18), as shown in Fig. ,I.
No attempt was made to control the collection sol
vent temperature during SFE. Methylene chloride
(5 mI, pesticide grade from Fisher, Springfield, NJ,
USA) was the collection solvent. The solvent vol
ume was maintained during SFE by introducing ad-
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Fig. 1. SFE and restrictor heater apparatus. Components of extraction system are (A) CO2 cylinder, (B) syringe pump, (C) pre
equilibration coil, (D) heating tube, (E) extraction cell, (F) heating tape wrapped around stainless-steel tubing and insulated with
Lytherm insulating material and electrical insulating tape, (G) 7.4-ml collection vial, (H) stainless-steel tubing, (I) vent (hypodermic
needle) (J) hole cap, (K) septum, (L) fused-silica restrictor, (M) glass tube, (N) 5 ml methylene chloride. Analytes deposit at points (i)
and (ii) depending on the restrictor heater temperature, as discussed in the text.

ditional solvent through the septum with a hypo
dermic syringe. Using this arrangement, the restric
tor effluent passed through the glass tube insert, in
to the collection solvent, and out the vent. To en
sure a gas-tight seal between the insert and the
collection vial septum, the glass tube was made ca. I
mm longer than the length of the vial, thus, when
the lid was screwed on, pressure was applied to the
septum, forming a gas-tight seal.

The second restrictor heater design also encased
the majority of the restrictor in heated stainless
steel tubing, using the same heating method as the
first design. With the second design, an organic sol
vent was introduced at the tip of the restrictor and
nebulized by placing a plastic tee-piece (3 cm long
x 0.6 cm LD.) between the restrictor and the glass
tube. The three ends of the tee-piece were sealed
with 6-mm rubber septa (Fig. 2). A single-piston
reciprocating minipump (LDC Analytical, Riviera
Beach, FL, USA) delivered organic solvent (0.3 mIl
min) to the tee-piece. Extracted analytes were col
lected in the nebulized solvent which was transport-

ed through a 6l-mm-long (5 mm O.D. x 3 mm
LD.) glass tube into a 7.4-ml collection vial (60 mm
height x 10 mm LD. neck) containing 5 ml methy
lene chloride (Fig. 2). The addition of the nebulizing
solvent at 0.3 mllmin approximately balanced the
collection solvent loss so that no further solvent ad
dition was required during the extraction (solvent
volume remained ca. 5 ml during SFE). No attempt
was made to control the collection solvent temper
ature.

The third heated restrictor design (Fig. 3) used an
insulated aluminum block (75 mm long x 20 mm
diameter) with an electric cartridge heater (50 W, 40
mm long x 6 mm diameter). The temperature was
regulated with a J thermocouple and a temperature
controller unit (Model 6102, Omega). The restrictor
was heated by inserting the fused-silica tubing
through a l-mm-diameter hole drilled through the
heating block. Analytes were collected in a 3.7-ml
collection vial (45 mm height x 8 mm LD. neck)
containing 2.5 ml of methylene chloride. Collection
solvent volume was maintained by small additions
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Fig. 2. Solvent nebulizer apparatus used in conjunction with the restrictor heater in Fig. 1 to introduce organic solvent (methylene
chloride) to the tip of the capillary restrictor. See text for additional information. S.S. = stainless-steel.

of solvent during SFE. The collection vial was ei
ther free-standing in air (i.e., no attempt to control
collection solvent temperature) or placed in an alu
minum block which contained a water-filled hole
(26 mm deep x 23 mm LD.) to accommodate the
collection vial.

Standards and samples
Standards containing six PAHs ranging from

naphthalene to chrysene (ca. 2.5 mg/ml each) or C7

to C30 n-alkanes (ca. 1.7 mg/ml each) were prepared
in methylene chloride and stored at - lO·C until
used. Spiking quantities for the individual PAHs
and n-alkanes were at ca. 12.5 Ilg and 17 Jig of each
compound, respectively. Collection efficiencies were
determined by filling the extraction cell with ca. 0.7
g of 7Q-SO-mesh silanized glass beads (Analab,
Norwalk, CT, USA) and spiking the PAH mixture
(5 Jil) or n-alkane mixture (10 Jil) onto the top of the
beads. The cell was immediately sealed to prevent
any loss of the volatile components, placed inside
the tube heater, equilibrated for 5 min, and then
extracted for 10 min with CO2 at 400 atm and 50·C.
At the end of the extraction, the collection solvent

was spiked with 5111 (20 Jig) of the internal standard
n-heptadecane (for the PAHs) or lO Jil (26 Jig) of the
internal standard phenanthrene (for the n-alkanes)
and analyzed using capillary gas chromatography
(GC) with flame ionization detection (FID).

Five real-world samples with differing physical
and chemical properties were chosen to test the abil
ity of the restrictor heater to avoid restrictor plug
ging. The samples included railroad bed soil (Has
tings, MN, USA), pine needles (Grand Forks, ND,
USA), petroleum waste sludge (British Petroleum,
USA), marine sediment standard reference material
(SRM) 1941 [National Institute of Standards and
Technology (NIST), Gaithersburg, MD, USA], and
elemental sulfur (99.999% pure, Aldrich, Milwau
kee, WI, USA). Prior to SFE, the railroad bed soil
was air-dried and sieved to < 2 mm to remove any
sticks and other debris, and O.S g of soil was placed
in the extraction cell. The pine needles were freshly
picked and cut into 10-mm lengths, and 0.35 g were

. immediately placed into the extraction cell. For the
petroleum sludge, the extraction cell was initially
half-filled with 70-S0-mesh silanized glass beads
and then filled with ca. 200 mg of sample. This ar-
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Design 1, heating the whole restrictor
The initial restrictor heater design (Fig. 1) heated

the whole restrictor (although the last 2 cm was in
directly heated as described in the experimental sec
tion). This eliminated restrictor plugging using ei
ther high (l50°C) or low (50°C) restrictor heater
temperatures. Reasonably constant extraction flow-

RESULTS AND DISCUSSION

Depending on the nature of the sample, two dif
ferent types of plugging have been encountered
when using unheated capillary restrictors placed in
a collection solvent. With some wet samples (more
than ca. 1% water), the restrictor blocks as water
freezes at the cooled restrictor outlet. Plugging from
frozen water has previously been eliminated by
maintaining the collection solvent temperature at
5°C with a thermostatically-controlled collection
vial heating block [20]. The second type of plugging
results from precipitated analytes and extracted ma
trix materials, and mostly occurs with samples con
taining very high concentrations of extractable
components. Maintaining consistent SFE flow
rates with such samples requires the restrictor to be
heated. Such heating has previously been achieved
with a heat gun and produced reasonable extraction
flow-rates, but also resulted in 20-50% loss of semi
volatile analytes [20].

In an effort to improve analyte collection efficien
cies, a more controllable means of regulating the
temperature of the restrictor was investigated by us
ing a thermostatically-controlled restrictor heater
with three restrictor heater designs (Figs. 1-3). The
ability of the three designs to prevent restrictor
plugging was assessed by extracting spiked PAHs
from silanized glass beads. Since the spikes extract
ed very rapidly (within 2 or 3 void volumes of ex
traction system) and were present at a relatively
high concentration (75,ug total PAHs), an unheated
restrictor plugged very quickly upon commencing
SFE. The PAH spike, therefore, proved to be a use
ful test for the ability of each restrictor heater de
sign to prevent restrictor plugging. All three designs
were able to maintain the extraction flow-rate,
which could easily be varied by using the appropri
ate capillary restrictor. However, collection efficien
cies varied for the three methods as discussed be
low.

7.5 cm

3.0 cm

1/16" S.S. IUblng

~_~--{nJ_ 1/16" x 1/16"
IUblng union
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Gas chromatographic analysis
All GC analyses were done with a Hewlett-Pack

ard 5890 gas chromatograph with FID and hydro
gen as the carrier gas. The injections were perform
ed in split mode with a 20:1 split ratio into a wide
bore (25 m x 0.32 mm J.D., 0.17 ,um film thickness)
RP-5 fused-silica capillary column. The injector
and detector temperatures were maintained at
300°C. The oven temperature for the PAR analysis
was 80°C at injection, followed by a temperature
ramp at 8°C/min to 320°C. For the n-alkane analy
sis the oven temperature at injection was 35°C for 2
min followed by a temperature ramp at 8°C/min to
320°C.

Fig. 3. Aluminum block restrictor heater apparatus. Fused-silica
restrictor (II cm long) was inserted through a I-mm-diameter
hole drilled through the alumininum heater block. The heater
block was insulated with Lytherm insulating material and electri
cal insulating tape (for clarity, the insulating material and tape
were omitted from the diagram). See text for additional informa
tion. S.S. = stainless-steel; " = inch.

rangement was required to prevent plugging of the
0.5 ,um extraction cell frit, not the restrictor. The
marine sediment (035 g) and elemental sulfur (0.4
g) were extracted without any preparation.
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TABLE I

COLLECTION EFFICIENCIES OF PAHs INTO METHY
LENE CHLORIDE AT VARIOUS RESTRICTOR HEATER
TEMPERATURES USING A 28-Jlm J.D. RESTRICTOR
WITH THE GLASS TUBE INSERT COLLECTION VIAL
(FIG. I) OR THE SOLVENT NEBULIZER (FIG. 2)

50Tb 100Tb 150"Cb 50"CjCHzClz'

Naphthalene 55 (2) 63 64 95 (5)
Acenaphthylene 43 (4) 41 30 88 (5)
Fluorene 46 (13) 50 35 83 (4)
Phenanthrene 50 (16) 55 30 84 (3)
Fluoranthene 55 (12) 67 29 81 (3)
Chrysene 50 (I) 66 43 83 (3)

° Value in parentheses is the percent relative standard deviation
(R.S.D.) of triplicate lO-min extractions. Recoveries for lOOT
and 150"C restrictor heater temperatures were based on one
extraction.

b Collection efficiencies achieved using the glass tube insert col
lection vial (Fig. I). The recovery values were obtained from
the combined solvent rinse and collection solvent. See text for
additional information.

, Collection efficiencies obtained using the solvent nebulizer
(Fig. 2).

rates (ca. 0.75 ± 0.03 ml/min with the restrictor
heater at 50°C) were obtained with a 28-J.Lm 1.D.
restrictor, but the collection efficiencies were unac
ceptably low (ca. 30-65% recovery for the spiked
PAHs), irrespective of analyte volatility or restric
tor heater temperature (Table I). Visual inspection
of the collection device indicated that the poor col
lection efficiencies were caused by the extraction
fluid not depressurizing directly in the collection
solvent, which led to some of the analytes depos
iting in the glass tube of the collection vial rather
than in the collection solvent (i and ii in Fig. 1).
Removing the crystallized analytes from the glass
tube proved to be difficult as the collection vial had
to be dismantled and the glass tube manually rinsed
and/or sonicated with solvent. Simply shaking the
vial to resolvate the analytes proved impractical as
the solvent would leak out of the holes in the sep
tum made by the restrictor heater and collection
vial vent. The solvent rinse was combined with the
collection solvent to produce a final collection vol
ume of ca. 8 ml, and the combined solvent was used
to obtain the collection efficiency values in Table 1.
Such deposition was most prevalent at the lower

restrictor heater temperatures (50°C) where the ma
jority of the analytes crystallized on the inside of the
glass tube. In these instances, the tube was also son
icated in the collection solvent to remove the precip
itated analytes.

Interestingly, the location of the crystallized ana
lytes (i and ii in Fig. 1) was related to the physical
state of the depressurizing extraction fluid. As the
restrictor heater temperature was increased, the
analytes were deposited further down the glass tube
and further away from the restrictor outlet. Heating
the restrictor heater above 100°C dramatically in
creased the effluent temperature (Fig. 4) and caused
the disappearance of frozen CO2 present at lower
restrictor heater temperatures at the restrictor tip.
The sudden increase in the restrictor effluent tem
perature corresponds to a previously reported [1]
CO2 phase change from a two-phase region of gas
and solid to a single gaseous phase on expansion at
temperatures of ca. > 100°C. In the gas phase (re
strictor heater 150°C), the analytes form very small
solute particles «0.2 J.Lm [6]), leading to the forma
tion of an aerosol. The aerosol is apparently swept
along the glass tube until it reaches the cooled glass
at the solvent boundary; at this location (Fig. I, i),
the less volatile analytes precipitated (ca. 20%
fluoranthene and 40% chrysene precipitated in the
glass tube; the rest of the PAHs including ca. 10%
fluoranthene and 1% chrysene were recovered in
the collection solvent). At lower restrictor heater
temperatures (50°C), the majority of the analytes
condensed in the glass tube near the restrictor outlet
(Fig. 1, ii), and the collection solvent contained only
the most volatile analytes (ca. 60% naphthalene
and 45% acenaphthylene trapped in the collection
solvent, the rest of the PAHs including ca. 5% ace
naphthylene precipitated in the glass tube). It was
also noted that small reversible changes in the flow
rate were obtained by heating the restrictor (Fig. 4),
indicating that the restrictor heater has some poten
tial to act as a fine SFE flow controller.

The restrictor heater design shown in Fig. 1 pro
vides sufficient heat so that the collection solvent
temperature was not significantly lowered during
SFE (solvent temperature ca. 8°C after 10 min of
extraction with the restrictor heater at 50 or 150°C),
and resulted in an increase in solvent evaporation
that may have caused the volatile analytes to be
purged from the collection solvent. Because of the

Percent collected (R.S.D.)"PAH
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Fig. 4. Effect of restrictor heater temperature on the restrictor outlet temperature (+ ) and extraction flow-rate (D) using the glass tube
insert collection vial (Fig. 1). Outlet temperature was measured with a J thermocouple placed at the restrictor exit. The large increase in
restrictor outlet temperature corresponded to a phase change in the CO2 exiting the restrictor. At restrictor heater temperatures of ca.
> 100°C, the CO2 was a gas, and at lower temperatures, the CO2 was a mixture of gas and solid. SFE was performed at 400 atm and
500C with a heated 11 cm x 28 Jlm I.D. capillary restrictor and a 0.5-ml Keystone extraction cell filled with silanized glass beads (70-80
mesh).

dimensions of the glass tube (3 mm J.D.), the ex
traction effluent escaped into the solvent as large
bubbles. The formation oflarge bubbles in conjunc
tion with a high gas flow (ca. 0.7 ml/min liquid CO2 ,

resulting in a gas flow of ca. 360 ml/min) and the
small collection solvent volume (5 ml), apparently
caused the poor trapping efficiencies. This was con
firmed by analytes found deposited in the collection
vial vent. A narrower glass tube insert (2 mm J.D.)
was utilized in an attempt to reduce the bubble size;
however, no improvement in collection efficiencies
was obtained. A similar commercial system used by
Dionex was able to obtain high collection efficien
cies for PARs (97% recovery for naphthalene [9]),
using a larger solvent volume (15 ml), precooling of

the collection solvent (cooled to ca. O°C before the
extraction), and lower extraction flow-rates (270
ml/min, ca. 0.5 ml/min liquid CO2), Since the re
strictor heater design shown in Fig. I did not meet
all of the goals of good collection efficiencies, low
solvent volumes and simplicity, other restrictor
heater designs were investigated.

Design 2, post-extraction solvent nebulizer
The second design introduced an organic solvent

(0.3 ml/min) at the tip of the restrictor (Fig. 2) in an
attempt to increased solute/solvent contact, and in
crease the amount of analyte transported to the
bulk collection solvent. The design also allowed for
a simplified collection vial which only required a
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relatively small (5 ml) collection solvent volume.
The restrictor effluent nebulized the solvent intro
duced into the tee-piece to form a fine mist which
was swept down the glass tube and into the bulk
collection solvent. Using this method, no analyte
deposition was seen along the glass tube and no
additional solvent was required to maintain the sol
vent volume in the collection vial (solvent volume
remained ca. 5 ml during SFE). The collection effi:
ciencies for the PARs were greatly improved (81
95%, Table I) and were attributed to increased sol
vent contact with the depressurized extract at the
restrictor oulet. Low (50°C) restrictor heater tem
peratures were still sufficient to avoid restrictor
plugging, since the solvent did not come in direct
contact with the restrictor, thus reducing restrictor
cooling. The nebulizer design produced constant
extraction flow-rates (ca. 0.7 ± 0.05 mljmin) at low
restrictor heater temperatures (50°C), but still did
not meet the goals of simplicity (i.e., an additional
pump was required) and quantitative collection effi
ciencies (e.g., >90%).

Design 3, heated restrictor placed in collection sol
vent

In an attempt to improve the collection efficien
cies and further simplify the collection apparatus,
the third design placed the restrictor directly into
the collection solvent without any transfer device

M. D. Burford et at. / J. Chromatogr. 609 (1992) 321-332

(Fig. 3). To minimize the non-heated zone of the
restrictor (i.e., the restrictor tip in the collection sol
vent), the restrictor length was kept to a minimum
(11 em), high restrictor heater temperatures (100 to
200°C) were applied, and small (3.7 m!) collection
vials with small collection solvent volumes (2.5 ml)
were used. This design used an aluminum heating
block to heat the restrictor, as the heating block was
less of a fire hazard in the presence of evaporating
solvents than the heating tape used in designs 1 and
2.

The restrictor block heater produced reasonable
extraction flow-rates (0.7 ± 0.07 mljmin) for the
spiked PARs, but required higher restrictor heater
temperatures (100-150°C) to eliminate restrictor
plugging due to Joule-Thomson cooling of the re
strictor tip in the collection solvent. Quantitative
collection efficiencies (ca. 90-95%, Table II) were
obtained, presumably because direct depressuriza
tion of the extraction fluid into the collection sol
vent increased the solute-solvent contact and great
ly reduced the solvent evaporation as the collection
solvent temperature was quickly lowered to below
ooe during the extraction (Fig. 5). Very small bub
bles were observed at the restrictor outlet, the in
creased viscosity of the cooled solvent possibly re
ducing the size of the bubbles which increases the
solute-solvent resonance time [21]. Increasing the
extraction flow-rate from 0.6 to 0.7 mljmin liquid

TABLE II

COLLECTION EFFICIENCIES OF PAHs INTO METHYLENE CHLORIDE AT VARIOUS RESTRICTOR HEATER TEM
PERATURES AND SFE FLOW-RATES BY DIRECT DEPRESSURIZATION OF THE EXTRACTION FLUID INTO THE
COLLECTION SOLVENT (FIG. 3)

PAH Percent collected"

28-Jim I.D. restrictorb 32-Jim I.D. restrictor"

50'C 100'C 150'C 50'C 100'C 150'C

Naphthalene Blockedd Blocked 90.8 (1.3) Blocked 89.9 (2.1) 91.1 (3.0)
Acenaphthylene Blocked Blocked 94.0 (0.9) Blocked 91.7 (2.1) 90.8 (5.1)
Fluorene Blocked Blocked 93.7 (3.0) Blocked 93.1 (1.8) 91.9 (5.1)
Phenanthrene Blocked Blocked 95.5 (1.6) Blocked 95.3 (0.2) 94.1 (1.4)
Fluoranthene Blocked Blocked 95.7 (1.8) Blocked 95.6 (0.5) 99.4 (2.0)
Chrysene Blocked Blocked 90.1 (1.1) Blocked 96.1 (2.1) 92.4 (2.0)

" Value in parentheses is the percent relative standard deviation of triplicate 10-min extractions.
b Flow-rate ca. 0.61 ml/min liquid CO2 at pump.
C Flow-rate ca. 0.85 ml/min at restrictor heater temperature of 100'C and ca. 0.69 ml/min at restrictor temperature of 150'C.
d Restrictor becomes blocked after a few minutes so that no flow is present.
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Fig. 5. SFE collection solvent temperature at various restrictor heater temperatures, with the extraction fluid being directly depressur
ized into the collection solvent (Fig. 3). Temperature profiles are shown for the collection solvent (2.5 ml) in a 3.7-ml vial standing in
water with an 11 cm x /lm I.D. restrictor heated to 200'C (A), restrictor heated to lOOT (B), no restrictor heating (C), or with the
collection solvent vial in air with an II cm long x 28 /lm 1.D. restrictor heated to 200'C (D), restrictor heated to 100'C (E), and no
restrictor heating (F).

CO2 (i.e., using 28- and 32-/lm l.D. restrictors, re
spectively) enabled a lower restrictor heater temper
ature (100°C) to be used, which still eliminated re
strictor plugging and produced quantitative (ca.
90-95%) collection efficiency (Table II).

The collection efficiencies using the restrictor
block heater were further investigated using a test
mix of n-alkanes possessing a large range of vola
tilities. At low restrictor heater temperatures (50
and 100°C) analytes as volatile as n-octane could be
efficiently collected (> 90%). However, at higher re
strictor heater temperatures (200°C), n-decane was
the most volatile species that was efficiently collect
ed (Table III). The decrease in collection efficiencies
with increasing restrictor temperature was presum
ed to be due to an increase in aerosol formation at
the restrictor outlet and purging of volatile compo
nents due to an increase in the collection solvent
temperature (Fig. 5).

Since previous work had shown that maintaining

the solvent temperature above ooe improved the ex
traction flow-rate for wet samples [20], a collection
vial water bath was combined with the restrictor
heater to assess the influence of collection solvent
temperature on collection efficiencies. By placing
the collection vial in a container of water initially at
room temperature, the cooling effect of the expand
ing fluid in the solvent was reduced, so that the col
lection solvent temperature was stabilized at ca. 5
10°C (Fig. 5), and reasonable flow-rates were at
tained. Maintaining the collection solvent temper
ature at 5-lOoe significantly reduced the collection
efficiencies of the very volatile analytes (ca. 40%
recovery for n-heptane, Table III) and also in
creased solvent evaporation. However, n-decane
could still be efficiently trapped (ca. 90%) at all the
restrictor heater temperatures investigated, even
with the collection solvent temperature maintained
above O°e.

Since depressurizing the heated restrictor directly



330 M. D. Burford et af. / J. Chromatogr. 609 (1992) 321-332

TABLE III

COLLECTION EFFICIENCIES OF n-ALKANES INTO METHYLENE CHLORIDE (2.5 ml) AT VARIOUS RESTRICTOR
HEATER TEMPERATURES USING A 28-/lm J.D. RESTRICTOR DEPRESSURIZED DIRECTLY INTO THE COLLECTION
SOLVENT (FIG. 3)

Collection n-Alkane Percent collected"
vial in

No heatingb 50T lOOT 150°C 200T'

Air Heptane (C7) 78.1 (1.8) 73.9 (3.3) 71.8 (6.9) 71.5 (5.9) 56.5 (15.9)
Octane (Cs) 90.6 (0.8) 92.3 (1.5) 90.8 (7.9) 88.7 (6.3) 79.9 (9.3)
Nonane (C9) 94.8 (0.9) 92.4 (2.1) "93.3 (8.7) 94.5 (5.2) 89.4 (6.9)
Decane (C IO) 98.2 (0.7) 96.1 (3.0) 96.6 (8.7) 97.7 (3.5) 93.8 (6.2)
Pentadecane (CIS) 97.1 (1.6) 101.5 (5.3) 99.0 (7.7) 95.5 (3.4) 93.2 (2.9)
Eicosane (C20) 97.7 (2.2) 103.4 (3.7) 102.3 (5.2) 95.1 (2.8) 95.0 (3.4)
Pentacosane (C2S) 100.8 (1.1) 104.5 (2.0) 98.4 (5.0) 98.3 (3.2) 94.0 (9.1)

Water Heptane (C7) 44.0 (13.1) 42.2 (15.7) 38.1 (8.0) 34.0 (8.6) 34.2 (16.2)
Octane (Cs) 73.0 (5.8) 71.8 (6.8) 71.9 (5.3) 68.8 (3.8) 70.0 (7.0)
Nonane (C9) 85.6 (2.9) 85.5 (5.9) 88.1 (4.7) 81.5 (4.0) 86.4 (5.0)
Decane (CIO) 94.2 (1.7) 90.7 (5.0) 93.0 (4.4) 87.9 (4.2) 92.2 (3.9)
Pentadecane (CIS) 97.5 (2.7) 97.0 (4.1) 96.0 (5.5) 92.8 (2.2) 93.4 (1.7)
Eicosane (C20) 97.0 (1.4) 97.7 (5.3) 93.1 (6.8) 94.0 (0.9) 96.5 (2.5)
Pentacosane (C2S) 99:0 (3.6) 93.8 (3.3) 101.3 (3.7) 100.0 (3.8) 95.5 (4.4)

" Value in parentheses is the percent relative standard deviation of triplicate 10 minute extractions.
b Flow-rate ca. 0.81 ml/min liquid CO2.
, Flow-rate ca. 0.59 ml/min liquid CO2.

into the collection solvent appeared to meet the
goals of simplicity, small collection solvent volumes
(ca. 2.5 ml), quantitative collection efficiencies, and
reasonable extraction flow-rates (ca. 0.7 ± 0.07 ml/
min), a range of environmental samples was chosen
to assess the restrictor heater's ability to avoid re
strictor plugging. The samples were selected from
over a hundred different samples, and the majority
represented the worst cases of restrictor plugging
encountered during past studies. The samples in
cluded (i) an air-dried railroad bed soil (ca. 1%,
w/w, water) which is fairly typical of soils in regard
to restrictor plugging; (ii) pine needles (ca. 80%,
w/w, water) containing cuticle wax and producing
intermittent restrictor plugging; (iii; petroleum
waste sludge (ca. 45%, w/w, water) contaminated
with ca. 10% (w/w) extractable hydrocarbons and
causing intermittent/complete blockage of the re
strictor; (iv) a NIST marine sediment (SRM 1941)
with ca. 2% elemental sulfur [22] and causing in
termittent/complete blockage of the restrictor; and
(v) elemental sulfur which causes rapid blocking of
an unheated restrictor.

For the majority of the samples, a continuous
flow was achieved by heating the restrictor to the
experimentally-determined temperature, which in
some cases was as high as 200°C (Table IV). To
avoid restrictor plugging, none of the samples ex
cept elemental sulfur required the collection solvent
to be temperature controlled by placing the collec
tion vial in water, which is advantageous since al
lowing the collection solvent temperature to drop
below O°C during the extraction improves the col
lection efficiencies of very volatile analytes, as
shown in Table III. A constant flow (0.7 ± 0.1 ml/
min) was attained for most of the test samples dur
ing the 30-min extraction (Fig. 6). However, for the
petroleum waste sludge which contained a large
concentration of extractable material, the flow-rate
initially decreased and then stabilized with time.
Reasonable flow-rates were also obtained for sam
ples containing large amounts of water, such as
fresh pine needles (80%, w/w, water) and petroleum
waste sludge (45%, w/w, water). It appeared that
the temperature inside the heated restrictor was suf
ficient to avoid water freezing at the restrictor tip,
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TABLE IV

EFFECT OF RESTRICTOR HEATER TEMPERATURE ON SFE FLOW-RATES WITH SEVERAL SAMPLES KNOWN TO
CAUSE RESTRICTOR PLUGGING USING A 30-JIm I.D. RESTRICTOR DEPRESSURIZED DIRECTLY INTO THE COL
LECTION SOLVENT (FIG. 3)

Sample Qualitative flow"

No heating 50T 100·C 150T 200·C

Railroad bed soil Blocked Continuous Continuous Continuous Continuous
Pine needles Blocked Blocked Continuous Continuous Continuous
Marine sediment Blocked Blocked Intermittent Continuous Continuous
Petroleum waste sludge Blocked Blocked Blocked Intermittent Continuous
Elemental sulfur Blocked Blocked Blocked Blocked Continuousb

" The flow-rates are assessed as continuous (constant flow ± 0.1 ml/min), intermittent (flow varies and may temporarily stop for I or 2
s), or blocked (no flow). SFE conditions: 0.5-ml Keystone extraction cell filled with sample, exposed for 30 min to 400 atm and 50·C
CO2 with a heated II cm x 30 Jim J.D. capillary restrictor. Collection vial in air unless otherwise indicated.

b Collection vial in water (initially at room temperature).
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30o 10 20
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Fig. 6. Changes in flow-rate during SFE of railroad bed soil (0.8 g), marine sediment (0.35 g) and petroleum sludge (200 mg), with the
extraction fluid being directly depressurized into the collection solvent (Fig. 3). SFE was performed at 400 atm and 50·C with a heated
(I50·C) II cm x 30 Jim I.D. capillary restrictor and a 0.5-mt Keystone extraction cell. Flow-rate measured as liquid CO

2
at pump.
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even when the collection vial was not placed in wa
ter and the collection solvent was allowed to cool
below O°C.

In this study, there was no evidence of thermal
degradation of analytes, as no qualitative differenc
es could be found between SFE extracts obtained
with and without a heated restrictor. Since the time
spent in the heated restrictor is short, thermal deg
radation seems unlikely, particularly for species
that are thermally stable enough to be analyzed by
Gc. In the worst case, where no density decrease
along the restrictor is assumed, an analyte requires
only ca. 10 - 2 S to be transported through an II cm
x 28 J.1m J.D. restrictor at 0.5 ml/min liquid CO2

flow-rate (this value may be halved if the density
decrease aiong the restrictor is included [1]). In the
unlikely event that thermal degradation does be
come a problem for extremely sensitive analytes,
then the nebulizer design which operated at lower
restrictor heater temperatures (50°C) may be more
appropriate. The results of this study demonstrate
that the restrictor heater design which allowed di
rect depressurization of the SFE extract into the
collection solvent best achieved the goals of simplic
ity, low collection solvent volume, quantitative col
lection efficiencies, and the elimination of restrictor
plugging.
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ABSTRACT

Polycyclic aromatic hydrocarbons (PAHs) and nitrated PAHs (nitro-PAHs) were extracted from diesel exhaust particulates and
diesel soot using supercritical CHClF2 (freon-22), CO2 , and CO2 with added modifiers. Pure CO2 was able to extract I-nitropyrene
spiked on air sampling filters, but did not yield quantitative extractions from diesel exhaust particulates [standard reference material
(SRM) 1650 of the National Institute of Standards and Technology (Gaithersburg, MD, USA)]. l-Nitropyrene could be quantitatively
extracted in 45 min using either pure CHCIF2 or 10% toluene in CO2 as a modifier, whereas 10% mixtures of CHCIF2 or methanol in
CO2 yielded only moderate recoveries. Supercritical CHClF2 also yielded quantitative extraction ofPAHs from SRM 1650. Various
nitro-PAHs could be determined in soot collected from the exhaust pipe of a bus after extraction with CO2 modified with CHClF2 or
toluene.

INTRODUCTION

Diesel exhaust particulate matter contains a wide
variety of nitrated polycyclic aromatic hydrocar
bons (nitro-PARs), of which l-nitropyrene is by far
the most abundant [1,2]. Tests with the Ames short
term bioassay for detection of chemical mutagens
prove that l-nitropyrene is a direct mutagen caus
ing spontaneous mutations in Salmonella typhimu
rium bacteria [3-6]. For the determination of nitro
PARs, diesel particulates are usually extracted for

Correspondence to: Dr. S. B. Hawthorne, University of North
Dakota, Energy and Environmental Research Center, Box 8213,
University Station Grand Forks, ND 58202, USA.

-I> Present address: Analytische Chemie I, Uni~ersitiit Siegen,
Adolf Reichwein Strasse, 5900 Siegen, Germany.

24 h with methylene chloride with a Soxhlet appara
tus [4]. The use of a supercritical fluid could reduce
the extra.ction time to less than an hour while great
ly reducing the amount ofliquid solvent required. It
has been shown previously that PARs can be quan
titatively extracted with pure CO2 or COrmetha
nol (95:5) [7] using relatively long (e.g. 90 min) ex
traction times, and the extraction of nitro-PARs
from sorbents has been reported [8,9]. Rowever, lit
tle is known about the extraction behavior of nitro
PARs from complex matrices such as diesel exhaust
particulates. Under many supercritical fluid extrac
tion (SFE) conditions, supercritical extractions of
polar compounds from a complex matrix like diesel
exhaust particulates often yields poor recoveries
when pure CO2 is used. Experiments with inciner
ator fly ash and sediment samples indicate that of-

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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TABLE I

COMPARISON OF PROPERTIES OF SUPERCRITICAL FLUIDS

T. Paschke el al. / J. Chromalogr. 609 (1992) 333-340

Compound

CO2
Methanol
Methanol-e02 (10:90)·
CHCIF2 .

CHCIF2-e02 (10:90)·
Toluene
Toluene-e02 (10:90)"

Critical Critical Dipole
temperature, pressure moment
Tc ('C) Pc (atm) (Debye)

31.3 72.9 0.0
239.5 81.0 1.7.

51.5 74.2
96.1 '49.1 1.4
38.2 69.6

318.8 41.4 0.4
67.2 67.9

• The critical data of the 10% mixtures were calculated with SF-Solver by ISCO, Lincoln, NE, USA.

ten the solubility of the analyte is not the limiting
factor for quantitative extractions [10-13]. Instead,
it appears that strong interactions between the ana
Iyte and the matrix exist which must be overcome
by a stronger solvent than CO2 [10-13].

The most common way to increase the solvent
strength of CO 2 is the use of methanol as a mod
ifier. Because of its high critical temperature of
240°C, pure methanol is not a suitable solvent for
supercritical extractions under mild conditions.
CHCIF2 provides a dipole moment similar to meth
anol, but has more moderate critical data (Table I).
CHCIF2 (freon-22) has been used by Li and co
workers [14,15] as a mobile phase for supercritical
fluid chromatography (SFC) of steroids and phe
nols and for the extraction of steroids. Compared to
CO2, CHCIF2 showed much shorter retention times
for these polar compounds. (CHCIF2 is also much
more desirable from the environmental standpoint
than fully-halogenated freons because it degrades
more rapidly in the lower atmosphere and therefore
has a low potential for ozone destruction and global
warming. In addition, CHCIF2 is being suggested
as the future coolant in home air conditioning sys
tems [16].) Besides CHCIF2 and methanol-modified
CO2, which are expected to yield better extraction
results than CO2 because of their higher dipole mo
ment, toluene was also used as a modifier. To1uene
modified CO2 has been reported to increase the ex
traction of dioxins from fly ash, presumably be
cause of its aromatic character [13].

This study compares pure CO2 , pure CHC1F2 ,

and CO2 modified with 10% toluene, methanol,

and CHCIF2 for their ability to extract nitro-PAHs
from diesel exhaust particulates and soot.

EXPERIMENTAL

Samples
The diesel exhaust particulate sample (standard

reference material, SRM 1650) was supplied by
NIST (National Institute of Standards and Tech
nology, Gaithersburg, MD, USA), and is consid
ered to be representative for cumulative sampling of
heavy-duty engines for shorter periods of time [4].
SRM 1650 contains 19 ± 2 pg/g 1-nitropyrene ac
cording to NIST based on Soxhlet extractions. The
diesel soot sample was collected from the exhaust
pipe of a bus which had a 6.9-1 International diesel
engine (1985). All samples were stored in the dark at
4°C until used.

Supercritical fluid extractions
Supercritical extractions were performed with IS

CO 260D or 100D syringe pumps (ISCO, Lincoln,
NE, USA) using SFC-grade CO2 or > 99.9% puri
tyCHCIF2 (Scott Specialty Gases, Plumsteadville,
PA, USA). For generating modified CO 2 two
pumps were connected with a mixing tee and two
backpressure control valves following the manufac
turer's instructions (Fig. I). SRM 1650 diesel ex
haust particulate (25 mg) or diesel exh~ust pipe soot
(250 mg) were extracted in 0.5 ml or 2.2 ml extrac
tion cells, respectively (Keystone Scientific, Belle
fonte, PA, USA). The extraction pressure was 400
atm (405 bar) during all extractions. The extraction
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t
1

Extraction cellI in tube heater

Restrictor in
collection vial with
methylene chloride

Isco syringe pumps connected with

check valves and mixing tee

Fig. 1. Schematic diagram of the SFE system using CO 2 with an organic modifier (e.g., methanol). Arrows indicate the direction of
extraction fluid flow. Details on the individual system components are given in the text.

temperature was maintained by placing the cell in a
thermostatically controlled tube heater. Because of
the different critical temperatures of the various
pure and modified fluids used, the extraction tem
perature was 40°C with pure CO2 , 100°C with pure
CHClF2, 80°C with COz-methanol, 60°C with
CO2-CHCIF2 modifier, and 100°C with COz-tolu
ene.

Supercritical fluid flow rates were maintained at
ca. 0.3 ml/min (measured as liquid at the pump)
using capillary restrictors with an internal diameter
of 19-23 11m (Polymicro Technologies, Phoenix,
AZ, USA). Plugging of the restrictor occurred occa
sionally when CO2-methanol or pure CHClF2 were
used, because of freezing water at the outlet of the
restrictor or precipitated analytes inside the restric
tor. In these cases, the restrictor was briefly heated
with a heat gun to maintain flow. When CHClF2

was the supercritical fluid, restrictors tended to
break more frequently and were, therefore, replaced
after every extraction.

All extracts were collected in 5 ml methylene
chloride placed in a 70 mm long x 18 mm LD. glass
vial. During extraction, methylene chloride had to
be added from time to time because of evaporation
losses. After the extraction, the solvent was evap
orated with nitrogen to a volume of 1 ml. The sam-

pIe was then transferred into an autosampler vial
and the internal standard (deuterated chrysene) was
added. HPLC-grade methanol used as a modifier
was briefly sonicated for degasification before use.
All other organic solvents were pesticide grade
("Optima"; Fisher Scientific, USA).

In order to determine the trapping efficiency of
the extracted analytes in the 5 ml methylene chlo
ride, air particulate sampling filters (10 x 40 mm
pieces of Whatman QM-A quartz microbore filters)
were spiked with 0.2 ml of a solution containing 50
to 90 I1g/g each of phenanthrene, I-nitronaphtha
lene and I-nitropyrene in methanol. The solvent
was evaporated for 10 min, the filter was transferred
immediately into an extraction cell, and extracted
with CO2 ,

Gas chromatographic analysis
The extracts from the spiked samples were ana

lyzed by gas chromatography with flame ionization
detection (GC-FID) using a Hewlett-Packard
Model 5890' equipped with an HP 7673 automatic
sampler, an HP 3396A integrator, and an HP-5 cap
illary column (25 m x 320 11m LD., 0.17 11m film
thickness). Hydrogen was used as the carrier gas.
Samples were injected at a split nitio of 1:30. The
GC oven temperature for all analyses was 60°C fol-
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lowed by a temperature ramp at 8°C/min to 330°C.
All diesel particulate extracts were analyzed by

GC-MS (RP 5988) in the selected ion monitoring
mode using the molecular ion for each species and
the same capillary column that was used for the
FID analyses. The carrier gas was helium. Because
of limited sample availability, only 25-mg amounts
ofSRM 1650 were extracted and the samples had to
be injected splitless to achieve the required sensitiv
ity. Diesel particulate extracts contained a high
amount of nonvolatile organic compounds, so the
injection port liner had to be changed daily. Ex
tracts from the diesel bus exhaust pipe soot were
inje<;:ted at a split ratio of 1:40 because larger (250
mg) samples were extracted and nitro-PAR concen
trations in this soot sample were significantly higher
than in the SRM sample. Certified standards of ni
tro-PARs in methanol (NIST SRM 1587) were used
for quantitative standards and to confirm the reten
tion times of the individual nitro-PARs. Each sam
ple extract and quantitative standard was spiked
with 90 ng of [2Rdchrysene as an internal stan
dard, and all quantitations were based on the ratios
of the individual peak areas to those of the internal
standard.

RESULTS AND DISCUSSION

Extractions from spiked filters
As shown in Table II, I-nitropyrene was quanti

tatively extracted in 30 min from spiked quartz fil~

tel's with pure supercritical CO2 at a pressure of 400
atm and a temperature of 40°C. In addition to dem
onstrating that I-nitropyrene has sufficient solubil
ity in CO2 to be efficiently extracted, these results
demonstrate that the chosen trapping conditions al
lowed recoveries better than 95% for I-nitropyrene

TABLE II

SFE RECOVERJES FROM SPIKED QUARTZ FIBER FIL
TERS WITH PURE CO2

T. Paschke el al. / J. Chromalogr. 609 (1992) 333-340

as well as for the more volatile compounds I-nitro
naphthalene and phenanthrene.

GC-MS analysis of diesel exhaust particulate ex
tracts

Extracts from diesel particulates contain such a
broad variety of organic compounds that neither
FID nor electron-capture detection were selective
enough to analyze these extracts for nitro-PARs
without additional sample treatment. With GC
MS, the most intense peaks in the total ion current
chromatogram of the unfractionated diesel exhaust
particulate extracts were identified as high-molec
ular-mass (ca. C I8 to C28) alkanes. When the GC
MS is operated in the selected ion monitoring (SIM)
mode, the selectivity was sufficient to quantitate the
nitro-PARs, the PARs (except for those with m/z
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Fig. 2. Comparison of the total ion current chromatogram (scan
range 50-350 amu) of an unfractionated CHClF2 extract of die
,sel exhaust particulate with the selected ion current chromato
grams for I-nitropyrene and phenanthrene (peak I), fluoran
thene (peak 2), pyrene (peak 3), benz[a]anthracene (peak 4),
chrysene (peak 5), indeno[I,2,3-cdJpyrene (peak 6), and ben
zo[glulperylene (peak 7).
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252 because of interfering ions), and the internal
standard (deuterated chrysene) as shown in Fig. 2
by a comparison between a total ion and a selected
ion chromatogram of an unfractionated extract.
With the extraction of a 25-mg sample, concentra
tion of the extract to 1 ml, and a splitless injection
of 1 J.ll, the method detection limit was ca. 1 ng of
1-nitropyrene per mg of soot using 81M.

Extraction kinetics of I-nitropyrene from bus soot
To determine a reasonable extraction time, pre

liminary extractions of the bus soot with COr
methanol (90: 10) were performed and fractions
were collected after 5, 10, 15,25,35,45,60,90 and
120 min. As shown in Fig. 3, more than 95% of the
extractable 1-nitropyrene was extracted after 45
min. Based oil these results, the extraction time for
all subsequent extractions was set to 45 min.

337

10 20 30 40 50 80

extraction time (min]

Fig. 3. SFE extraction kinetics of I-nitropyrene from 250 mg of
diesel bus exhau'st pipe soot using CO2 modified with 10% meth
anol. Fractions were collected after 5, 10, 15, 45, 60; 90, and 120
min of extraction and analyzed as described in the text. The
extraction yield was normalized to the final value obtained after
120 min of extraction.

TABLE III
EXTRACTION EFFICIENCIES OF I-NITROPYRENE FROM NIST DIESEL EXHAUST PARTICULATES USING VARI
OUS SUPERCRITICAL FLUIDS

Supercritical fluid Concentration Recovery" Average
(/lgjg) (%) recovery" ± S.D.

(%)

CO2 3.3 18 25 ± 9
3.3 17
6.2 32
6.3 33

CO2-methanol (90:10), set I 5.8 31 28 ± 3
5.4 28
4.6 24
5.9 31

CO2-methanol (90:10), set 2 5.1 27 32 ± 8
5.5 29
5.4 28
8.3 44

CHClF2 22.0 116 117 ± 7
20.9 110
23.6 124

CO2-eHCIF2 (90: 10) 7.2 38 43 ± 7
7.8 41
7.2 38

10.1 53

CO2-toluene (90:10) 19.8 104 97 ± 8
18.4 97
16.9 89

" Recoveries compared to 19 ± 2 /lgjg I-nitropyrene based on Soxhlet extractions as certified by NIST.
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Extractionsfrom Standard Reference Material 1650
The first extraction of the diesel exhaust partic

ulates (SRM 1650) was performed with the most
common supercritical fluid, CO2 . After 45 min at
400 atm and 40°C, only 25% of the I-nitropyrene
reported by NIST was extracted (Table III). These
results indicate that solubility is not the limiting fac
tor for supercritical extraction of nitro-PARs from
exhaust particulate samples, since I-nitropyrene
could easily be extracted from spiked filters (Table
II). Extraction with CO2 containing 10% methanol
modifier did not increase the recovery considerably,
and only ca. 30% of the I-nitropyrene was extract
ed. Since methanol modifier has previously been re
ported to increase the recoveries of moderately po
lar analytes, these results were somewhat surpris
ing. To verify these low recoveries, a second set of
samples were extracted under identical conditions
and yielded similar recoveries (Table III).

In contrast to the extraction with pure CO 2 and
methanol-modified CO2 , SFE with pure CRCIF2

yielded excellent recoveries (117%) versus the Soxh
let extraction value (19 ± 2 /lg/g) certified by NIST,
possibly because of its high dipole moment (1.4 De
bye). Since the capillary restrictors sometimes broke
when using pure CRClF2 as the extraction fluid
(and because of possible environmental objections
to using freons as extraction fluids), CRClF2 was
also used as a modifier in CO2 in the hopes of main
taining the high extraction efficiencies while reduc
ing the total amount of CHClF2 used. With Car
CHCIF2 (90:10), extraction efficiencies were only
slightly better than the CO2 and CO2-methanol

TABLE IV

NITRO-PAHs EXTRACTED FROM BUS SOOT

T. Paschke et at. j J. Chromatogr. 609 (1992) 333-340

(90:10) results, i.e., only 43% of the I-nitropyrene
was extracted·.

Because of the potential of toluene to break
n-bonding interactions between the diesel exhaust
particulate matrix and the nitro-PAHs, toluene
modified CO2 was also tested as an extraction fluid.
As shown in Table III, COrtoluene (90:10) yielded
good recoveries (97%). The ability of toluene mod
ifier to extract nitro-PARs from diesel exhaust par
ticulate is likely a result of its aromatic character
rather than its low dipole moment of only 0.4 De
bye.

Extractions from the bus exhaust pipe soot
I-Nitropyrene is the only nitro-PAR in the SRM

sample that is reported with a certified value. Other
nitro-PAHs are present in considerably lower con
centrations, but, because of limited sample avail
ability, quantitations of additional nitro-PAHs
could not be performed. Much larger quantities of
the bus soot were available, which allowed addi
tional nitro-PAHs to be quantitated from the ex
traction of 250-mg samples. The extractions were
performed with CO2-eHCIF2 (90:10) and CO 2

toluene (90:10) as supercritical fluids, which gave
the best recoveries from the SRM sample (with the
exception of pure CHClF2).

As shown in Table IV, several additional nitro
PAHs besidesl-nitropyrene were extracted from
diesel soot using either CHCIF2 or toluene as mod
ifiers in CO2 . A comparison of the diesel exhaust
particulate extracts (Table III) and the diesel soot
(Table IV) shows two interesting differences. First,

Compounds Extracted with
CO2-eHC1F2 (90:10)

Extracted with
CO2-toluene (90: 10)

/1gjg soa (J1gjg) /1gjg soa (J1gjg)

2-Nitrofluorene 27 7 28 2
9-Nitroanthracene 63 12 62 7
3-Nitrofluoranthene 10 1 II 2
I-Nitropyrene 450 70 540 50
7-Nitrobenz[a]anthracene 10 2 12 1
6-Nitrochrysene 4 2 4 1

a Standard deviations based on 4 extractions.
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the bus soot contains much higher concentrations
of I-nitropyrene. Additionally, the amount of each
nitro-PAR extracted from the bus soot using COz
CRCIF2 (90: 10), was nearly identical to that ex
tracted using CO2-toluene (90-10). While COz
CRCIF2 (90: 10) only extracted 44% as much of the
I-nitropyrene from the diesel exhaust particulate
sample (compared to the COz-toluene (90:10) ex
traction, Table III), the extraction of the bus soot
sample with C0z-CRCIF2 (90:10) yielded 83% as
much I-nitropyrene as the COz-toluene extraction
(Table IV).

The large differences in I-nitropyrene concentra
tions found in the exhaust particulates and the ex
haust pipe soot samples might be explained by the
differences in the sources and collection of the two
samples. The NIST diesel exhaust particulate sam
ple was collected from the exhaust stream in the
heat exchangers of a dilution tube facility, while the
diesel soot sample was collected directly from the
exhaust pipe of a bus. If it is assumed that the nitro
PARs were formed at the same time when the parti
cle growth took place, nitro-PARs would be found
inside the NIST-particles as well as on the surface.
For quantitative extractions, the supercritical fluid
must extract the analyte not only from the surface,
but from the inside of a particle as well. Based on
the recoveries shown in Table III, this was possible
with pure CHClF2 or CO2-toluene modifier
(90:10), whereas CHCIF2-modifierwas too weak as
a solvent. Since all of the fluids tested in Table II
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[except pure CHCIF2 and CO2-toluene (90:10)]
yielded similar amounts of extracted I-nitropyrene
from the NIST diesel exhaust particulate sample, it
appears that ca. 30% of the I-nitropyrene was lo
cated in "easier" (e.g., surface) sites for extraction.
In contrast, the bus soot was present in the exhaust
pipe for an extended period of time. During oper
ation of the bus, nitro-PARs from the exhaust
stream could have been adsorbed on the surface of
the soot, or it is also possible that the soot acted as a
catalyst for the formation of additional nitro-PARs
from PARs and nitrogen oxides. As a result, the bus
soot is more likely to contain high concentrations of
nitro-PARs adsorbed on the surface than the NIST
exhaust particulate sample and, therefore, the bus
soot has a higher proportion of the nitro-PARs
which are easier to extract than the NIST exhaust
particulate sample. While no additional direct evi
dence exists for this explanation, the results shown
in Tables III and IV clearly indicate that even rela
tively small changes in sample matrix can have sig
nificant effects on the extraction efficiencies ob
tained when the extraction conditions are not suffi
ciently strong.

Recoveries of PAHs from NIST diesel exhaust par
ticulate

Although the major emphasis of this paper was
to develop SFE conditions for the quantitative re
covery of nitro-PARs, the NIST diesel exhaust par
ticulate extracts generated using pure CRClF2,

TABLE V

RECOVERIES OF PAHs FROM NIST DIESEL EXHAUST PARTICULATE

NIST (pg/g)b % Recovery versus NIST Values·

Phenanthrene
Fluoranthene
Pyrene
Benz[a]anthracene
Chrysene
Indeno[I,2,3-cdJpyrene
Benzo[ghl]perylene

71
51 ± 4
48 ± 4

6.5 ± 1.1
22
2.3
2.4 ± 0.6

82 ± 12
92 ± II
89 ± 9

106 ± 8
lIS ± 11
lOS ± 27
104 ± 16

61 ± 12
66 ± 13
61 ± 13
38 ± 9
41 ± 10

7 ± 5
5 ± 4

68 ± 4
81 ± 3
79 ± 2
97 ± 2

101 ± I
40 ± 9
70 ± 9

• Percent recoveries versus the NIST values ± one standard deviation unit based on triplicate extractions for the CHClF2 and
CO 2-toluene (90:10), and quadruplicate extractions for the CO2-eHCIF2 (90:10).

b Concentrations reported by NIST based on Soxhlet extraction. The values for phenanthrene, chrysene, and indeno[1,2,3-cdJpyrene
are given by NIST as informational values without standard deviations. All other values are certified by NIST.
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COz-eHCIFz (90:10), and COz-toluene (90:10)
were also analyzed for PAHs to determine if similar
trends in extraction efficiencies were obtained. As
shown in Table V, the PAH recoveries were similar'
to those shown in Table III for the I-nitropyrene
from the same sample. Extraction with pure
CHCIF2 yielded the best recoveries of the PAHs
compared to the Soxhlet extraction values reported
by NIST, while toluene-modified CO2 also yielded
reasonably good recoveries. As was the case for the
I-nitropyrene, the use of CHCIF2 as a modifier in
COz did not yield as high recoveries of the PAHs as
either pure CHCIF2 or toluene-modified COz.

CONCLUSIONS

SFE with pure CHCIF2 yielded the highest recov
eries of both nitro-PAHs and PAHs from diesel ex
haust particulates, although CO2 modified. with tol
uene also yielded good extraction efficiencies. Even
though extraction with pure CO2 yielded quantita
tive recoveries of nitro-PAHs from spiked air sam
pling filters, only 30% recoveries of l-nitropyrene
were achieved from diesel exhaust particulates.
These results demonstrate that quantitative extrac
tion of nitro-PAHs from diesel exhaust particulates
requires extraction fluids that can overcome ma
trix-analyte interactions as well as simply solvate
the analyte.
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ABSTRACT

The RF values of twelve synthetic porphyrins including porphine and phenyl- and alkyl-substituted porphines, and also of their
copper complexes, were obtained on thin-layer chromatographic plates coated with silica gel, cellulose, NHz-bonded silica gel and
octadecyl-bonded silica gel (ODS) with different developing solvents. On the first three plates, the mobilities (RF values) of each
porphyrin were always smaller than those of the corresponding copper complex, whereas the opposite occurred on the last plate. With
an identical solvent, the mobilities of both a porphyrin and its copper complex increase in the following order of polar adsorbents: silica
gel < NHz-silica < cellulose. meso-Tetra(4-pyridyl)porphine was adsorbed so strongly on every polar adsorbent that it hardly
migrated from the origin, whereas a large migration with the RF ~ 0.9 occurred on an ODS plate specifically with N,N-dimethylforma
mide.

INTRODUCTION

The convenience of thin-layer chromatography
(TLC) has been applied to the isolation or prelimi
nary identification of porphyrins and porphyrin es
ters by many investigators [1,2]. High-performance
TLC (HPTLC) has promised to give higher resolu
tion and reproducibility than conventional TLC for
the separation of porphyrins and related com
pounds. Only a limited numbers of paper have dealt
with systematic studies of the HPTLC behaviour of
porphytins and metalloporphyrins.

In our laboratory, a series of fundamental studies
have been carried out on the HPTLC migration be
haviour of metal complexes of various porphyrins,
such as meso-tetraphenylporphine [3,4], meso-tetra
kis(4-tolyl)porphine [5] and etioporphyrin [6], using

Correspondence to: Dr. K. Saitoh, Department of Chemistry,
Faculty of Science, Tohoku University, Sendai, Miyagi 980, Ja
pan.

both normal- and reversed-phase separation modes,
and porphine [7], haematoporphyrin [8] and phe
ophorbide-a and -b (not of the porphyrin but the
chlorin family) [9] only using the reversed-phase
mode. As these studies were not always carried out
under identical conditions, the mobilities of differ
ent porphyrins and metalloporphyrins could not be
easily compared with each other.

This paper describes the comparison of the mo
bilities of different porphyrins in the forms of the
free acids (HzP) and copper(II) complexes [Cu(P)]
under identical conditions of adsorbent and sol
vent. The HPTLC study covered twelve synthetic
porphyrins, including porphine, which is the com
pound with the most basic structure of porphyrin,
and its analogues substituted with alkyl, para-sub
stituted-phenyl or pyridyl groups. The Cu(P)s were
taken as model metalloporphyrins. Four kinds of
adsorbents, viz., silica gel, cellulose, aminopropyl
bonded silica gel (NHz-silica) and ODS, were used.

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.Y. All rights reserved
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RESULTS AND DISCUSSION

silica gel (silica gel 60), cellulose, NHz-silica (NHYz
F254S), and ODS (RP-18 F254S), all from Merck,
were used. The silica gel plate was cleaned by devel
opment with methanol and then activated prior to
use by heating at 110°C for 30 min followed by
cooling in a silica gel desiccator for 2 h. The other
plates were used without preliminary treatment. A
portion of the thin-layer coating was preliminarily
scraped off each plate so that the development
would stop automatically when the solvent front
had migrated 75 mm from the origin.

A sample solution of an HzP or Cu(P) was pre
pared at a concentration of 0.1 mM or less in chlo
roform. A 0.5-/-l1 portion of the solution was
charged with the aid of a glass capillary micropi
pette (Drummond Scientific, Broomall, PA, USA)
on to the sample origin located 5 mm from the edge
of the TLC plate. All porphyrins or their copper
complexes were spotted on identical plates so that
their mobilities could be compared with each other.

The chromatogram was developed horizontally
in a Camag (Muttenz, Switzerland) Model 28510
sandwich-type chamber in a room thermostated at
25°C. After the migration of the solvent front had
automatically stopped at the preset distance (75
mm), the development was allowed to continue for
an additional 5 min so that the irregularity of the
amount of solvent particularly in the vicinity of the
solvent front was reduced. The chromatogram was
recorded spectrophotometrically at the absorption
maximum wavelength of the Soret band of each
compound (about 500 nm) with a Shimadzu (Kyo
to, Japan) Model CS-920 densitometer.

RM = 10g( ~F -I ) (1)

For convenience, RM values above 1.7 or below
-1.7 will be entered on the graphs as 1.7 or -1.7,
respectively.

One sharp spot was detected for each compound
in the chromatogram on all the chromatographic
plates used. The RF values obtained for HzP and
Cu(P) on different HPTLC plates are given in Ta
bles I and II, respectively. For discussing the mobil
ity of each compound, the migration factor RM cal
culated from the following equation is used hereaf
ter:

R3 R1 R2 R3 R1 R2

R2 R3 R2 R3

R1 R1 R1 R1

R3 R2
R3 R2

R2 R1 R3 R2 R1 R3

H2P Cu(P)

Porphyri n (H2P) Abbr. P R1 R2 R3

porphi ne POR H H H

meso-1:etramethyl porphi ne TMP CH 3 H H
meso-1:etraphenyl porphi ne TPP ph-H H H
meso-1:etraki s(4-tol yl )porphi ne TIP ph-CH 3 H H
meso-1:etreki s( 4-methoxyphenyl )porphi ne TMPP ph-<lCH 3 H H
meso-1:etraki s( 4-f I uorophenyl )porphi ne TFPP ph-F H H

meso-1:etraki s(4-chl orophenyl )porphi ne TCPP ph-CI H H
meso-1:etreki s(4-ni trophenyl )porphi ne Thl'P ph-NO 2 H H
meso-1:etraki s(4-bi phenyl )porphi ne TBPP ph-ph-H H H
meso-1:etraki s(4--pyr idyl )porphi ne TPyP 4--pyri dyl H H

et i oporphyr i n I Ell 0 H C~s CH 3
octaethyl porphyr i n OEP H ~Hs C2Hs

ph = para-substi tuted phenyl; -(CsH4)-·

Fig. 1. The HlP and Cu(P) species studied.

EXPERIMENTAL

Porphyrins and their copper complexes
Fig. I shows the porphyrins studied. The prep

arations of HzPOR [7], HzTPP [3], HzTPP [5] and
HzETIO [6] have been described in previous papers.
HzTMP [10] and HzTPyP [11] were prepared by
literature methods, respectively. Other porphyrins
were synthesized by the general method of Adler et
al. [12], in which pyrrole reacted, in refluxing pro
pionic acid, with a suitable aromatic aldehyde, e.g.,
fluorobenzaldehyde for HzTFPP. These porphyrins
were purified according to the procedures of Bar
nett et al. [13]. HzOEP was obtained commercially
(Strem Chemicals, Newburryport, MA, USA).

All Cu(P)s were prepared by the reaction of the
porphyrin with ten times the equivalent amount of
copper(lI) acetylacetonate in refluxing chloroform
[14]. They were then purified by alumina column
chromatography followed by recrystallization.

HPLC
Commercially available HPTLC plates (10 x 10

cm) (Merck, Darmstadt Germany) precoated with
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TABLE I

RF X 100 VALUES OF H 2P

Plate Solvent R
F

x 100

POR TMP TPP TTP TMPP TFPP TCPP TNPP TBPP TPyP ETIO OEP

Silica gel Carbon tetrachloride 2 0 5 2 0 3 10 0 I 0 I 0
m-Xylene 42 8 85 87 6 97 SF" 8 90 0 17 39
Benzene 54 14 97 SF 21 SF SF 24 SF 0 21 48
Trichloroethylene 15 2 25 21 0 33 59 0 17 0 4 8
1,2-Dichloroethane 97 4 SF SF 66 SF SF 78 SF 0 40 64

Cellulose Hexane 25 9 21 14 0 5 7 0 0 0 16 24
Cyclohexane 39 11 43 34 0 8 18 0 0 0 14 32
Methylcyclohexane 14 52 39 38 0 23 37
Carbon tetrachloride SF 64 SF SF 75 87 96 7 84 0 92 SF

NH 2-silica Methylcyclohexane 0 3 3 3 0 2 4
Carbon tetrachloride 15 13 53 57 6 51 67 0 24 0 32 48
m-Xylene 55 52 91 97 41 97 SF 23 86 0 79 91
Trichloroethylene 43 57 93 98 43 95 SF 17 88 0 82 94
Carbon disulphide 12 5 27 24 0 22 43 0 9 0 8 II
Benzene 74 72 SF SF 82 SF SF 59 SF 0 92 SF

ODS Methanol 42 11 10 7 13 20 5 47 3 0 10 12
Ethanol 57 19 44 35 36 60 39 80 26 0 26 33
I-Propanol 55 23 63 63 66 72 60 92 49 0 69 76
I-Butanol 64 48 86 98 76 91 82 SF 81 0 95 SF
Acetone 94 78 81 75 91 90 78 97 80 0 76 77
Acetonitrile 42 7 10 10 19 17 4 42 2 0 2 2
Ethyl acetate SF SF SF SF SF SF SF SF SF 0 91 95
DMF 90 82 75 61 83 80 72 89 76 89 63 44

a SF = Moved with the solvent front.

Silica gel plate 2.0
With an identical solvent, H 2P generally has a -- - - --<;>--- --- - - - +- -- "1""-.- --- ---

larger RM value than corresponding Cu(P); an ex-
<;> Q. Q.

ample of the comparison of the RM values is shown
;>, • Q., Q. Z

(( l- I-

in Fig. 2. This implies that the chelation of the ni-
1.0

Q. Q.
::E Q.

0 I- '::E
00 I-

trogen atoms in the porphyrin nucleus with a cop- '" I- 0 9 !
0 UJ : ~?per ion weakens the interaction between the por- Q. Q. Q.

UJ Q.

phyrin nucleus and the active sites (presumably sila-
::;: 0.0 0 '"c:: l-

ll. Q.' 9
nol groups) on the surface of the silica gel. Q. I-.. .. l- I-

Q.
Q.

In both series of H 2P and Cu(P) with meso-sub- i , LL Q. •l- ll.

stituted porphyrin structures, the mobility tends to -1.0
c.:>.. I-

decrease in the order of porphyrin ligands TPP > .. .:
POR > TMP > TPyP, which means that the ad- - - - - - - - -- --.- - --- .. -,- .... - - - - - - --
sorption increases in the reverse of this order of the -2.0
porphyrins. 200 400 600 800 1000

In the H 2TPP molecule, four phenyl groups are Mol. wt. of H2 P

bonded with four meso-carbons in the porphyrin
Fig. 2. RM values of (0) H2 P and (.) CucP) on a silica gel plate

nucleus, with rotation out of the porphyrin plane by with trichloroethylene. The broken line indicates R M = -1.7 or
more than 60° [15]. Such a steric configuration of 1.7.
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TABLE II

RF X 100 VALUES OF Cu(P)

K. Sailoh el al. / J. Chromalogr. 609 (1992) 341-347

Plate Solvent. RF X 100

POR TMP TPP TIP TMPP TFPP TCPP TNPP TBPP TPyP ETIO OEP

Silica gel Cyclohexane 4 0 0 0 0 0 0 0 0 0 I 2
Carbon tetrachloride 37 18 44 42 0 54 77 0 18 0 25 50
m-Xylene 93 88 SF" SF 32 SF SF 24 SF 0 SF SF
Toluene 87 SF SF SF 0 SF SF
Trichloroethylene 77 75 95 96 6 SF SF 2 85 0 93 SF

Cellulose Hexane 35 13 24 22 0 6 4 0 0 0 18 32
Cyclohexane 47 19 44 43 3 9 12 2 0 0 21 41
Methylcyclohexane 27 60 60 24 0 26 54
Carbon tetrachloride SF 95 SF SF 80 82 94 II 87 0 97 SF

NH 2-silica Cyclohexane 4 0 4 4 0 3 5 0 0 0 4 7
Carbon tetrachloride 43 53 76 82 16 77 88 0 49 0 76 88
m-Xylene 82 84 98 SF 64 SF SF 32 95 0 SF SF
Trichloroethylene 80 88 SF SF 64 SF SF 26 SF 0 SF SF
Carbon disulphide 52 54 80 84 8 69 91 0 48 0 70 79

ODS Methanol 17 5 5 4 7 10 4 34 0 0 2 3
Ethanol 32 10 28 21 31 43 20 70 15 0 12 20
I-Propanol 36 16 47 44 54 63 51 85 36 0 26 41
I-Butanol 45 25 67 64 75 81 70 SF 58 0 42 60
Acetone 79 59 72 64 75 81 70 SF 58 o. 42 60
Acetonitrile 19 7 3 0 5 6 0 25 0 0 4 4
Ethyl acetate 89 74 SF 98 SF SF SF SF SF 0 85 91
DMF 91 77 73 55 84 77 68 88 53 87 50 40

a SF = Moved with the solvent front.

phenyl groups presumably increases the distance In the series of meso-tetrakis(para-substituted-
separating the porphyrin plane from the silica gel phenyl)porphines and also of their copper complex-
surface. The bulky phenyl moieties weaken the ad- es, the mobility tends to decrease in the order of
sorption of H 2TPP and Cu(TPP) compared with porphyrin ligands TCPP > TFPP > TTP ~ TTP
H 2POR and Cu(POR), respectively. With TMP, > TBPP > TMPP > TNPP, although some irreg-
the methyl groups bonded to the porphyrin nucleus ularities are found with different solvents. A few
are relatively compact so that the groups interfere examples of the plots of R M versus the Hammett
little with the interaction between the porphyrin nu- constant (Jp of the substitutent group [16] bonded to
cleus and the silica gel surface. The enhancement of the para-position of the phenyl moiety of such a
charge density localization in the porphyrin nucleus porphyrin are shown in Fig. 3.
due to the bonding of electron-donating methyl Fig. 3 shows that the adsorption of both H 2P and
groups with the porphyrin nucleus is regarded as Cu(P) tends to be weakened, approximately in pro-
one of the factors contributing to the stronger ad- portion to the increase in the electron-withdrawing
sorption of H 2TMP than H 2POR and also Cu ability of the substituent group, except for N02,

(TMP) than Cu(POR). H 2TPyP and Cu(TPyP) bonded with the phenyl moieties of the TPP struc-
were adsorbed so strongly that they hardly migrat- ture. It is concluded that the substituent group af-
ed from the origin with a variety of solvents. Strong fects indirectly the electron density and its local-
interaction between pyridyl group(s) [basic nitrogen ization on the porphyrin nucleus interacting with
atom(s) in particular] and acidic silanol group(s) on the active site on the surface of silica gel. The nitro
the surface of silica gel is suggested as the reason. group is the most polar of the substituents of pres-
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The chromatographic migration characteristics

ofR2P and Cu(P) on an NR2-silica plate are similar
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to those found on both silica gel and cellulose in the
following respects: (1) the mobility ofHzP is small
er than that of Cu(P) with an identical solvent; (2)
the mobilities of HzTNPP and HzTMPP are small
er than those of other para-substituted tetraphenyl
porphines, and analogous mobility trends are found
with their copper complexes; (3) both HzTPyP and
Cu(TPyP) are adsorbed so strongly that they hardly
move with any of the solvents tested; (4) the mobil
ity of alkylated porphyrins increases with increasing
the bulk of the alkyl substituent group, i.e., TMP <
ETIO < OEP. Fig. 4 shows typical mobility trends
for HzP and Cu(P) on an NHz-silica plate.

The mobility of HzP on an NHz-silica plate was
between those on silica gel and cellulose plates with
an identical solvent, and similar mobility trends
were found also for Cu(P).

-----------------------------:
-2 . 0 '------'_---'_--'-_--'-_--'-_--'-_-'-_---1

200 400 600 800 1000

Mol. wt. of H2P

-1.0

2.0 ,---,----,---,----.----r----,-----,---,

p.- - - - - - - -- - - - .,. - - --- -e- -- - - ---

1.0

ODS plate
The mobility of HzP was larger than that of the

corresponding Cu(P) with an identical solvent. TPP
analogues substituted with polar groups, such as
methoxy [HzTMPP and Cn(TMPP)] and nitro
[HzTNPP and Cu(TNPP)], showed larger mobili
ties than the parent compounds [HzTPP and Cu
(TPP)]. These migration trends are the reverse of
those found on polar adsorbents, such as silica gel,
cellulose and NHz-silica.

The migration sequences of the different HzPs

Fig. 4. RM values of (0) HzP and (e) Cu(P) on an NHz-silica
plate with carbon tetrachloride. The broken line indicates R

M
=

- L7 or L7.

0..
0 0..

0.. 0..
CD 0.. 0.... .... ....

0.. .... 0..
0.. 0..
:E • w- 0...... A .... 0..

A 0.. Z
0.. ....

A 0

e ....
e

e A

e
0 0

·0

(Jp

Fig. 3. Plots of the RM of (. and 6) para-substituted tetra
phenylporphines and (e) the copper complex versus the Ham
mett constant (J p of the substituent. HPTLC plate: silica gel. Sol
vents: 0 = m-xylene; 6 = trichloroethylene; e = carbon
tetrachloride. The broken line indicates RM = -1.7 or 1.7.

-1.0

rf 0.0

1.0

ent interest, and electron resonance occurs between
the nitro and phenyl groups. The strong adsorption
of HzTNPP and Cu(TNPP) on silica gel is presum
ably attributable to the direct interaction of the ni
tro group with the active sites on the surface of sil
ica gel in addition to the interaction between the
porphyrin nucleus and silica gel.

In the series of alkylated porphyrins, such as
HzTMP, HzETIO and HzOEP, and also of their
copper complexes, the mobility tends to increase
with increase in the bulk of the alkyl moieties of the
porphyrin molecule.

Cellulose plate
The mobilities of both HzP and Cu(P) on a cellu

lose plate were larger, in most instances, than those
on both silica gel and NHz-silica plates with an
identical solvent. HzTPyP and Cu(TPyP) were so
strongly adsorbed on cellulose that they did not
leave the origin with any of the solvents tested. The
mobility of a HzP was smaller than that of Cu(P)
with an identical solvent.
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Fig. 5. RM values of (0) H2P and (e) Cu(P) on an ODS plate
with (a) ethanol and (b) DMF. The broken line indicates R

M
=

1.7.

and also of the Cu(P)s depended on the solvent
used. The mobility trends for porphyrins observed
with ethanol and dimethylformamide (DMF) are
compared in Fig. 5. It is noted that both H 2TPyP
and Cu(TPyP) do not leave the origin with various
polar solvents, whereas they can migrate close to RF

= 0.9 with DMF.
The dependence of the mobility trend of alkylat

ed porphyrins on the solvent is complicated. The
increasing orders of mobility are as follows:
H 2ETJO ~ H 2TMP ~ H 2 0EP in methanol;
H 2TMP < H 2ETIO < H 20EP in alcohols, such as
ethanol, I-propanol and I-butanol; H 2ETJO ~

H 20EP < H 2TMP in aprotic solvents such as ace
tone, ethyl acetate and acetonitrile; and H 20EP <
H 2ETJO < H 2TMPinDMF. Further, the mobility
order Cu(TMP) < Cu(ETJO) < Cu(OEP) is found
with acetone, ethyl acetate and alcohols other than
methanol, whereas the reverse order occurs with
DMF. Solvent effects on the dimerization or aggre
gation of alkylated porphyrins, the solvation of the
alkyl moiety of ODS and the interaction with un
alkylated sites on the surface of ODS are possible
reasons, but not clear evidence sufficient for an ex
planation has yet been obtained.

K. Sai/oh e/ al. / J. Chroma/o!!r. 609 (1992) 341-347

CONCLUSIONS

It has been confirmed that the mobilities ofH2Ps
and Cu(P)s depend considerably on the thin-layer
adsorbent and on the developing solvent used. Each
porphyrin always has a smaller mobility than its
copper complex on the HPTLC plates coated with
polar adsorbents, such as silica gel, cellulose and
NH2 -silica, whereas the reverse tendency occurs on
an ODS plate. Both H 2TPyP and Cu(TPyP) show
small mobilities on all the HPTLC plates tested
with different solvents, whereas they show specifi
cally large mobilities with the combination of an
ODS plate and DMF.

The difference in mobilities between H 2Ps and
Cu(P)s on a silica gel plate is greater than those
observed on other plates. Accordingly, silica gel is
recommended as an effective adsorbent for the
HPTLC separation of a Cu(P) from the corre
sponding H 2P. For the separation of porphyrins or
their copper complexes, the most effective combina
tion of the adsorbent and solvent should be chosen
according to the compounds to be separated. The
migration behaviour of alkylated porphyrins on an
ODS plate in particular depends considerably on
the solvent used.
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ABSTRACT

In order to select in vitro wheat embryos with a high level of resistance to the fungal pathogen Septoria nodorum (Berk.), extracts from
Septaria cultures grown on infected wheat grains were prepared. One of their toxins, mellein, was identified by thin-layer chromatogra
phy and its content determined by high-performance liquid chromatography using UV light and fluorescence detection. Synthetic
(± )mellein was used as standard. We investigated two techniques of Septaria cultivation, different methods of mellein extraction and
the stability of the extracted mellein. In these experiments, the content of mellein in fresh fungal cultures amounted to 46 mg/kg, but in
the dry material only 21 mg per kg of dry matter were recoverable.

INTRODUCTION

Fungal infection is a cause of significant yield
losses in grain crops. The fungus Septoria nodorum,
a prominent wheat parasite [1,2], retards germina
tion and growth of seeds and young plants and sup
presses carbon dioxide assimilation [3-7]. A high
level of resistance to this pathogen is, therefore, an
important selection criterion for wheat breeders.
Because determination of resistance using tradition
al techniques is a lengthy process, the development
of in vitro methods to test embryos or plant tissues
using extracts of Septoria cultures or of one of its
identified toxins was undertaken.

Previously, we have tested extracts from infected
wheat plantlets, prepared by the Kietreiber test
method [8]. The extracts were separated using thin
layer chromatography (TLC) [7] and/the biological
activity of some of the bands visibl6 with UV light

Correspondence to: Dr. J. Sachse, Swiss Federal Research Sta
tion for Agronomy, Reckenholz, CH-8046 Zurich, Switzerland.

was examined. We could confirm growth suppres
sion of coleoptiles and roots of germinating wheat
grains.

For our biological assays, a pure fungus toxin
with a known content in Septoria cultures is neces
sary as a standard. Since none of the Septoria toxins
was commercially available, mellein (3,4-dihydro-8
hydroxy-3-methylisocoumarin), which is well
known and synthesizable, was chosen. For the iden
tification and determination of mellein, we decided
to use TLC and high-performance liquid chroma
tography (HPLC), respectively, an elegant alterna
tive to biological tests for determining the content
of numerous mycotoxins. This technique has been
used particularly for the isolation and purification
of mycotoxins needed for tests on plant material.
As yet, no determinations of Septoria toxins by
HPLC have been reported in the literature. How
ever, there is one publication on the determination
of mellein and other toxins in filtrate cultures of
Aspergillus ochraceus [9]. Filtrates of cultures con
tain fewer interfering substances than extracts from
wheat grains infected with S. nodorum. Therefore,

0021 -9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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we first had to develop a method suited to our re
search; this is the subject of this paper.

EXPERIMENTAL

Cultivation of S. nodorum on wheat grains
Two procedures were used for the cultivation of

S. nodorum:
(a) According to Fried [10], yielding a brown,

finely crushed, dry powder (cultivation a).
(b) According to Kietreiber [8], consisting of fun

gus grown on grains germinating on a substrate of
wet filter paper (cultivation b).

Extraction
(a) A 30-g aliquot of dry powder (water content

12.75%) was extracted for at least 8 h (or preferably
overnight) with 450 ml of ethyl acetate in a Soxhlet
apparatus. For the biological test, 100 g of the
powder must be extracted and processed. It may be
necessary first to remove lipids from the material by
extraction with petroleum ether (b.p. 40/70°C) for 3
h.

(b) The wet grains and the filter paper from two
dishes were cut into pieces of approximately 1. cm 2,

crushed in a mortar and extracted in a Soxhlet ap
paratus.

The extracts were concentrated under vacuum at
50°C to an oily consistency. Residues of ethyl ace
tate, free acetic acid and oxygen were removed with
a stream of nitrogen. The concentrated extract was
then flushed with ethyl acetate into a 25- or 100~ml

measuring flask, depending on the amount of the
extracted material. If necessary, the solution was
diluted prior to measurement.

Identification ofmellein
Thin-layer chromatography. As a standard, (±)

mellein, synthesized by Fluka (Buchs, Switzerland)
(m.p. 38-40°C) was used. It had a purity of 98%
(gas chromatography) and absorption maxima at
246 and 314 nm in ethanol, with molar extinction
coefficients of 6740 and 4350, respectively. These
data correspond to those in the literature [11,12].

Thin-layer plates (10' x 20 cm) were prepared
with silica gel (Art. 7731; Merck, Darmstadt, Ger
many) and with silica gel with fluorescence indica
tor (Art. 7730, Merck) as follows: 2.75 g of silica gel
suspended in ethanol-water (9:1, v/v) were poured
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onto the plate. The eluent was light petroleum (b.p.
40-70°C)-ethyl acetate (60:40, v/v); the R F of 10 Jig
of mellein is 0.62. For polyamide plates (10 x 20
cm), 1 g of polyamide Woelm (lCN Pharmaceu
ticals, Eschwege, Germany) with an addition of 0.2
g of cellulose MN 300 (Macherey-Nagel, Duren,
Germany) was suspended in 6 ml of 96% ethanol
and dispersed on the plate. The eluent was ethanol
water (40:60, v/v), RF 0.38. On thin-layer plates,
mellein was detected with the following spray re
agents: 1 M sodium hydroxide, ammonia, ferric
chloride (1 % in water) and reagents according to
Krebs et al. [13], Nos. 3, 91, 108 and 230. For two
dimensional TLC, 20 x 20 cm plates were used
with twice the amount of the sorbents mentioned
above and the same eluents.

High-pelformance liquid chromatography. The ex
perimental conditions for mellein determination
were as follows: pump series 3B; UV detector LC 75
with autocontrol, 246 nm, 16 a.u.f.s.; fluorescence
detector LS-3B, excitation 326 nm, emission 458 nm
(Perkin-~Imer, Norwalk, CT, USA); sample injec
tor 7125 with 20-JiI loop (Rheodyne, Cotati, CA,
USA); recorder W + W 320 (Scientific Instru
ments, Miinchenstein, Switzerland); integrator 4290
(Spectra-Physics, San Jose, CA, USA); column
ODS Hypersil 5 Jim, 250 x 4 mm J.D. (Hewlett
Packard, Corvallis, OR, USA); eluent acetonitrile
(Merck Art. 14291), double-distilled water (propor
tions below), Fontavapor 285 (Biichi Laboratori
ums-Technik, Flawil, Switzerland), flow-rate I ml/
min, chart speed 10 cm/h.

A 0.5-Jig aliquot of pure mellein was eluted by
acetonitrile-water (80:20, v/v) in 3 min. However,
for its detection in the above-mentioned extracts, an
acetonitrile-water ratio of 30:70 (v/v) was neces
sary. Its retention time in this case amounts to 21
min (see Fig. I). Prior to injection, the extracts were
filtered through a 0.5-pm filter FHLP 01300 (Milli
pore, Bedford, MA, USA). The mellein peak is
identified in four ways: by comparison with an ex
tract from non-infected wheat grains, by addition of
pure meIJein to an extract, by recording the absorp
tion spectrum with the UV detector and the auto
control and fluorescence detection.

Determination ofmelleili content
A plot of the extinction at 246 nm of l0-50 Jig of

mellein per m'l of ethanol results in a straight line.
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Fig. 1. HPLC of a Sep/oria extract from cultivation a. A 100-g
aliquot of powder extracted 15 h according to Soxhlet. The con
centrate was dissolved in 50 ml of ethyl acetate and diluted I: 10.
Detection by fluorescence. For chromatographic conditions, see
the Experimental section. Numbers at peaks indicate retention
times in min.

But in this investigation, the more intensive and
specific fluorescence was preferred. Here, a linear
response is obtained between 0.01 and I /lg of mel
iein per ml of ethanol. The detection limit was 5 ng
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at a signal-to-noise ratio of 2. As the external stan
dard 0.2 /lg of mellein was chosen for peak integra
tion.

RESULTS AND DISCUSSION

For mellein extraction, ethyl aCl:late is' superior
to more polar and non-polar solvents. An extrac
tant with a boiling point above 75°C and a medium
polarity is indicated. Under such conditions, the
sample must be extracted in a Soxhlet apparatus for
at least 8 h, or preferably overnight. Prior extrac
tion with petroleum ether does not cause a loss of
mellein. Extraction by stirring at room temperature
or at 50°C gives significantly smaller mellein yields
from cultivation a. The isolation of mellein from
fungal cultures on wheat grains depends on their
consistency. Extraction is more difficult from the
powder obtained by cultivation method a than from
the wet material of method b. Stirring the latter at
room temperature for 4 h yields more mellein than a
Soxhlet procedure of equal duration. The result is
different when the material is carefully dried in a
desiccator before extraction. Then, despite grind
ing, mellein from the fungus culture b is less easily
extracted. This is apparently because of shrinking
of the grains, resulting in a stronger bond or de
struction of the toxin (Table J).

The detection, identification and determination
of mellein by TLC and HPLC is more handicapped
by interference by other substances -possibly re
sulting from oxidation during the drying process
when cultivation a is used. Thus, for this material, it
is necessary to carry out a two-dimensional TLC in
the same eluent or to use silica gel plates 35 cm long.
With cultivation b there are fewer problems with
both techniques.

The quick technique ofTLC was used for prelim
inary investigations of the possible occurrence of
mellein. To date, only the unspecific reagent ferric
chloride has been applied to detect mellein on thin
layer plates. We were interested in identifying mel
lein with a higher degree of certainty using different
colour reactions. On thin-layer plates mellein is vis
ible as a white-blue spot under long-wave UV light
and it quenches the fluorescence on plates with a
fluorescence indicator. With ammonia, it appears
cornflower blue; with ferric chloride violet-red;
with Echtblausalz B No. 91 [13] brown-orange; with
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TABLE I
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CONTENT OF MELLEIN IN FUNGUS CULTURES OF SEPTORIA NODORUM (BERK.), CULTIVATED ON WHEAT
GRAINS (mg PER kg OF DRY MATIER)

The values are the results of 2-4 total analyses.

Extraction procedure Cultivation a Cultivation b with filter paper"
and duration

Sample Dried and Sample Wet and Dried Dried and
amount (g) ground amount (g) crushed ground

Soxhlet
4h 100 10.5 13.5b 68.9

20.25 29.2 Extraneous
infection

8h 100 15.4
30 20.0 13.5 45.9 37.2
IS 20.4

IS h 100 20.9 6.7)

Stirring for 4 h
25·C 100 1.6 13.5 32.3 19.5 19.9
50·C 100 3.0 13.5 34.0

a The whole filter paper with wheat grains was cut into l-cm 2 pieces before each subsequent treatment.
b Pro plastic sheet 200 grains = 6.75 g.

alumium chloride No. 3 [13] intensive blue. With
Folin-Ciocalteus reagent No. 108 [13] a weak grey
ish-blue spot develops slowly. The most suitable in
dicator is Pauly's reagent No. 230 [13], which stains
mellein yellow, like sunflowers. Such a spot changes
to brown with 1 M sodium hydroxide solution.
Thus, mellein is detectable successively by four col
our tests on the same plate: UV light, ammonia,
Pauly's reagent (after drying the plate) and, finally,
by sodium hydroxide solution.

The experimental conditions described for HPLC
were optimal for the determination of meIIein. Us
ing methanol instead of acetonitrile as eluent, alter
ing the acetonitrile-water proportion or the flow
rate, or substituting the ODS Hypersil column by a
LiChrospher RP-18 did not improve the separation
of mellein from the other substances in the crude
extract.

Mellein is most stable in concentrated oily ex
tracts treated with nitrogen and stored at - 20·C in
the dark. Mellein is not volatile under vacuum (wa
ter-jet pump) and is thermostable. The nitrogen
treatment removes ethyl acetate, free acetic acid
and oxygen residues; without this treatment, only
60% of the mellein content can be determined. Half

the meIIein was lost within a week when the extracts
werediluted with ethyl acetate and stored in the
refrigerator or at room temperature in day light or
in the dark.

Using the described methods, the meIIein content
of the analysed material amounted to 21 mg per kg
of dry matter from cultivation a, but 46 mgjkg from
cultivation b. The latter material is less homogene-·
ous; its mellein content depends on the degree of
Septoria infection of the single grain, the fungus
growth and the mellein production. The mellein
content of cultivation b is considerably increased
when the grains are infected with other fungi in ad
dition to Septoria (Table I). The relative standard
deviations of the determination of pure meIIein,
within and between extracts, are shown in Table II.
Recovery tests were performed with uninfected
wheat grains spiked with different amounts of mel
lein: 96% recovery was obtained from 20 mg of
mellein per kg of wheat, 94% from 5 mgjkg and
89% from 1 mgjkg (n = 3; relative standard devia
tion 1.85, 2.46, 3.74%, respectively). The detection
limit was 500 Jig of mellein per kg of wheat at a
signal-to-noise ratio of 2. MeIIein is not detectable
on heavily infected wheat grains without Septoria
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TABLE II

PRECISION AND ACCURACY OF MELLEIN DETERMINATION
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Amounts of mellein Relative standard deviation (%) (n = 3)

Within extracts Between extracts

Pure mellein
50 ng per 20 III of ethanol

100 ng per 20 III of ethanol
200 ng per 20 III of ethanol

Extracts from
Cultivation a
10 mg per kg of dry matter
15 mg·per kg of dry matter
20 mg per kg of dry matter

Cultivation b
20 mg per kg of dry matter
30 mg per kg of dry matter
45 mg per kg of dry matter

1.40
1.35
1.32

2.90 5.85
2.75 5.79
2.67 5.70

2.59 8.35
2.55 8.10
2.50 7.65

cultivation. This result and those in Table I show
that mellein is produced in the mycelium and is de
stroyed to different degrees when the mycelium per
ishes.
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ABSTRACT

The mechanism of the fractionation of two-block AB copolymers (BC), consisting of polystyrene (PS) as block A and poly(tert.-butyl
methacrylate) (PtBMA) as block B, was studied by thin-layer chromatography (TLC). It is shown that under the critical conditions for
TLC [critical TLC (CTLC»), the PS blocks of BC are fractionated by the mechanism ofexclusion TLC (ETLC) of the PS block (whereas
the PtBMA block ofBC is chromatographically invisible) and the PtBMA blocks ofBC are fractionated by ETLC of the PtBMA block
(whereas the PS block of BC is chromatographically invisible). The molecular weights (MW) of BC were determined by the ETLC
method and those of PS and PtBMA blocks under the conditions of CTLC (PtBMA)-ETLC (PS) and CTLC (PS)-ETLC (PtBMA).
The calculated compositions of the analysed BC correspond to the data calculated from the kinetics of copolymerization and micro
column exclusion chromatography.

INTRODUCTION

The molecular weight distribution (MWD) and
compositional inhomogeneity (CI) of block
copolymers (BC) are the main characteristics that
disclose the synthesis mechanism and make it pos
sible to predict their properties.

The analysis of the CI of BC is considered in
many investigations in which classical and chro
matographic methods of fractionation have been
used (for reviews see refs. 1-3),

When BC exhibit complex heterogeneity (with re
spect to MWD and CI), the only method for their
reliable analysis is based on cross-fractionation [1].
When the compositional distribution of BC is nar
row, their MWD may be determined relatively pre
cisely by using one-dimensional fractionation, e.g.,
by using dual-detector exclusion chromatography

Correspondence to: B. G. Belenkii, Institute for Analytical In
strumentation, Russian Academy of Sciences, Rijsky Prospect
26, 198103 St. Petersburg, Russia.

(with continuous determination of the fractional
composition) [4].

The chromatographic cross-fractionation of BC
may be carried out most effectively by using chro
matography under critical conditions, which is the
most selective type of polymer chromatography. On
the basis of modern concepts of the theory of crit
ical phenomena in the adsorption of macromole
cules on porous adsorbents, a theory of liquid chro
matography of polymers has been developed in re
cent years. This theory shows that exclusion (EC)
and adsorption (AC) chromatography are separat
ed from each other at a critical point at which the
first-order phase transition takes place with a distri
bution coefficient Kd = 1 and the macromolecules
pass from the adsorbed state into solution with a
very slight change in eluent composition or temper
ature [5-9]. It has been shown theoretically [10,11]
that conditions of critical chromatography (CC) ex
ist under which heteropolymers (copolymers and
functional oligomers) can differ only in the size
(molecular weight, MW) of one of the components,
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whereas the second component is under the critical
conditions and is chromatographically "invisible",
i.e., it is in the state in which its Kd is independent of
MW. As applied to BC, CC may be used for sep
aration according to the size (MW) of one of the
blocks (chromatographically "visible"). The frac
tions obtained may be characterized according to
the MWD with the aid of other chromatographic
methods, e.g.; EC, which makes it possible to ob
tain a complete picture of BC heterogeneity (MWD
and CI).

THEORETICAL

We shall now consider some theoretical aspects
of BC chromatography. The composition of a two
block AB copolymer will be characterized by the
fraction of component A:

(1)

B. G. Befenkii et af. / J. Chromatow. 609 (.1992) 355-362

-,lIG
Be

0.1 0

o
~O-l-__

0.1-1------
0.2W-_--~

(5)

Fig. I. Gibbs energy ofHC adsorption (- LlGnd versus energy of
interaction of a segment of block B with the adsorbent surface
(-en)'

where N is the unit number. Let us assume that the
units of the B type are "tacky", i.e., they ·are ad
sorbed on the pore surface, whereas those of the A
type are adsorptionally inactive and, hence, are in
the pore volume. The theory shows that at a fixed
interaction energy between BC segments and the
adsorbing surface, - 8A and - 88 in kTunits (where
k is Boltzmann's constant and T is the temperature
in kelvin), a critical BC composition, ~Xr, exists at
which all chains with ~A < ~Xr are adsorbed and all
chains with ~A > ~Xr are in solution (in the mobile
phase). In this instance the change in the Gibbs en
ergy of BC with ~A = ~~r (in kT units), - LlG8C, is
equal to zero. Under these conditions, the distribu
tion coefficient of the macromolecule is Kd = exp
(- LlG) = 1. The result of the change in - LlG in
chromatography is the chromatographic mobility,
RF :

1
RF = 1 + (VpfVo)exp( - LlG)

(2)

(- 811 > - 8A)' BC differ in composition ~A (block A
size). The curve for ~A = 0 corresponds to the ho
mopolymer B, and the curves for ~ = 0.1 and ~A =
0.2 correspond to BC for which the MW of block A
is 10% and 20% of that of block B, respectively.
When - 811 is increased (by decreasing the displacer
content in the eluent), the following successive chro
matographic conditions may be distinguished (they
are characterized in Fig. 1 by figures in parenthe
ses):

(I)ExclusionchromatographyofBC( - 88 < - 8~r )

with exclusion separation of BC according to the
size of the macromolecule (proportional to MWBC

= MWA + MWB).

(2) Critical chromatography of block B (- 8B =

- 8~r) with exclusion separation of BC according to
the size MW of block A (block B is chromatograph
ically "invisible"Q).

where Vp and Vo are the pore and the interparticle
volumes, respectively, of the sorbent.

Fig. 1 shows the dependence of the Gibbs energy,
- LlG8C, of adsorption of BC that contain B blocks
with the same dimensions (MW8 = constant) on
the interaction energy (in kTunits) with the surface
of the segments of the more "tacky" block B, - 88

a The conditions of pre-critical (pTLC) and near-critical
(NTLC) TLC of block H [around point (2): - en = - e~1 could
also be distinguished but they are not of interest from the ana
lytical standpoint. The purpose of the present work was to
carry out experimentally all the above chromatographic re
gimes ofTLC and to apply these TLC variants to the determi
nation of the polydispersity of the PS-PtBMA [polystyrene
poly(tert.-butyl methacrylate)] block copolymers.
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(3) Pre-critical chromatography of block A (- 8~r

< - 8B < - 8B), where - 8B is the energy that corre
sponds to eluent composition critical for block A
(- 8A = - 8X

r
). In this instance adsorption separa

tion of block B according to length occurs with the
exclusion effect for block A (with increasing MWA

the value of - LlGBC decreases and the RF value of
BC increases).

(4) Critical chromatography of block A (- 8A =

- 8Xr at - 8B > - 8~r). In this instance the BC
curves with different ~A intersect at point P, at
which only adsorption separation according to the
length of block B can occur (block A is chromato
graphically "invisible").

(5) Near-critical chromatography of block A
( - 8A > - 8X

r
, - 8B = - 8B, - 8B » - 8~r). In this

instance separation according to the lengths of
blocks A and B (with increasing MWA the value of
- LlGBC increases and the RF value of BC decreas
es).

It can be seen from Fig. 1 that if the value of - 8B

is varied from + 00 to - 8~r (by increasing the dis
placer content in the eluent), gradual desorption of
BC will occur each time when we have - LlGBC (~A)

= °(Kd = 1) with a gradually increasing content of
the "adhesive" block B (with decreasing ~A)' The
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homopolymer B is desorbed last (at the point - 8B

= - 8~r). The selectivity of this process increases
with decreasing pore size of the adsorbent [10,11].

EXPERIMENTAL

Preparation of block copolymers
PS-PtBMA block copolymers of the AB type

were obtained by successive anionic polymerization
in an all-sealed vacuum system (10- 6 Torr) [12-14].
The PS precursors of BC were synthesized under
conditions that make it possible to obtain linear
narrow-disperse homopolymers [11]. After the com
pletion of PS polymerization with tBMA, samples
were collected from the reaction system. They were
reference samples of PS blocks of each Be. Accord
ing to the conditions of synthesis, BC can contain
homo-PS as a result of the reaction of the "living"
PS chains with possible impurities in the second
monomer (tMBA), but should not contain homo
polymers of the methacrylic monomer (PtBMA).

The MW of the PS precursors of BC were deter
mined by microcolumn exclusion chromatography
(MEC) [15].

Table I gives the MW of PS precursors of BC,
PtBMA and BC according to the data from MEC

TABLE I

MW OF BLOCK COPOLYMERS; PC PRECURSORS, PtBMA; PS AND PtBMA BLOCKS OF BC

Method of
determination

MW X 10- 3

Block copolymers PS precursors of BC PtBMA

BC-31 BC-21 BC-53 BC-41 BC-52 PS-30" PS-50" PS-20" 2 3

From poly
merization
conditions
TLC

PS block
from poly
merization
conditions
TLC

PtBMA
block from
polymerization
conditions
TLC

130
127

64.5
60

64.5
60

95
97

80
85

15
13

75
78

13.5
11

60
60

65
69

5
5

60
60

27
30

13.5
11

13.5
13

64.5
66

13.5
15

80
83

20
24

80
81

200
250

" Determined by microcolumn exclusion chromatography (MEC).
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Fig. 2. CTLC(PtBMA)-ETLC(PS) on silica gel Si 120. Eluent:
cyc1ohexane-toluene-MEK (9:1:2.3). (1,2) PtBMA with MW (1)
20 . Wand (2) 200 . W; (3) BC-52; (4) BC-53; (5) PS-50; (6)
PS-30. Figs. 2-6 show schematically homopolymers and BC in
the form of zones (open zones, PS; black zones, PtBMA; hatched
zones. Be). and their compositions as lines, the length of which
corresponds to the MW of polymers (figures indicate the MW
of polymers and BC blocks according to TLC data): - PS;
--PtBMA.

Critical TLC for PtBMA-exclusion TLC for PS
[CTLC(PtBMA)-ETLC(PS)J

For plates with silica gels Si 120 and Si 300, the
conditions of CTLC of PtBMA (eluent composi
tion) under which the PS samples undergo ETLC
were established. Under these conditions of CTLC
(PtBMA)-ETLC(PS), two pairs of BC with similar
MW of the PS blocks but differing in the MW of the
PtBMA blocks were chromatographed. Fig. 2
shows that on silica gel Si 120 PtBMA with different
MW (points 1 and 2) have the same RF values that

RESULTS AND DISCUSSION

and TLC and those calculated' from the polymer
ization conditions.

Exclusion TLC. Evaluation of the MW of block
copolymers, their PS pressures and PtBMA by
ETLC

According to the ETLC data in methyl ethyl ke
tone (MEK), calibration dependences of RF on log
M were plotted for PS standards on silica gels with
pore diameters of 120 A(Si 120) and 300 A(Si 300).
These dependences were linear on silica gel Si 120 in
the Mrange from 5.103 to 50.103 (exclusion limit
50 . 103

) and on silica gel Si 300 in the M range from
50 . 103 to 500 . 103

. By using these dependences,
the MW of BC, the PS precursors of BC and
PtBMA were determined with the aid of ETLC.
The results are given in Table LIt is clear that the
MW of BC obtained by ETLC, calculated from the
polymerization conditions and obtained by the
MEC are in good agreement.

Thin-layer chromatography
TLC was carried out by using commercial plates

on a glass support with KSKG silica gel.(pore diam-'
eter 120 A, 5-20-,um fraction) Reakhim (Moscow,
Russia) [16] with silica sol [16] as binder, or plates
prepared manually by the same procedure [16] with
LiChrospher Si 300 silica gel (pore diameter 300 A,
lO-,um fraction) (Merck, Darmstadt, Germany).
Prior to coating, the glass plates were washed in a
dichromate-sulphuric acid mixture, then thorough
ly washed with tap water and after coating they
were activated at 120°C for 30 min. The samples
were spotted from solutions (at a concentration of 5
mg/ml) of PS in carbon tetrachloride and or"
PtBMA and BC in chloroform in amounts of 2-3
,ug for Be.

The plate with the samples was saturated in
eluent vapour for 1 h, developed in the ascending
mode in an appropriate eluent and dried in an oven
at 180°C for 15-20 min. Detection was carried out
by spraying the plates with a 3.3% solution of po
tassium permanganate in concentrated sulphuric
acid with subsequent heating at 180°C for 15-20
min. The polymer zones developed as black spots
on a white background.

PS standards from Waters (Milford, MA, USA)
were used.
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correspond to Kd = 1 (the proof of CTLC condi
tions for PtBMA). In this instance BC (points 3 and
4) with the same MW of the PS block (13.5 . 103

)

and different MW of the PtBMA blocks (13.5 . 103

and 60 . 103
) have the same RF values (Kd < 1)

corresponding to the MW of the PS precursor (5)
with MW 13.5 . 103

. These results were confirmed
by CTLCCPtBMA)-ELCCPS) on silica gel Si 300. In
this instance BC with MW of the PS blocks equal to
64.5 . 103 and 80 . 103 and the MW of the PtBMA
blocks equal to 64.5 . 103 and 15 . 103 have RF

values corresponding to those ofPS precursors with
MW of 64.5 . 103 and 80 . 103

. These experiments·
showed that under the conditions of CTLC
(PtBMA)-ETLCCPS) the MW of the PtBMA block
does not affect the chromatographic behaviour of
BC which undergo chromatography under condi
tions analogous to the ETLC of PS which corre
spond to the MW of their PS blocks. The MW ofPS
blocks of BC determined under the conditions of
CTLCCPtBMA)-ETLCCPS) are given in Table I.
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Conditions for CTLC(PS)-ATLC(PtBMA) and
NCTLC(PS)-ATLC(PtBMA)

Figs. 3, 4 and 5 show the chromatograms corre
sponding to the conditions for CTLCCPS)-ATLC
(PtBMA), PCTLCCPS)-ATLCCPtBMA) and
NCTLCCPS)-ATLCCPtBMA), respectively, which
are easily determined from the natural arrangement
of the chromatographic zones of PS and BC with
PS blocks of different MW. In Fig. 3 the PS zones
with different MW are on the same level (CTLC of
PS). Under these conditions BC with PS blocks of

Fig. 3. CTLC(PS)-ATLC(PtBMA) on silica gel Si 120. Eluent:
cyclohexane-toluene-MEK-pyridine (9:0.4: 1.8: I). (1,2) PtBMA
with MW (I) 80· Wand (2) 20· W; (3) BC-52; (4) BC-21; (5-7)
PS with MW, (5) 498 . 103 , (6) III . 103 and (7) 10 . 103 .

" ~OOO

80120113t:
a1

as 4f1

4#8

I

Critical TLC for PS and adsorption TLC for
PtBMA

The conditions of CTLCCPS)-ATLCCPtBMA)
for BC with the same MW of the PtBMA blocks
correspond to point 4 in Fig. I. However, under the
CTLC conditions for PS on silica gel, even for rela
tively low MW PtBMA, we have Kd » 1, and the
PtBMA zones remain at the start. Under these con
ditions, it is impossible to distinguish chromato
graphically BC differing in the MW of th~ PtBMA
blocks. Ifpyridine, which has a high affinity for sila
nol hydroxyl groups, is added to the eluent, it is
possible to perform dynamic modification of the sil
ica gel, which converts it into an analogue of the
phenyl silica gel. The affinity of the phenyl silica gel
for PS exceeds that for PtBMA [3]. By varying the
amount of pyridine, it is possible to achieve the con
ditions of CTLCCPS)-ATLCCPtBMA), whereas at a
lower content, pre-critical TLC (PTLC) may be
achieved and at a higher content near-critical TLC
(NTLC) for PS and ATLC for PtBMA are achieved
(Fig. 1, states 3; 4 and 5, respectively). Finally, by
adding a still greater amount of pyridine to the
eluent, it is possible to invert the chromatogram
completely and to obtain CTLCCPS)-ETLC
(PtBMA) conditions.

I
123

.
456 7

10
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Fig. 4. PCTLC(PS)-ATLC(PtBMA) on silica gel Si 120. Eluent:
cyciohexane-toJuene-MEK-pyridine (9:0.4:1.7:1). For (1-7) see
Fig. 3.

Fig. 5. NCTLC(PS)-ATLC(PtBMA) on silica gel Si 120. Eluent:
cyclohexane-to!uene-MEK-pyridine (9:0.4:1.3:1.2). For (1-7)
see Fig. 3.

different MW and PtBMA blocks of the same MW
are also on the same level (have identical Rp values).
In Fig. 4 the RF value of PS zones increases with
increasing MW (PCTLC ofPS). In this instance BC
with the PS block of higher MW is placed higher
(has a higher RF value). Fig. 5 shows the decrease in
the RF value of PS with increasing MW because
adsorption on silica gel increases (NCTLC of PS).
Correspondingly, the RF value for BC (MWPtBMA =

constant) depends on the length of the PS block;
with increasing length of this block, RF decreases.

Critical TLC for PS-exclusion TLC for PtBMA
[CTLC(PS)-ETLC(PtBMA)}

Fig. 6 shows the TLC of BC under the conditions
of CTLC(PS)-ETLC(PtBMA). It is clear that PS 1
and 2 of different MW migrate at the same level (the
proof of CTLC for PS). The BC pairs 3-4 and 5-6
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Fig. 6. CTLC(PS)-ETLC(PtBMA) on silica gel Si 300. Eluent:
cycIohexane-toluene-MEK-pyridine (9:0.4:0.4:4). (1,2) PS with
MW (I) 10 . Wand (2) 200 . W; (3) BC-52; (4) BC-21; (5)
BC-31; (6) BC-41; (7-9) PtBMA with MW (7) 20 . W, (8) 80 .
103 and (9) 200 . 103 .

with similar MW of the PtBMA blocks (13.5 . 103,
15 . 103 and 64.5 . 103, 60 . 103

, respectively) but
with different MW of the PS block have the same
RF values values for each pair determined by the
MW of the PtBMA blocks. This can be seen if these
RF values are compared with those for PtBMA with
MW equal to 20 . 103 and 80 . 103 .

Hence, in this instance the conditions of CTLC
(PS)-ETLC(PtBMA) are observed, the PS block of
BC is chromatographically invisible and the com
parison with the ETLC ofPtBMA makes it possible
to evaluate the MW of the PtBMA block.
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The values of MW for the investigated BC and
their PS and PtBMA blocks obtained according to
the TLC data (Table I) show that they are in good
agreement with each other and with the data ob
tained from the polymerization conditions and
MEC.

In many instances BC are inhomogeneous and
contain homopolymer admixtures. They can be re
moved under the conditions of pre-critical TLC in
which the impurities of a more "tacky" homo
polymer are more intensively absorbed than BC
(their RF value is lower than that for Be). Homo
polymer admixtures may be separated from BC by
using stepwise TLC [17]. The authors separated PS
from BC with the aid of ETLC on a dry plate in
chloroform. Under the chosen polymerization con
ditions, the investigated BC dit not contain homo
PtBMA admixtures. If necessary, PtBMA may be
separated from BC with the aid of precipitation
TLC by using an appropriate solvent.

It may be assumed that the proposed method of
analysis of composition inhomogeneity of BC is
universal, and the mechanism of carrying out the
analysis under the conditions described here by nor
mal-phase and reversed-phase (with dynamic mod
ification of the silica gel) TLC is relatively easy. A
procedure for the determination of BC composi
tional inhomogeneity on the basis of this method
may be proposed.
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ABSTRACT

Previous work in chiral capillary electrophoresis has shown that the addition of methanol to the buffer can lead to either an increase
or decrease in separation. This behaviour is explained by a mathematical model. The proposed model is supported by new work on the
chiral separation of propranolol enantiomers using buffer systems containing methanol or acetonitrile.

INTRODUCTION

Capillary electrophoresis (CE) is a rapidly ex
panding separation technique which has been suc
cessfully employed in a wide range of analytical
problems. One area of great promise is the field of
chiral analysis. In this area separation is achieved by
the use of a range ofchiral selectors which are added
to the buffer [1-9] or trapped in a gel matrix [10].

An interesting feature seen in several of the
reports is the variation in the degree of separation of
the two enantiomers as the concentration of chiral
selctor is varied. In particular the separation in
creases with chiral selector concentration until a
maximum value is achieved. Further increases in
chiral selector concentration result in a decline in
separation. In an earlier paper we proposed a model
which explains this type of behaviour [11]. This
model was supported by experimental data on the
separation of propranolol using fJ-cyclodextrin and
a methyl substituted fJ-cyclodextrin.

Correspondence to: Dr. S. A. C. Wren, Pharmaceutical Depart
ment, ICI Pharmaceuticals, Macclesfield SKIO 2NA. UK.

In several of the reports the addition of organic
solvent to the buffer was also shown to have an
important effect on the separation. The reason for
this has been investigated in this paper by the use of
the separation model mentioned above. In addition
further work on the separation of the enantiomers of
propranolol involving the addition of methanol and
acetonitrile to the buffer is presented.

MODEL

In a previous paper [11] a model of the chiral
separation process was proposed as a working
hypothesis. The model is summarised below:

A~ B~

+ +
C C

H K 1 1~ K 2

AC~ BC /12 ;
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Molar concentration of chira! selector

Fig. I. Theoretical curves generated from eqn. 2 using /11 =
2' 10- 4 cm 2jV . s, /12 = I . 10- 4 cm2 jV . s and three sets of
equilibrium constants. From ref. II.
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where Ih is the electrophoretic mobility of the
analyte in free solution, f.lz is the electrophoretic
mobility of the analyte chiral selector complex and
K 1 and Kz are equilibrium constants. A and B are a
pair of enantiomers which have the same electro
phoretic mobility in free solution. They interact with
a chiral selector C dissolved in the buffer to form the
enantiomer-ehiral selector complexes AC and Be.
If the size of the chiral selector molecule is large in
comparison to that of the analyte it seems likely that
AC and BC will have similar size and shape, and
hence, as a first approximation, the same electro
phoretic mobility. If the exchange of A between the
free and bound forms is very rapid then the apparent
electrophoretic mobility of A, f.la, will be a function
of the proportion of the time A is free and the time it
is complexed, i.e.

(2)

_ ([A]) ([AC])
f.la = ([A] + [AC])f.ll + ([A] + [AC])f.lz (1)

Manipulation of eqn. I and a similar expression
which describes the apparent electrophoretic mobili
ty of B leads to an equation which describes the
apparent mobility difference between the two enan
tiomers (see eqn. 2).

[C] (f.ll - f.lz) (Kz - K 1 )

From eqn. 2 it is clear that the apparent mobility
difference will be zero if K 1 = Kz or f.ll = f.lz. In
addition the apparent mobility difference will be
zero if [C] = 0 or [C] is very large. This implies that
between these two extremes some value of [C] will
give a maximum apparent mobility difference and
hence a maximum separation of the two enantio
mers.

Eqn. 2 can be investigated by the substitution of
some plausible values for the equilibrium constants,
the electrophoretic mobilities f.ll = 2' 10- 4 cmz/
V . sand f.lz = I' 10- 4 cmz/V . s and a chiral
selector concentration range covering the values
typically seen in the literature.

Fig. I was generated by this procedure and shows
the apparent mobility difference as a function of
chiral selector concentration for three sets ofequilib
rium constants. In each of these sets K z is 10% larger
than K 1 • It is clear that the optimum chiral selector
concentration depends upon the size of the equilib-

rium constants. The greater the affinity of the
analyte for the chiral selector the lower is the
optimum concentration. This means that the best
chiral selector concentration for one analyte is
unlikely to be the best for another.

BACKGROUND

Guttman et al. [10] used fJ-cyciodextrin in a gel
matrix to separate the D and L forms of dansylated
amino acids. They found that the selectivity changed
when 10% ofmethanol was added to the buffer. For
three of the amino acids the selectivity decreased
whereas for the other nine it increased. The selectivi
ty increase for the aromatic amino acids was noted
in particular.

Fanali [5] used a buffer containing 40 mM of
fJ-cyciodextrin to separate the enantiomers of the
fJ-blocker propanolol. Methanol was added to the
buffer in proportions ranging from 0 to 40%. The
resolution at 0% was zero and the best value was
obtained at 30%.

These two results can be examined with the aid of
the proposed model.

With cyclodextrins it is assumed that the hydro
phobic portion of the analyte sits inside the hydro
phobic cavity. Therefore addition of methanol
would be expected to reduce the affinity of the
analyte for the cyclodextrin and increase it for the
bulk buffer, i.e. to reduce the size of the equilibrium
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constants K I and K2 • Whether this change in
equilibrium constants leads to an increase or de
crease in the apparent mobility difference (and hence
separation) will depend upon whether the concen
tration of cyclodextrin is above or below the opti
mum value for the original system. This can be seen
from Fig. 1.

Suppose for the first case we have a buffer with a
chiral selector concentration of 40 mM and equilib
rium constants of K I = 500 and K 2 = 550. If
methanol were then added such that the new equilib
rium constants were now K I = 100 and K 2 = 110
then the apparent mobility difference, and hence
separation, would increase by about a factor of
three.

In the second case suppose that we have a chiral
selector concentration of 10 mM and the equilib
rium constants for the two enantiomers were K I =
100 and K2 = 110. If then another buffer was
examined which contained the same chiral selector
concentration but enough methanol such that the
equilibrium constants were K I = 20 and K 2 = 22,
then the apparent mobility difference would de
crease to about half of the original value leading to a
decrease in separation.

According to the model, therefore, in Fanali's [5]
work the addition of methanol led to an increase in
the separation of propranolol enantiomers as the
concentration of fJ-cyclodextrin was above the op
timum for a methanol free buffer.

The model also predicts that the addition of
methanol could also lead to the opposite result, i.e. a
decrease in separation of the propranolol enantio
mers. This would happen if the original cyclodextrin
concentration was at or below the optimum value
for an organic solvent free buffer.

o.003 -,-------:------'----,

It was therefore decided to test this prediction by
the examination of the separation of the enantio
mers of propranolol (1-[ (1-methylethyl)amino]-3-1
naphthalenyloxy)-2-propanol in buffers which con
tained different amounts of methanol or acetonitrile
along with 40 mM lithium phosphate and 3.7 mM
"methyl"-fJ-cyclodextrin (MeBCD). In a previous
paper [11] it was shown that 3.7 mM MeBCD was
below the concentration for the optimum separa
tion.

EXPERIMENTAL

Experiments were carried out on PACE 2100 or
PACE 2000 systems (Beckman Instruments, High
Wycombe, UK). The separation capillary was fused
silica with an internal diameter of 75 flm, a total
length of 57 cm and a length of 50 cm from inlet to
the detector. The samples were loaded by a 2-s
pressure injection and separated at 25°C using a
voltage of20 kV. The data were recorded at 200 nm
using a 2 Hz collection rate.

Racemic propranolol was made at ICI Pharma
ceuticals, and MeBCD was a gift from Waker
Chemicals (Halifax, UK). The MeBCD had the 2-,
3- and 6-hydroxy groups partially substituted with
methoxy ones with the average degree of substitu
tion being 1.8.

The buffers were all 40 mM in lithium phosphate
(from lithium hydroxide and orthophosphoric acid)
and were prepared by mixing stock solutions of 50
mM lithium phosphate at pH 3.0; 370 mM MeBCD
in water; methanol or acetonitrile; and water in the
appropriate proporti6ns. The buffers were degassed
ultrasonically and filtered through 0.2 flm filters.
Propranolol was dissolved in water at 0.01 mg ml- I
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Fig. 2. The change in the separation of propranolol enantiomers with changing methanol concentration: (a) 0%, (b) 5%, (c) 19%.
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Fig. 3. The electrophoretic mobility difference (10- 4 cm 2fV . s)
between propranolol enantiomers as a function of methanol
concentration.

Fig.4. The change in resolution between propranolol enantiomers
as a function of methanol concentration.
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RESULTS AND DISCUSSION

The influence of organic solvent on separation in
chiral CE has been investigated using a simple
mathematical model. The model was strongly sup
ported by new work on the separation of propra
nolol in buffer systems containing methanol or
acetonitrile.

Further work is under way to check the applica
bility of this model to other chiral molecules.
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CONCLUSIONS

REFERENCES

might be expected to bring about a larger reduction
in the equilibrium constants. The results obtained at
six of the seven acetonitrile concentratuons are
shown in Fig. 5. The trend is even more pronounced
than that seen with methanol. As the acetonitrile
concentration increases from 0 to 15% the resolu
tion declines from baseline to zero. The measured
apparent mobility difference is shown in Fig. 6 and
from this it is clear that the loss of resolution is
caused by the loss ofapparent mobility difference. In
contast to the results with methanol (Fig. 2) it can be
seen from Fig. 5 that the addition of acetonitrile
leads to a decrease in migration times. The reason
for this is probab1ya o combination of differences in
viscosity [12] and the different amounts of time spent
as free propranolol and the more slowly moving
propranolol-eyclodextrin complex.

(3)

Apparent mobility difference
0.02 ,-------------------__--,

R
s
= 1.177 X (tz - (1)

(Wat + Wbt)

where (1 = migration time of the first enantiomer
and Wat = peak width at half height of the first
enantiomer.

Fig. 4 shows how the resolution measured using
eqn. 3 decreases from the baseline value of 1.5 at 0%
methanol to a value ofjust over 1 at 19%methanol.
Fig. 2 also shows that the migration times of both
enantiomers increases with increasing methanol
concentration.

The same experiments were also carried out using
acetonitrile as the organic solvent instead of meth
anol. Acetonitrile is less polar than methanol and so

Duplicate injections were made and the migration
times typically varied by less than 1%.

0.015

In Fig. 2 the separation at three of the seven
methanol concentrations are shown. It is clear that,
as expected from the proposed model, increasing the
methanol content leads to a significant decline in the
separation of the two propranolol enantiomers. The
reason for this is the decline in apparent mobility
difference. This can be seen in Fig. 3 where the
measured apparent mobility difference is plotted
against the methanol concentration.

The resolution (Rs) between the two propranolol
enantiomers can be measured using eqn. 3.

°o!:-----:,-----.L---.'--...l..--,.Lo------"2---'-'4-4.-J'.

Conc.of Acetonitrile (%)

Fig. 6. The electrophoretic mobility ditTerence (10- 4 cm 2/V . s)
between propranolol enantiomers as a function of acetonitrile
concentration.
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ABSTRACT

Glucose was investigated as a possible additive for the improvement of resolution in micelIar electrokinetic capilIary chromatogra
phy. Addition of glucose to the micelIar solution facilitated the complete separation of a mixture of nine nuc1eosides by both extending
the elution range and changing the selectivity. Extension of the elution range can be attributed to an increase in the electrophoretic
mobility of the micelIe. It is also apparent that glucose selectively reduces the distribution coefficients for solutes containing a hydrophil
ic functional group. This effect was valuable in the separation of some solutes with hydrophilic functional groups and large capacity
factors.

INTRODUCTION

Micellar electrokinetic capillary chromatography
(MECC), which was first introduced by Terabe and
co-workers [1,2], is an excellent separation tech
nique. In MECC, neutral species are separated on
the basis of their differential partitioning between an
electroosmotically pumped aqueous mobile phase
and an electrophoretically retarded micellar pseudo
phase. Commonly, micelles are formed from charg
ed surfactants such as sodium dodecyl sulphate
(SDS). Because of its high efficiency and resolving
power, MECC makes it possible to achieve excellent
separations of many mixtures, e.g., phenylthio
hydantoin-derivatized amino acids [3], ingredients
of antipyretic analgesics [4] and catechols [5-7].
However, in an early study, Terabe et al. [2]
indicated that the separation of solutes having low
or high capacity factors was difficult in MECC. To

Correspondence to: Dr. M. Taga, Department of Chemistry,
Faculty of Science, Hokkaido University, Kita-ku, Sapporo 060,
Japan.

." Present address: Faculty of Engineering, Kyushu Universi
ty, Hakozaki, Fukuoka 812, Japan.

separate these solutes several techniques have been
studied, including the addition to the background
electrolyte solution of additives such as cyclodextrin
[8], tetraalkylammonium salts [9] and many others
[10-12]. These additives are found to facilitate the
separation of compounds by means of a direct
interaction between additive and solutes and by
modifying partitioning between the two phases.

Balchunas and Sepaniak [13] discussed the resolu
tion of MECC in terms of the elution range. The
elution range of MECC is determined by the elution
time of the bulk solution (to) and of the micelles
(tmc). All neutral solutes are eluted within the range
defined by to and tmc. The ratio to/tmc is utilized as a
guide to the length of the elution range. A decrease in
the value indicates that the elution range has been
extended and therefore the resolution increased [2].
Extension of the elution range and improvement in
the resolution of MECC can be accomplished by
making to smaller or tmc larger. By making the
electroosmotic mobility smaller or the electro
phoretic mobility of micelles larger, tmc can be
increased because the net flow velocity of micelles is
the sum of the electroosmotic mobility and the
opposing electrophoretic mobility .. The simplest

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. AlI rights reserved
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method to increase the electrophoretic mobility of
micelles is to increase the SDS concentration [2].
However, the higher the SDS concentration, the
larger is the current required for applying a given
voltage because of the increased conductivity of the
bulk solution. A consequence to this larger current is
a degradation in the separation efficiency. To in
crease the electrophoretic mobility of the micellar
phase without increasing its concentration, Bal
chunas and Sepaniak [13] attempted to use sodium
decyl sulphate, which has a higher mobility than that
ofSDS because of its short alkyl chain, but this gave
poor reproducibility of the solute retention time.

Another approach to extending the elution range
involves adjustment of another important factor,
the electroosmotic mobility. Because it influences
both to and tme , the control of the electroosmotic
mobility does not necessarily lead to an extension of
the elution range. The electroosmotic mobility is
dependent on the pH of the solution, the solvent and
the state of the capillary inner wall. Some studies
have reported the use of an organic solvent to
control the electroosmotic mobility [14-16]. Several
modifications of the inner surface of fused-silica
capillaries have been attempted in capillary zone
electrophoresis or MECC [17,18]. We recently re
ported that the use of a cationic surfactant was
effective in controlling the electroosmotic mobility,
i.e., adsorption of a cationic surfactant controlled
the net charge on the capillary inner surface [19].

In this paper, we describe a new approach to
improving the resolution of MECC, that is, the use
of glucose as an additive. The addition of glucose to
the background electrolyte significantly improved
the separation of nine nucleosides. This enhanced
resolution can be explained by an extended elution
range and a change in selectivity. Glucose was found
to decrease the distribution coefficients of some
solutes into the micellar phase. Distribution coeffi
cients are selectively decreased for solutes having
hydrophilic functional groups. The usefulness of this
glucose effect is demonstrated in the separation of
phenanthroline analogues possessing high capacity
factors.

EXPERIMENTAL

Apparatus
Fused-silica capillary tubes of 50 ,urn J.D. were

T. Kaneta et al. / J. Chromatogr. 609 (1992) 369-374

obtained from Gasukuro Kogyo (Tokyo, Japan). A
high-voltage power supply, the Shimadzu (Kyoto,
Japan) IP-IB isotachophoretic analyser, was used
for applying the voltage. A CV4 variable-wave
length absorbance detector (ISCO, Lincoln, NE,
USA) was utilized to measure absorbance. Detec
tion was carried out by measuring the absorbance at
210 nm on the column at a position 20 cm from the
negative end of the capillary tube. A sample was
injected by moving the injection end of the capillary
to the sample reservoir and raising it above the other
end for a constant time. The electroosmotic veloci
ties of the bulk solution and the electrophoretic
velocities ofmicelles were evaluated from the respec
tive measurement of the methanol peak, which is
insoluble in the micellar phase, and the Sudan III
peak, which is completely soluble in it.

Conditioning of a new capillary followed the
method reported by Lauer and McMannigill [20].
The capillary was filled with 0.1 M KOH overnight,
then flushed for 15 min with water and finally
operated with buffer only before an experiment was
performed. After finishing the experiments the capil
lary was flushed and filled with the operating buffer
not containing surfactant.

Reagents
All reagents were of analytical-reagent grade and

used as received. Adenosine (Ad), guanosine (Gu),
cytidine (Cy), uridine (Ur), thymidine (Th), 2'-de
oxyadenosine (dAd), 2'-deoxyguanosine (dGu), 2'
deoxycytidine (dCy) hydrochloride and deoxyuri
dine (dUr) were obtained from Tokyo Kasei Kogyo
(Tokyo, Japan). Sample solutions were prepared by
diluting to 100 ml with doubly distilled, deionized
water after dissolving a stoichiometric amount of
each reagent in 20 ml of 0.1 M HCI. All other
reagents were obtained from Wako (Osaka, Japan).

The background electrolyte solution was pre
pared as follows. The required amounts of SDS and
glucose were dissolved in water and then 1-2.5 ml of
1M phosphoric acid were added to the solution. The
pH ofthe solution was adjusted to 7.0 by adding 1M
NaOH, and finally the solution was diluted to 50 mI.

RESULTS AND DISCUSSION

In MECC, which is based on the partitioning
between aqueous and micellar phases, the separa-
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Fig. I. Chromatograms of the test mixture of nine nucleosides.
I = Ur; 2 = Cy; 3 = dUr; 4 = dCy; 5 = Th; 6 = Gu; 7 = Ad;
8 = dAd; 9 = dGu. Capillary length, 700 mm; effective length,
500 mm; buffer, 50 mM phosphate (pH 7.0); temperature,
constant at 20°C. (A) 150 mMSDS, 35 J1A (12.2 kV); (B) 200 mM
SDS, 45 J1A (12.4 kV).

tion of solutes that are either only slightly soluble
(having low capacity factors) or completely soluble
(having high capacity factors) in the micellar phase
is difficult. Therefore, additional techniques are
required to separate these solutes with MECC. We
first tried to separate nine, nucleosides with low
capacity factors.

In Fig. lA, a chromatogram of the nine nucJeo
sides under ordinary MECC conditions is shown.
Utilizing 150 mM SDS solution, seven nucJeosides
were separated but Cy-dUr and Ad-d1\d could not
be separated. The simplest technique for the exten
sion of the elution range is to increase the SDS
concentration. The elution range with 200 mM SDS
solution (Fig. lB) is larger than that woth 150 mM
SDS (Fig. lA), but the separation between Cy-dUr
and Ad-dAd is not improved. A higher concentra
tion of SDS makes the conductivity of the bulk
solution higher, which is liable to generate a deleteri
ous amount of Joule heatin. Extension of the elution
range by increasing the SDS concentration is limited
by this effect.

Fig. 2. Effect of additives on the chromatograms: (A) 10%
methanol, applied voltage 13.5 kV; (B) 20% methanol, applied
voltage 15.8 kV; (C) 1.0 M glucose, applied voltage 17.8 kV. SDS
concentration, ISO mM; current, constant at 35 JLA. Other
conditions and solutes as in Fig. I.

Otsuka et al. [21] reported that the addition of
methanol to the background electrolyte was effec
tive in expanding the elution range and changing the
selectivity in MECC, so the effect of methanol was
investigated. As shown in Fig. 2A and B, the
addition ofmethanol improved the separation ofAd
and dAd but it was not effective in the separation of
Cy and dUro The separation window of the nine
nucleosides is narrow and the difference in the
retention time between nucJeosides is very short.
This leads to the conclusion that the addition of
methanol is effective for the separation of solutes
possessing high capacity factors [21] but not those
with low capacity factors.

Fig. 2C is the chromatogram obtained by utilizing
a solution containing 150 mM SDS and 1 M glucose.
The addition of glucose causes the separation win
dow to become wider and the voltage to become
larger than the same separation without glucose
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TABLE I

ELECTROOSMOTIC MOBILITY, ELECTROPHORETIC MOBILITY OF THE MICELLE AND THE ELUTION RANGE,
to/tmc, AT VARIOUS CONCENTRATIONS OF GLUCOSE

Capillary length, 500 mm; effective length, 300 mm; buffer, 20 mM phosphate containing 100 mM SDS (pH 7.0); temperature, 23°C.

Concentration
of glucose
(M)

o
0.25
0.5
1.0

Electroosmotic
mobility
(10- 4 cm2 S-I V-I)

5.4
4.5
4.0
3.0

Electrophoretic
mobility of micelle
(10- 4 cm 2 S-1 V-I)

-4.2
-3.6
-3.3
-2.6

0.23
0.21
0.17
0.12

(Fig. lA). It is readily apparent that the addition of
glucose improves the resolution of the Cy-dUr and
Ad-dAd peaks. However, a longer separation time
is observed compared with the other chromato
grams. Galactose and ribose showed the same effects
as glucose but sorbitol gave a slightly smaller effect.

In Table I, the effect of glucose on the electro
osmotic mobility, the electrophoretic mobility of the
micelle at 100 mM SDS and the elution range (to/tmc)

are shown. The ratio to/tmc is related to the electro
osmotic mobility, f..lco' and the electrophoretic mo
bility of the micelle, .f..lmc, by

~ = I + f..lmc (I)
tmc f..leo

where 0 > f..lmc/f..leo > -1. With increasing concen
tration of glucose both the electroosmotic mobility
and the electrophoretic mobility of micelles are
reduced. Most of this decrease will be explained in
the terms of an increase in the viscosity of the bulk
solution with an increase in glucose concentration.
However, the increasing in viscosity is not effective
in extending the elution range as shown in eqn. I,
because the mobilities are inversely proportional to
the viscosity of the solution. The decrease in the
electrophoretic mobility of the micellar phase gener
ally makes the elution range narrow, but neverthe
less the elution range appears to be extended. This
may be because the addition of glucose caused the
electrophoretic mobility of the micellar phase to
decrease but not as much as the electroosmotic
mobility, which indicates that the increase in t mc was
larger than that in to.

When the critical micellar concentration (CMC)

was examined in the presence of glucose, it was
found that at glucose concentrations of 0, 0.5 and
1 M the CMC of SDS was 8.1 (close to the estab
lished value), 7.4 and 6.5 mM, respectively. This
experiment was carried out by conductimetric titra
tion of each glucose solution at 25°C with 50 mM
SDS solution containing the same glucose concen
tration as the sample. The decrease in CMC is also
caused by the addition of inorganic salts [22] and
alcohols [23]. With sodium chloride addition, the
aggregation number increases with increasing con
centration of sodium chloride [22]. It is speculated
that a decrease in the CMC will increase the micelle
aggregation number and the concentration ofaggre
gated surfactant. Generally, the electrophoretic mo
bility of the miclle increases with an increase in the
micellar concentration in MECC [2]. It is considered
that the extension of the elution range is caused by
the increase in the electrophoretic mobility of the
micelle with increasing aggregated surfactant con
centration. However, the improvement in the resolu
tion for the nucleoside mixture by the addition of
glucose cannot be understood only in terms of
extension of the elution range because there is no
improvement, as shown in Fig. I.

Reversal of the elution order of Ad and dAd was
observed on the addition of glucose, compared with
the chromatogram obtained utilizing a 150 mM SDS
solution without glucose and applying a higher
voltage (14.5 kV). This reversal of elution order
means that there has been a change in the separation
selectivity, i.e., a selective change in the distribution
coefficients in the presence of glucose. We under
took an investigation of the distrihution coefficients
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However, the distribution coefficients ofphenol and
naphthalene were decreased by about 12% and that
of I-naphthol was decreased by ca. 25% in the
presence of 1 M glucose. It seems that this effect is
selective for solutes having high capacity factors and
hydrophilic functional groups such as nucleosides,
phenol and naphthol. The improvement in the
resolution for the nucleoside mixture could be
attributed to the selective decrease in distribution
coefficients.

Fig. 3 shows the chromatograms of a mixture of
several solutes having some hydrophilic functional
groups such as pyridyl and hydroxyl and high
capacity factors in a buffer containing 20 mM SDS
without glucose (Fig. 3A) and with 1.0 M glucose
(Fig. 3B). In Table In, the capacity factors and the
separation selectivities of the solutes in Fig. 3 are
shown (the separation selectivity, (x, is the ratio of
the capacity factors of the two components). The
capacity factors of all .solutes decreased on the
addition of glucose, but the extent of the decrease
was not uniform. Compounds such as 2,9-dimethyl-

TABLE II

DEPENDENCE OF DISTRIBUTION COEFFICIENTS ON
THE CONCENTRATION OF GLUCOSE

Conditions as in Table I except for the SDS concentration.

Solute Concentration of glucose (M)

0 0.25 0.50 1.0

Phenol 41.2 42.6 41.1 36.2
Benzene 88.3 92.3 92.3 91.0
Toluene 248 257 258 257
I-Naphthol 602 560 506 443
Naphthalene 1172 1155 1092 1014

for several solutes with relatively high capacity
factors.

The capacity factor, k', is defined as the ratio of
the total moles of the solute in the micellar phase to
that in the aqueous phase, and it can be expressed as
[2]

(2)

and
A 3

4
6

(3)
2

5

where tR is the retention time of the solute, K is the
distribution coefficient and Vme and Vaq are the
volumes of micellar and aqueous phases, respective
ly. When the micellar concentration is low, the
equation may be approximated by

k' = Kv(Csf - CMC) (4)

B 34

5

7

6

1
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1 ,

.
o 5 10

Time/min

Fig. 3. Chromatograms of a. test mixture. Capillary length,
500 mm; effective length, 300 mm; buffer, 20 mM phosphate
containing 20 mM SDS (pH 7.0); temperature, 24°C. I = 4,4'
Bipyridyl; 2 = 2,2'-bipyridyl; 3 = I-naphthol; 4 = 2-naphthol;
5 = 2,9-dimethyl-I,10-phenanthroline; 6 = phenanthrene; 7 =
Sudan III. (A) Without glucose, current 5 Jl.A (9.6 kY); (B) with
1.0 M glucose, current 15 Jl.A (19.5 kY).

where v is the partial specific volume of the SDS
micellar phase and Csf is the SDS concentration.
Assuming that vis constant, the distribution coeffi
cients of solutes were calculated from the plot of k'
vs. SDS concentration. However, nucleosides are
very hydrophilic and their distribution coefficients
were too small to determine. Therefore, we used
some aromatic compounds as test solutes. The
dependence of the distribution coefficients for the
test solutes on the concentration of glucose is shown
in Table n. The distribution coefficients of benzene
and toluene were not changed by addition ofglucose
(the relative standard deviations were about 2%).
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TABLE III

CAPACITY FACTORS, k', AND SEPARATION SELECTIVITY, ex, OF TEST SOLUTES

Solute Without glucose 1.0 M glucose

k' ex k' ex

2,2'-Bipyridyl 1.09
1.13

0.88
1.284,4'-Bipyridyl 1.23 1.13

I-Naphthol 2.43
1.04

2.18
1.04

2-Naphthol 2.52 2.26
2,9-Dimethyl-l, 10-phenanthroline 20.89

3.12
11.38

4.71Phenanthrene 65.19 53.59

1,IO-phenanthroline exhibited a large decrease in
comparison with others such as naphthols. The
addition of glucose allowed phenanthrene to be
sufficiently separated from Sudan III and increased
the separation selectivity between 2,2'-bipyridyl and
4,4'-bipyridyl from 1.13 to 1.28 and between 2,9
dimethyl-I, IO-phenanthroline and phenanthrene
from 3.12 to 4.71. The specific decrease in the
capacity factor of2,9-dimethyl-1 ,1O-phenanthroline
seems to be due to its hydrophilic functional group.

The detailed mechanism of the decrease in the
capacity factor on addition of glucose is not clear.
However, it is postulated that the distribution of a
solute to the micellar phase is suppressed by the
displacement of water from around the hydrophilic
functional group by glucose. In conclusion, glucose,
as an additive in MECC, seems to offer an interest
ing modification to the separation selectivity.

CONCLUSIONS

The addition of glucose to the background elec
trolyte in MECC resulted in an extension of the
elution range and improved separation selectivity,
thereby allowing the complete separation of a
mixture of nine nucleosides with low capacity fac
tors. The addition ofglucose brings about a decrease
in the distribution coefficients of solutes with high
capacity factors and hydrophilic functional groups.
Utilization of carbohydrates such as glucose is
expected to provide a new technique for the control
of the separation selectivity in MECC. This is a
preliminary report and therefore the mechanism is
not well understood; however, efforts are being
made to characterize completely the action of car
bohydrate additives.
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ABSTRACT

The main oxindole alkaloids from the root bark of Uncaria tamentasa were separated by capillary electrophoresis. The electrophoret
ic parameters for the separation of the six alkaloids were optimized by studying the impact of the buffer composition, the ionic strength
and the pH and the applied electric field on the separation efficiency of the analytical system. The best separation was achieved with a
fused-silica capillary tube and 20 mM phosphate running buffer (pH 5.6) at a constant voltage of.1O kV. The determination of oxindole
alkaloids in a crude methanolic extract of Uncaria tamentasa demonstrates the applicability of this method.

INTRODUCTION

Capillary electrophoresis (CE) is a powerful sep
aration technique that has become an important
analytical and micropreparative tool in peptide and
protein chemistry [1]. In addition to its special selec
tivity, the CE method provides short separation
times, small sample .requirements and virtually no
waste production. Therefore, it can be considered
as an ideal complement to high-performance liquid
chromatography (HPLC). In spite of these advan
tages, few papers have been published so far de
scribing the application of CE to the separation of
natural plant constituents [1,2]. In this paper, the
separation and determination of oxindole alkaloids
in Uncaria tomentosa with CE is reported.

Uncaria tomentosa (Willd.) DC. (Rubiaceae),
commonly known as "una de gato", is a woody

Carrespandence ta: Dr. Herman Stuppner, Institute of Pharma
cognosy, University of Innsbruck, Innrain 52, A-6020 Inns
bruck, Austria.

liana growing in South America. Decoctions of the
root bark are used in traditional Peruvian medicine
for the treatment of arthritis, gastritis, cancer and
certain epidermic diseases [3]. Phytochemical stud
ies of the root bark have shown the presence of tri
terpenes, some minor constituents and six main ox
indole alkaloids, which previously have been identi
fied as pteropodine, isopteropodine, mitraphylline,
isomitraphylline, speciophylline and uncarine F
(Fig. 1) [4-7]. Because of the wide range of phar
macological and biological activities of these com
pounds, their separation and determination are of
considerable interest.

So far, analyses for oxindole alkaloids have been
accomplished by thin-layer and gas-liquid chroma
tography and HPLC [5,8,9]. The application of
these methods to the separation of the stereoiso
meric oxindole alkaloids from Uncaria tomentosa
however, led to unsatisfactory resolution of adja
cent pairs of alkaloids. In this work, a CE method
for the rapid separation and determination of ox
indole alkaloids in Uncaria fomentosa extracts was

0021-9673/92/$05.00 © 1992 Elsevier Science'Publishers B.V. All rights reserved
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1 lsopteropodlne

o

2 Pteropodlne

o

Sample preparation
Alkaloids 1-6 (0.75-3.15 mg) were dissolved in 1

ml of methanol and diluted with the eluent buffer
(1 :5) in order to give final concentrations of 15-63
,ug/ml. Exhaustive extraction of 1.0 g of Uncaria
tomentosa root bark material was carried out with a
Soxhlet apparatus using methanol as solvent. For
qualitative and quantitative analyses the extract ob
tained was evaporated to dryness and the residue
dissolved in 1.00 ml methanol and diluted with
phosphate buffer (20 mM, pH 5.6) in a ratio of 1:5.
Mesityl oxide (diluted 1: 1250 with water) was added
to all sample solutions as a neutral marker (0.1 mIl
ml).

EXPERIMENTAL

Fig. I. Structures of the investigated oxindole alkaloids.

RESULTS AND DISCUSSION

Calibration
The calibration graph was obtained from stan

dard solutions containing the alkaloid 1 in concen
trations between 0.005 and 0.300 mglml in metha
nol-eluent buffer (1:5).

Analytical method
A Beckman CZE System 2000 (Model PlACE)

equipped with a UV detector, an automatic injec
tor, a temperature-controlled column cartridge (57
em x 75 pm J.D.) (Beckman No. 338427), an auto
sampler and a printer was used. The detection
wavelength was 254 nm. All experiments were car
ried out at 25T at a constant voltage of 10 kV.
When studying the effect of electric field on electro
phoretic mobilities, voltages between 5 and 20 kV
were used. Injections were made using the pressure
mode for 1 s each. When investigating the influence
of the sample volume on the resolution, sampling
times of 1, 3 and 5 s were used.

Phosphate buffer solutions (10-25 mM) were pre
pared by dissolving appropriate amounts of
NazHP04 and KHzP04 in doubly distilled water.
The pH of each buffer solution was checked with a
pH meter. All sample and buffer solutions were fil
tered through 0.45-,um filters (Sartorius, G6ttingen,
Germany). Between runs, the capillary was washed
with 0.1 M NaOH for 3 min, followed by equili
bration with running buffer (3 min).

The electropherogram of a model mixture of the
alkaloids isopteropodine (l), pteropodine (2), iso-

4 Uncarlne F

8 Speclophylllne

o

3 lsomitraphylline

5 Mitraphylline

Materials
Methanol, mesityl oxide, NazHP04 and

KHzP04 were purchased from Merck (Darmstadt,
Germany). The reference alkaloids 1-6 (Fig. 1) were
a gift from Professor J. D. Phillipson (University of
London). Plant material of Uncaria tomentosa (root
bark) was obtained from Mr. K. Kepplinger (Inns
bruck, Austria). A voucher specimen is deposited in
the Institute of Pharmacognosy, University ofInns
bruck.

developed. The influence of pH, the ionic strength
of the buffer and the applied voltage on the resolu
tion of oxindole alkaloids from Uncaria tomentosa
is discussed.
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Fig. 3. Effect of pH on electrophoretic mobilities (Pc) of alkaloids
1-6. pH, 5.0-6.6; other conditions same as in Fig.2.

(I)

mitraphylline (3), uncarine F (4), mitraphylline (5)
and speciophylline (6) is shown in Fig. 2. Baseline
separation of the six compounds could be achieved
in less than 15 min using a fused-silica capillary tube
with phosphate buffer (20 mM, pH 5.6) as running
electrolyte at a constant voltage of 10 kV. UV de
tection was performed at 254 nm. In this system the
alkaloids are positively charged and migrate faster
to the cathode than the neutral marker mesityrox
ide.

Optimization of the parameters was carried out
by investigating the influence of electrolyte compo
sition, pH, electric field and ionic strength on the
mobilities of 1-6. The parameter with the stron
gest influence on the mobilities of the alkaloids is
pH. As alkaloids are weak bases, an acidic buffer
system was chosen in order to ensure an adequate
degree of dissociation. Fig. 3 shows the mobilities of
the analytes at different pH values of the phosphate
buffer. The true electrophoretic mobility (Ile) was
calculated using the equation

where L is the total capillary length (cm), I the dis
tance from injection to the detector (cm), V the ap
plied voltage (V), tm the solute migration time (s)
and teo the hold-up time of the electroosmotic flow
marker mesityl oxide (s) [10]. The reproducibility of
the solute mobilities was good. Six analyses of the
standard mixture gave a relative standard deviation
of 0.66%.

It is evident from Fig. 3, that the alkaloids with
higher pK. values are eluted faster than those with
lower values [11,12]. The lower mobilities of the al
kaloids at higher pH values are due to the increased
electroosmotic flow. Excellent resolution (R.) of ad
jacent pairs of alkaloids was observed at pH of 5.6
(Fig. 4).

The influence of the electric field strength on reso
lution is shown in Fig. 5. As the number of theoret
ical plates is proportional to the applied voltage,
resolution was enhanced up to an electric field
strength of 175 Vfcm [13]. Beyond this point, the
resolution decreased as the voltage was increased
further. This is due to Joule heating effects [13,14].

Fig. 6 shows the effect of ionic buffer strength on
the separation efficiency of the system at a constant
voltage of 10 kV and a pH value of 5.6. In addition
to the higher current, increasing the buffer concen-

I
15

6

-6-1 ......... 3 +4 -B-2 "--*"6 ....... 6

5.0 5.2 5.4 5.6 5.8 6.0 6.2" 6.4 6.6

pH

2 3
T

0.001 AU
1

4
5 M

2

I
5

Fig. 2. Electropherogram of a model mixture of the alkaloids
isopteropodine (1), pteropodine (2), isomitraphylline (3), unca
rine F (4), mitraphylline (5) and speciophylline (6). M is the neu
tral marker mesityl oxide. Buffer, 20 mM phosphate buffer (pH
5.6); column, fused silica (570 x 0.075 mm J.D.); injection, pres
sure mode, 1s (4.8 nl); injected amounts (ng), (1) 0.32, (2,3) 0.30,
(4) 0.16, (5) 0.15, (6) 0.Q7, (M) 0.30; voltage, 10 kV; current, 17
pA; detection, UV at 254 nm; temperature, 25'C.
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Fig. 4. Effect of pH (5.0--6.6) on resolution (Rs) of the alkaloid
pairs 1-3, 3-4, 4-2, 2-5 and 5-6. Conditions as in Fig. 3.
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Fig. 6. Effect of buffer concentration on resolution (Rs) of the
alkaloid pairs 1-3, 3-4, 4-2, 2-5 and 5-6. Buffer, 10-25 rnM
phosphate buffer; other conditions as in Fig. 2.

4

2

Rs

aration of all compounds was achieved with a buff
er concentration of 20 mM. In contrast to the other
alkaloid pairs, the resolution of'the pair 2-5 de
creased on increasing the buffer concentration from
10 to 15 mM and from 20 to 25 mM.

The effect of injection volume on CE perform
ance has already been reported [15]. Accordingly,
zone distortion and band broadening are only
avoided if the sample volumes are kept as small as
possible « 1% of the total capillary volume). Table
I shows the number of theoretical plates (N) and the
resolution (Rs) obtained on increasing the sample
volume, the actual amount of sample introduced
being kept constant (sampling times of 1,3 and 5 s).
Both Nand Rs decreased with increasing injection
time.

To confirm the applicability of the proposed sep
aration method, a crude meth'anolic extract of U/1
caria tomentosa was investigated. CE yielded a
baseline separation within 15 min. Peaks 1-6 were
identified by comparison with standards. Quantita
tive information was obtained by using the external
standard method. As the investigated oxindole al
kaloids are stereoisomers with very similar UV mo
lar absorptivities (8) [8], calibration was performed
only with compound 1. The graph obtained was lin-

~I

"e- 1-3 -%- 3-4 ""*" 4-2 -e- 2-6 ""* 6-6

6

tration resulted in an increased spread of the elec
trophoretic mobilities between the investigated al
kaloids. The alkaloids 1-4 exhibited faster and al
kaloids 5-6 slower migration. In addition, peak
broadening was significantly reduced. The best sep-

0+--.,..--,-----,--,---.-----.----,.......,...,
50 100 150 200 250 300 350

V/cm

Fig. 5. Effect of electric field strength 01fcrn) on resolution (Rs)

of the alkaloid pairs 1-3, 3-4, 4-2, 2-5 and 5-6. Voltage, 5-20
kV; other conditions as in Fig. 2.
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TABLE I

EFFECT OF INJECTION TIME ON NUMBER OF THEORETICAL PLATES AND RESOLUTION

Sampling times: I, 3 and 5 s. Other conditions as in Fig. 2.

Injection Compound Concentration Plates per metre, Rs
time (s) (J.lg/ml) N(X 10 5

)

1 66.09 1.260
6.42

3 61.95 2.194
4 39.1 3 2.858

3.39

2 61.95 3.149
3,62

5 32.17 3.541
6.50

6 14.78 4.680
2.17

3 1 22.03 0.800
4.70

3 20.65 1.037
4 13.04 1.136

2.19

2 20.65 1.321
2.29

5 10.72 1.452
4.14

6 4.93 1.748
1.36

5 1 13.22 0.316
3.10

3 12.39 0.379
4 7.83 0.456

1.37

2 12.39 0.471
1.30

5 6.43 0.671
2.78

6 2.96 0.920
1.09

ear in the range of 5-300 ,ug/ml (y = 0.14298x +
0.00204; r2 = 0.998). The detection limit was ca. 1.2
,ug/ml. The results of the quantification are shown
in Table II. The relative standard deviation (six ex
periments) was between 1.2 and 5.3% for all com
pounds studied.

In conclusion, the described CE technique repre
sents an excellent method for the qualitative and
quantitative analysis of Uncaria tomentosa for ste
reoisomeric oxindole alkaloids.
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1
2
3
4
5
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Calculated with eqn. I
Calculated with eqn. I
Calculated with eqn. I
Calculated with eqn. I
Calculated with eqn. I

Concentration
(g per 100 g)

0.0285 ± 0.0012
0.0551 ± 0.0028
0.0186 ± 0.0006
0.0104 ± 0.0001
0.0276 ± 0.0007
0.0142 ± 0.0003

0.1544 ± 0.0036
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ABSTRACT

Isotachophoresis combined with conductivity detection was systematically investigated as an alternative method for the determina
tion of various classes of CS-C20 saturated ionic surfactimts, including sulphates, suiphonates and quaternary ammonium cations. Its
major interest is the ability to perform separations in free electrolyte media (i.e., without any stationary phase) and in capillaries offairiy
large inner diameter (typically 0.5 mm), which reduces the possibility of deleterious adsorption, often encountered in other techniques
with ionic surfactants. Methanol-water mixtures of appropriate compositions were used to prevent micellization of the surfactant from
occuring, thus yielding separations according to their free-form electrophoretic mobilities. Compounds differing in one carbon atom
only can be fully resolved. The steady-state zone stability was ascertained by plotting analyte zone lengths versus injected amounts and
by determinations of separation capacities for standard binary mixtures in various proportions. Conductimetry provides a convenient
and universal detection method, with acceptable detection limits (ca. 0.1-1 nmol for a lO-Jll volume injected), owing to the absence of
background electrolyte in analyte zones, inherent in isotachophoretic principles. The determination of the quaternary ammonium ions
contained in an industrial surfactant formulation is presented as an example.

INTRODUCTION

During the last decade, surface-active com
pounds have gained widespread applications that
now encompass much more than detergency. They
are involved, generally as mixtures, in many indus
trial separation processes (liquid-liquid extraction,
flotation of ore minerals, enhanced oil recovery)
and in many formulations of products of agricultu-

Correspondence to: Dr. C. Tribet, Laboratoire d'Energetique et
Reactivite aux Interfaces, Universite Paris VI, 4 Place Jussieu,
75231 Paris Cedex 05, France.

ral, food, pharmaceutical or health interest such as
body creams and vesicle encapsulation of medi
cines. They even have entered the class of fine re
agents for analytical purposes to promote ion-pair
or micellar pseudo-phase formation. A wide variety
of surface-active agents, both ionic and non-ionic,
are becoming commercially available to meet these
needs and, consequently, this places great demands
on high-performance analytical methods capable of
discriminating homologues, isomers or any other
small structural differences.

Chromatographic techniques overall have been
considered to meet these requirements, especially
for the non-ionic class of the most often oligomeric

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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or polymeric surfactants, such as the derivatized
polyoxyethylenes [1-4].

In contrast, less has been published on the vari
ous classes of ionic surfactants with chain lengths
ranging from eight to about twenty carbon atoms,
whether they are anionic (alkyl sulphates and sul
phonates, carboxylates) or cationic (trimethylalkyl
ammonium, alkylimidazolium ions), probably be
cause of increased difficulties owing to their ionic
character. Apart from when previous derivatization
of the ionic moiety is applied [4], these products
cannot be submitted to capillary gas (GC) or super
critical fluid chromatography (SFC) owing to their
low volatility. Moreover, their poor solubility in su
percritical carbon dioxide makes the use of a polar
modifier necessary in SFC and precludes one of the
major advantages of this techniques, viz., its com
patibility with flame ionization detection. Thus, on
ly the separation of CS-C24 even carbon number
free fatty acids on a packed microbore column has
been reported so far [5]. In addition to their ionic
character, the amphiphilic properties make the
choice of suitable phase systems in liquid chroma
tography (LC) that would prevent strong or even
irreversible adsorption on a stationary phase diffi
cult. The most successful techniques reported are
reversed-pase [6,7] and ion-pair [8-14] chromatog
raphy.

Various modes of detection have been combined
with the LC separations of ionic surfactants. The
most common, direct UV absorbance, is virtually
"restricted to alkylbenzene suphates and sulphonates
[8], imidazolines [9] or ester derivatives [7]. Indirect
UV absorbance was used for qualitative detection
of ammonium ion with xylene sulphonate as a UV
absorbing counter-ion [13]. On-line extraction of a
postcolumn-formed, UV-absorbing [10] or fluores
cent [6] ion pair was also implemented for cationic
[10] and anionic [6] surfactants, but required com
plex equipment. Differential refractive index mon
itoring would constitute a versatile means of detec
tion [8,14], but suffers from a lack of sensitivity.
Light scattering appears to be well adapted to the
detection of heavy compounds, but is not consistent
with separations under ion-pairing conditions.
Hence its use is limited to non-ionic surfactants or a
mere class separation of the ionic and non-ionic
types under reversed-phase conditions [15]. Finally,
ion-pair chromatography associated with conduc-
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tivity detection has been reported for aliphatic and
olefinic anionic surfactants, but a device allowing
the suppression of the mobile phase ions is neces
sary in order to obtain a level of detectability of
practical interest [11]. This device considerably re
duces the choice of compatible counter ions and
gives a certain degree of complexity to the method.
None of these LC methods has turned out to be
completely satisfactory because of limitations in ei
ther the separation itself or the detection modes.
Few quantitative determinations have been report
ed [5,6,14], which is a hint that they remain a prob
lem. Detection limits are commonly in the 1-10
nmol range for ca. 1O-20-j.tl injections [7,10,11,13]
and more seldom in the 0.1-1 nmol range [5,6].

The purpose of this work was to develop and as
sess an alternative method for the determination of
the various classes of CS-C20 saturated anionic and
cationic surfactants, based on electrophoresis in its
isotachophoretic mode combined with conductivity
detection. The interest in this approach is first, the
ability to perform separations in free electrolyte so
lutions, i.e., without any stationary phase, often re
sponsible for strong adsorption, and second, the ac
ceptable sensitivity of conductivity detection when
used in the absence of a background electrolyte me
dium, as in the case with isotachophoresis (ITP), the
displacement mode of electrophoresis. Further no
specific sample treatment or derivatization should
be required. Nevertheless, the application of ITP to
surfactant analysis has remained uncommon and
no method allowing the total determination of Cs
C20 saturated alkyl sulphates or ammonium ions
has been proposed. Previous work in this direction
dealt with C1-CS [16] or C1-C1S [17] fatty acids,
decyl and dodecyl sulphonates and inorganic ions
in shampoo formulations [18] and complex alkyl
sulphonate mixtures formed in the peroxodisul
phate-initiated polymerization of butadiene [19].
All of them seem very promising. This is why we
carried out a systematic investigation of the oper
ational electrolyte systems, including various aque
ous-organic solvent mixtures, to assess better the
performances of ITP with respect to surfactant mix
ture analysis. The optimum conditions found for
cationic surfactants were applied to trimethylalkyl
ammonium ion mixture of industrial interest syn
thesized by alkylation of natural copra oil.
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EXPERIMENTAL

Apparatus and products
The separations were performed with an LKB

2127 Tachophor apparatus (Pharmacia-LKB,
Uppsala, Sweden) fitted with solvent-resistant poly
methylpentene (TPX) pieces in direct contact with
the solutions. A single column configuration was
used with 22 cm x 0.55 mm I.D. polytetrafluoreth
ylene (PTFE) tubing. The separation unit was
equipped with a conductivity detector, comprising
linear and differential signal outputs, and a UV ab
sorbance detector operated with a 254-nm wave
length filter. The signals were recorded on a Kipp
and Zonen (Delft, Netherlands) BD 100 three-chan
nel chart recorder. The driving current was deliver
ed by the Tachophor power supply unit and a lab
oratory-made pilot unit capable of delaying the
start of the recorder and switching the current in
tensity to a lower value a short time before the sol
utes migrate past the detector cell.

The electrolytes were prepared from ultrapure
deionized water (18 Mn cm resistivity) produced by
a Millipore Milli-Q system and from high-perform
ance liquid chromatographic-grade solvents (meth
anol, 1- and 2-propanol, acetonitrile) purchased
from Prolabo (Paris, France). Buffer solutions were
prepared from the highest available grades of ana
lytical reagents, used as received. The standard sur
factants studied were supplied by Fluka (Buchs,
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Switzerland) or Lancaster Synthesis (Morecambe,
UK) and used as received after solubilization in wa
ter or methanol. Noramium, an industrial mixture
of quaternary ammonium ions manufactured by
CECA (Paris La Defense, France), was kindly pro
vided by Orsan (Orsay, France). All solutions were
degassed for 10-15 min in an ultrasonic bath.

Electrolyte preparation
The leading solutions were prepared from 0.1 M

stock buffer solutions of potassium acetate-acetic
acid or L-histidine-hydrochloric acid in the appro
priate proportions and in various aqueous organic
solvent mixtures. A 5-ml volume of these stock so
lutions were added to 1 ml of pure (99%) tetra
ethylene glycol (Aldrich) and adjusted to 50 ml with
the appropriate aqueous organic solvent mixture to
obtain the desired 10 mM leading electrolyte solu
tions. The pH of the final electrolyte solutions was
measured using a classical pair of glass and refer
ence electrodes for aqueous media. For methanol,
the effect of organic solvent proportion was studied
between 0 and 80% (vjv). The terminating electro
lyte solutions were prepared simply by dissolving
the appropriate weight of reagent in the same sol
vent mixture as that of the leading electrolyte. The
compositions of the electrolytes yielding the best re
sults for the sulphates, sulphonates and ammonium
ions are given in Table I.

TABLE I

OPERATING ELECTROLYTE SYSTEMS FOR ANIONIC (SULPHATES AND SULPHONATES) AND CATIONIC (AM
MONIUM IONS) ANALYSIS OF SATURATED Cs-Czo SURFACTANT MIXTURES

Parameter

Leading electrolyte
Leading ion
Counter ion
pH
Additive

Terminating electrolyte

Solvent composition'

Anionic separations

Cl- 10 mM
L-Histidine 13.3 mMa

4.88b

Tetraethylene glycol 2% (v/v)

Picolinic acid 10 mM

Methanol-water (80:20)

Cationic separations

K+ 10mM
Acetate 20 mMa

5.64b

Tetraethylene glycol 2% (v/v)

Creatinine 10 mM

Methanol-water (50:50)

a Total concentration of acidic and basic forms.
b The unusual pH values of the L-histidine and acetate buffers can be accounted for by the acid-basic pK shifts in methanol-water

mixtures. The pK of acetate is greatly increased whereas that of histidinium remains roughly unchanged. In addition, the purely
aqueous feature of the electrode filling solutions is stressed here (see Experimental).

, For both the leading and terminating electrolytes.
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Running parameters
Volumes of 5 j1l of sample mixtures were normal

ly injected into the separation ufiit at the interface
between the leading and the te;minating electro
lytes. A high voltage· was then applied. The sep
arations were performed under a driving current in
tensity of 120-130 j1A for a typical time oLIO min.
Then the current was switched to 20-30 j1Ajust pri
or to zone recording. The total analysis time varied
between about 20 and 30 min, according to the sam
ple.

RESULTS AND DISCUSSION

Constraints arising from micellization phenomena
. Industrially? ionic surfactants are mainly em

ployed in neat aqueous media., It is therefore nat-
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ural to seek purely aqueous separation conditions
for their analysis by ITP, as first proposed earlier
[18,19]. This approach is well documented by the
values of absolute electrophoretic mobilities in wa
ter, mO, available in the litenlture, which vary from
27.1 . 10- 5 to 20.6 . 10- 5 cm2 V- 1 S-l on going
from octyl- to octadecyltrimethylammonium ions
and from 30.1· 10- 5 to 24.9.10- 5 cm2 V- 1 S-l (at
25°C) on going from octyl· to dodecyl sulphate [20].
From these. mobility values, the possibility of sep
arating surfactants differing in one carbon atom on
ly can be contemplated.

For the case of cationic surfactants, a leading
electrolyte consisting of an aqueous potassium ace
tate-acetic acid buffer was first tested. The interest
in this buffer lies in the fact that, as soon as the
voltage is applied, the analyte, most often in the

: 10 15 tirt.e I inl 10 time.lmiril 5 10 time 'nl
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Fig. 1. Isotachophoretic migration ofalkyltrimethylammonium ions with a purely aqueous electrolyte system. (A) C12-C14 mixture; (B)
C

16
-ammonium ion; (C) C

16
ion in the presence of cerol orange. Li+ ion was added to all analytc solutions as a reference mobility

marker. Leading electrolyte, 10 mM K +, aCetate buffer (pH 4.7), terminating electrolyte, 10 mM acetic acid; detection current, 20 {tA;
samples, 20 nmol·each ofC

12
-, Ci4- and C

l6
-ammonium surfactants, 5 nmol Li+, 2 nmol cerol orange (injected volume 5 {tl). Dashed

line: expected step height of the C16-ammonium ion. .
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form of an iodide or bromide salt in the samples,
exchanges its counter ion for acetate, which greatly
improves its solubility. As the analytes remain fully
ionized over in whole operational pH range, pH is
not a key parameter from the viewpoint of separa
bility. Therefore the pH was adjusted to 4.7, which
enables one simply to use acetic acid as the termi
nating electrolyte, with H+ as the terminating ion.
Likewise, promising results were easily obtained
with dodecyl- and tetradecyltriinethylammonium
ions, as shown in Fig. 1A. However, for alkyl chain
lengths of 16 or more carbon atoms, apparently in
consistent isotachopherograms were obtained, in
sofar as the corresponding surfactant zones were
detected before that of lithium ion used as a refer
ence mobility marker (m O = 40.1 . 10- 5 cm 2 V-I
S-1 at 25°C [20]), and with a lower step height (Fig.
1B). This phenomenon can be attributed to the for
mation of a more mobile species in equilibrium with
the free surfactant, i.e., to the micellization of the
long-chained surfactants. Using an ITP steady-state
simulation program [21] and ignoring micellization
phenomena, the equilibrium concentration of the
hexadecyltrimethylammonium ion was evaluated to
be 4.93 mM, while the critical micellar concentra
tion (CMC) of the Cl6-ammonium ion with acetate
as counter ion was previously determined to be 1.6
mM. Under these conditions, the apparent mobility
of the C16-ammonium ion is much higher than
those of both the C14 and C12 ions, and the pre
diction of the C16 step height derived from the mea
surements of the corresponding C12 and C14 step
heights no longer holds true (Fig. IA and B). Fur
ther, it has been shown that the electrophoretic mo
bility of an ionic micelle is ca. 2-3 times higher than
that of the free ionic surfactant [22]. The presence of
the aggregates was confirmed by injecting a mixture
of hexadecyltrimethylammonium ion and cero1 or
·ange, a very slightly water-soluble neutral dye that
can be solubilized by micelles (Fig. 1C). The UV
detector trace revealed the presence of a UV-ab
sorbing species in the zone of the C16 surfactant,
which indicates that the neutral dye had migrated
inside the hydrophobic micelle cavity (it should be
noted that a constant delay was observed between
the records of the UV absorbance and conductivity
signals, owing to the distance between the location
of the sensing cells, along the capillary). Further
investigations on the isotachophoretic behaviour of
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ionic micelles, reported elsewhere [23], have shown
that ITP turns out to be a technique well adapted to
the characterization of such micelles and the study
of micellization phenomena.

As the purpose of this work was the determina
tion of free surfactants, conditions preventing the
formation of aggregates had to be designed. In this
respect, Abe et al. [18] chose simply to lower the
concentration of their leading ion to 5 mM, so that
the equilibrium concentration of dodecyl sulphate
in its zone would not reached the CMC of this spe
cies of ca. 8 mM. However, this approach is limited
insofar as the concentration of the leading ion can
not be easily lowered to a sufficient extent to match
the CMC values of longer alkyl-chain surfactants.
This prompted us to explore the possibilities of us
ing binary aqueous organic mixtures as solvents for
the leading electrolyte. Methanol, 1- and 2-propa
nol and acetonitrile were successively tested in vari
ous proportions. For quaternary ammonium ions,
mixtures containing up to 70% of methanol were
required to prevent micellization below 10 mM with
alkyl chain lengths up to C zo . The free surfactants
can then be separated in the order of their electro
phoretic mobilities.

Selection of the operating conditions
The optimization of the operating conditions is

aimed at minimizing the zone disturbances mainly
caused by electroosmotic flow or analyte adsorp
tion on the capillary surface. Electroosmotic flow is
usually suppressed in ITP by adding 0.1-0.3% of a
neutral polymeric surfactant to the leading electro
lyte. This solution is not applicable with ionic sur
factant analytes, which could interact with these ad
ditives. However, electroosmosis is almost entirely
suppressed, without the need of a neutral surfac
tant, when using electrolytes containing large pro
portions of methanol. Working under low pH con
ditions may further improve electroosmosis sup
pression, but the final choice of pH was mainly dic
tated by the solubilizing properties of the counter
ion and by elimination of deleterious adsorption ef
fects.

Hence, for quaternary ammonium ions, use of an
acetate buffer was maintained with aqueous-organ
ic electrolytes for the solubility reason already dis
cussed. For alkyl sulphates, analyte adsorption on
the capillary surface and subsequent mixing with
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the terminating zone occurs when using a low pH
leading electrolyte (e.g., a p-alanine buffer with an
aqueous pH of 3.7). Such a phenomenon was avoid
ed with a pH 5.5 aqueous histidine buffer. This im
provement can be explained by the better protective
role played by the increased number of fixed nega
tive charges on the capiIIary surface at higher pH, as
is apparent from the observation of the sharp re
sulting separation boundary between the last sur
factant zone and the terminating zone. This bound
ary can be conveniently checked by systematically
using a UV-absorbing species for the terminating
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ion such as creatinine for cationic separations and
picolinic acid for anionic separations.

Under the optimized operating conditions given
in Table I, the ionic surfactants are separated into
well defined, classical isotachophoretic zones, dis
playing increasing electrical resistance with increas
ing alkyl chain length. These conditions provide
satisfactory qualitative resolution of any class of
saturated CS-C20 alkyl-chain ionic surfactants, as
shown in Fig. 2. The resolving power of the tech
nique enables one to distinguish surfactantsdiffer
ing in one carbon atom only, as is the case for the

10 15 time (min) 1 . time (m inl
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Fig. 2. :ITP separation of Cs-Czo .alkyltrimethylammonium ions (A) and sulphonates (8). Electrolyte systems as in Table 1. Detectio.n
current, 30:J.lA; sample, standard mixtures containing 5 nmol ofeach surfactant (5 J.l1 injected). Inset: separation of dodecyltrimethylan:\
monium and dodecylethyldimethylammoniuin ions under conditions identical with those for the above ammonium ions.
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where F is the Faraday constant, U the chart speed
of the recorder, !the current intensity at the time of
detection and m~ and mp the absolute mobilities of
the counter ion c and solute i, respectively. Eqn. 1
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dodecyltrimethylammonium and dodecylethyldi
methylammonium ions (see inset in Fig. 2). How
ever, in practice the mass of the species seems to act
as the major discriminating parameter, as surfac
tant ions of equal mass but different organic struc
tures, such as the cetylpyridinium and benzyldi
methyldodecylammonium ions (common MW
304.5), are not resolved from one another. This con
stitutes a limitation to the method performance
compared with that of GC, which is capable of sep
arating branched-chain isomers. In an attempt to
define the discriminating principle better, the migra
tion behaviour of perfluorooctyl sulphonate (MW
499) was investigated and compared with that of
octyl sulphonate (MW 193). No resolution was ob
served using the conditions for anionic separations
given in Table I. This result shows that the sizes of
the CH2 and CF2 moieties are about the same,
which in turn can only be explained by strong solva
tion of the carbonaceous chains. In conclusion, the
actual basic discriminating parameter is not the
mass, but rather the size of the surfactants, includ
ing solvation effects, even if size is uniquely related
to mass or number of carbon atoms for the most
commonly encoutered hydrocarbonaceous chains.
In addition, an improvement in the resolution of
branched-chain isomers might be expected from
these results by using solvents or electrolyte addi
tives capable of inducing interactions directly relat
ed to chain length. However, this approach was not
successful as neither investigations on organic sol
vents (such as 1- and 2-propanol and acetonitrile)
nor the replacement of acetate counter ion by long
er chain carboxylates (such as propanoate, buty
rate, valerate and hexanoate) provided a noticeable
improvement in the separation performances.

injected amount ( nmol)

Fig. 3. Experimental plot of recorded step length versus amount
of single solute injected for (A) alkyl sulphate and (B) ammoni
um surfactants. Electrolyte conditions as in Table I. Detection
current, 30 fJ.A; recorder chart speed, 10 mm/min. (C) Extended
precision plot relative to dodecyltrimethylammonium ion for a
reduced range of injected amount. Operating conditions as for
(A) and (B), except that the purely aqueous electrolyte system
was used with 20 fJ.A as detection current and 20 mm/min as
recorder chart speed. (A) ... = Octyl sulphate; 0 = dodecyl
sulphate; 6 = eicosyl sulphate; (B) 0 = C 12H 2S N(CH3)3 Br;
o = Cl0H21N(CH3)3 Br.

Quantitative aspects
The quantitative aspects of the method were first

studied by injecting various amounts (0-50 nmol) of
pure compounds. The linear relationship between
amount injected and zone length was verified for
octyl, dodecyl and eicosyl sulphate and also for de
cyl- and dodecyltrimethylammonium ions (Fig. 3A
and B). It is noteworthy that the slopes of the
straight standardization lines obtained are all of the
same order of magnitude and differ only slightly for
close homologous surfactants. This behaviour is in
agreement with the approximate theoretical equa-

10 15 20
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Fig. 4. Plot of the inverse of separation capacity, ns' versus the
molar ratio of C 14 to C 12-alkyl surfactant amounts injected, (j.

(A) Alkyltrimethylammonium ions; (B) alkyl sulphates. Electro
lyte systems as in Table I, except for the solvent compositions:
(A) + = water; <> = water-methanol (50:50); (B) \J = water
methanol (20:80); + = water-methanol (40:60).

a proof that both anionic and cationic surfactants
exhibit normal ITP behaviour. Fig. 4 also shows
that the percentage of methanol in the electrolyte
has only a very slight influence on the separation
capacity, which remains of the order of 10 nmol for
equimolar binary mixtures. In contrast, it was as
certained that 1- or 2-propanol in place of methanol
is very unfavourable with respect to separation ca
pacity and hence separability. This phenomenon
can be attributed to the fact that solvation of sur
factant alkyl chains is stronger with 1- or 2-propa
nol than with methanol, resulting in more hindered,
heavier structures. Consequently, the difference in
electrophoretic mobilities of two close homologues
such as the C l2 and C l4 surfactants tends to level
off. These results again illustrate the significantrole
played by solvation effects in discriminating car
bonaceous chains.

1/n. (nmo()

0,20

2,01,5

(j = C14/C12

1,0

®

0,50,0

0,15

0,10

0,05Separation capacity
A well known practical limitation of any ITP sys

tem is the finite amount of sample mixture that the
system can separate. This limitation corresponds to
the theoretical concept of separation capacity. If the
injected amounts of two closely migrating solutes
are beyond the respective capacities for these sol
utes, an ITP steady state is not reached at the time
of detection and only a partial separation occurs,
leaving an unresolved mixed zone. Thus, an inter
mediate conductivity step is detected between those
of the pure species. In practice, pure and mixed
zones can be differentiated by injecting two widely
differing amounts of the sample mixture: when a
mixed zone is still present, its length varies with the
amount injected whereas the lengths of the resulting
pure zones remain constant in length. The separa
tion capacity, n., was experimentally determined for
the model binary mixture ofClz- and C l4-sulphates
and -trimethylammonium ions; ns is defined as the
maximum amount of the more mobile C l2 surfac
tant that can be separated from the less mobile Cl4
surfactant under given isotachophoretic conditions
(capillary dimensions, leading electrolyte composi
tion and binary mixture proportions). Fig. 4 shows
that linear plots were obtained for the inverse of the
separation capacity, lin., versus the ratio of molar
Cl4 of C l2 amounts injected, (j. This result is in
agreement with theoretical expectations [21] and is

further indicates a slight increase in zone length
with decreasing solute mobility, i.e., with increasing
chain length. This point was also supported by the
experimental results (Fig. 3A and B). Hence con
ductivity detection provides the advantage over di
rect or indirect absorbance, often used in LC, that a
single calibration point, realized with any surfac
tant standard of roughly intermediate chain length,
suffices for a first estimate of the proportions of an
unknown mixture. Moreover, to obtain an accurate
analysis of a previously identified mixture, the
availability of a reference mixture containing all the
components of the mixture to be determined in
known proportions is not required, as effective mo
bility is the only solute parameter influencing the
zone length. For this purpose, only the plot between
zone length and step height needs to be determined,
and this can be done using a few commercially
available surfactants belonging to the same class.
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Application to the analysis of an industrial cationic
surfactant formulation

The above ITP method was applied to the analy
sis of Noramium, a complex commercial formula
tion of quaternary ammonium ions of industrial in-

Fig. 5. Determiniition of the minor (A) and major (B) compo
nents of Noramium. a commercial quarternary ammonium sur
face-active agent. Electrolyte systems: see Table I but diluted to
6.10- 2 M. Sample: (A) 51/1 ofa 2.915mg/ml Noramiumsolution
in water; (B) 5 1/1 of a 1.615 mg/ml solution. The symbol m
denotes a mixed zone between the C I2 and Cj4 surfactants.

terest. This surface-active agent is available as a vis
cous concentrated solution contaning 49-51%
quarternary ammonium ions, 13-15% water and
35-37% 2-propanol (mass percent), according to
the technical sheet provided by the manufacturer. It
is derived from copra oil and its composition may
vary according to season and the origin of the oil.
Hence the proportion of some components may
vary within 10% and only a mean distribution in
the quaternary ammonium ions is available from
the manufacturer. To analyse this sample accurate
ly, we carried out four calibrations with pure stan
dards ofC12-C18 surfactants. The analysis was car
ried out in two steps. First, a sample size corre
sponding to an overall dilution of 2.915 mgjml in
water was injected, in order to determine the'}Jro
portions in minor components, mainly the C16- and
C18-alkyltrimethylammonium ions, with good ac
curacy. It can be seen from Fig. 5A that neither the
C8 nor the C10 component was detected under such
conditions, so the concentration of each of them
can be evaluated to be less than 1% in the mixture,
from the minimum detectable amount of the meth
od. For such a sample size, an intermediate zone
between those of dodecyl- and tetradecyltrimethyl
ammonium ions was detected and further identi
fied as a mixed zone of these components. Second, a
sample of 1.652 mgjml was injected in the same
manner (Fig. 5B), which enabled one to determine
the major C12 and C14 components in the absence
of their mixed zone. Table II shows that the results
afforded by the isotachophoretic method are' in
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TABLE II

COMPARISON BETWEEN THE MOLAR PERCENTAGE COMPOSITION OF NORAMIUM IN ALKYLTRIMETHYLAM
MONIUM IONS DETERMINED BY ITP (THIS WORK) AND THE AVERAGE CORRESPONDING COMPOSITION GIVEN
BY THE MANUFACTURER

The determination "without calibration" is simply the ratio of the step length of the corresponding compound to the sum of the lengths
of all the surfactant steps.

Components
(alkyltrimethyl
ammonium

. ions)

ITP determination
without calibration
(mol%)

ITP determination
with complete calibration
(mol%)

Average composition
according to the manufacturer
(mol%)

<I
59.6
23.2
10.8
6.1

<I
59.8
23.1
10.0
6.2

3.5 and 6
60
16-20
6-10
5
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good agreement with the average composition given
by the manufacturer. Further, the zone length cali
bration enabled us to determine the number of
moles and then the mass of each component con
tained in the 1.652 mg/ml Nonlmium sample. The
total mass of quaternary ammonium ions in this
solution, and then the total mass percentage, can be
derived. The result obtained, 49.7-50.7% of surfac
tant (in the chloride form) in the crude Noramium,
suffers only from a 1% uncertainty, according to
the precision of the method, and are in excellent
agreement with the manufacturer's specification.
Moreover, we ascertained the absence of free fatty
amines by comparing an analysis in acidic medium
(Table I) with the same one realized with a f3-ala
nine-KOH buffer in 50% methanol (pH 10.6),
which gave an identical result.

CONCLUSION

The absence of any stationary phase, a fairly
large capillary inner diameter (ca. 0.5 mm) and a
proper choice of electrolyte pH and additives has
resulted in tail-free, stable steady-state rTP zones
with any of the ionic surfactant classes. Although
the separation capacity might be further improved
by the finding of a still more suitable solvent com
position or electrolyte additive, the above isotacho
phoretic method, associated with conductivity de
tection, affords analytical performances compara
ble to those of the classical chromatographic meth
ods. Surfactants differing in only one carbon atom
can be separated within an analysis time of ca. 20
30 min. The mass limit of detection is of the order of
0.5 nmol for about 10 J.lI injected, which gives a
concentration limit of detection of ca. 5 . 10- 5 M.
However, promising experiments have shown that,
by using electrokinetic sample introduction and ap
plying ITP principles, volumes of a few hundred
micro1itres of dilute samples could be preconcen
trated at the inlet of a capillary having such dimen
sions. This should allow the concentration limit of
detection to be lowered by at least a factor of 10.

For the purpose of these analyses, our efforts
were aimed at avoiding micelle formation, so that

C. Tribet et al. / J. Chromatogr. 609 (1992) 381-390

only free surfactants can be present. In addition, the
preliminary results on the isotachophoretic beha
viour of ionic micelles presented here have suggest
ed a new application area for ITP as a method for
the determination of ionic micelle characteristics,
such as CMC, charge ratio or neutral solute solu
bility. Likewise, ITP can be expected to become a
method very well adapted to the characterization of
small ionic polymers. Work is in progress in both
directions.
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ABSTRACT

Two sensitive and selective methods were developed for the evaluation of a-phenylethylamine (a-PEA), an impurity possibly present
in the antibiotic phosphomycin (PHO). The reversed-phase high-performance liquid chromatographic method uses a LiChrosorb NH2
column with acetonitrile-o.l M NaH 2P04 . H 20 buffer as eluent and allows the simultaneous detection of PHO and a-PEA in a
complex matrix such as pharmaceutical preparations. The amine gives a linear detection response over the range 15-85 /lg/ml. The
derivative spectrophotometric method can specifically discriminate the amine in the range 230--280 nm. The a-PEA concentration is
determined by measuring the distance between the maximum at 250 nm and the adjoining minimum at 248 nm in the second-derivative
spectrum. A linear correlation was found in the concentration range 15-160 /lg/ml. For both procedures, no sample pretreatment is
required.

INTRODUCTION

(+ )-a-Phenylethylamine (a-PEA) is used as a re
agent in the synthesis of phosphomycin (PHO) to
separate it, as (+ )-a-phenylethylammonium (-)
cis-1,2-epoxypropylphosphonate, from its isomer
[1,2]. For this reason, the antibiotic may contain
this bioactive amine [3,4] as an impurity. Different
methods, based on thin-layer chromatographic [5],

Correspondence to: G. Gazzani, Department of Pharmaceutical
Chemistry, University of Pavia, Viale Taramelli 12,27100 Pavia,
Italy.

gas chromatographic [6-8] and high-performance
liquid chromatographic (HPLC) [9-11] techniques,
are available for the simultaneous detection of this
amine in fermented foods in which it occurs nat
urally. The methods proposed are generally com
plex and time consuming, and hence they are not
suitable for the routine analysis needed for the qual
ity control of pharmaceutical, parapharmaceutical
and food products.

The aim of this investigation was to develop sim
ple, high-resolution methods for the detection of
a-PEA in raw materials and in pharmaceutical
preparations containing PHO.

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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EXPERIMENTAL

Reagents and chemicals
Sodium dihydrogenphosphate monohydrate

(NaH2 P04 . H 20), sodium hydroxide and hydro
chloric acid of analytical-reagent grade and aceto
nitrile of HPLC quality (LiChrosolv) were pur
chased from Merck (Darmstadt, Germany). Phos
phomycin, calcium and disodium salts, and a-phen-.
ylethylamine were obtained from Sigma (St. Louis,
MO, USA).

HPLC
All separations were carried out isocratically at

room temperature using a Merck-Hitachi (Tokyo,
Japan) Model 655A-ll liquid chromatograph,
equipped wi~h a Rheodyne (Cotati, CA, USA)
Model 7125 injector (20-J.tl loop), a Model 655A
variable-wavelength UV detector and a D2000
Chromato-integrator (Merck-Hitachi). A stainless
steel LiChrosorb NH 2 (particle size 10 /lm) column
(250 x 4 mm I.D.) and a LiChrocart NH2 guard
column (4 x 4 mm I.D.) were obtained from
Merck. The mobile phase was acetonitrile-O.l M
NaH2P04 . H 20 buffer solution (pH 7.5) (35:65,
v/v). Water for preparing buffer solutions was
doubly distilled in an all-glass apparatus. All sol
vents were filtered through Millipore (Milford, MA,
USA) HA filters (0.45 /lm) and degassed ultrason
ically before use. The flow-rate was 1.5 ml/min and
the column effluent was monitored at 255 nm. Be
fore analysis all samples were filtered through Milli
pore HV filters (0.45 /lm).

Spectrophotometry
A Perkin-Elmer (Oak Brook, IL, USA) Model

552 double-beam spectrophotometer, a Model 561
recorder and 10-mm quartz cells were used. Normal
and second-derivative parameters were range 380/
190 nm, 1.0 ± 0.2 a.u.f.s., 0.5 response, scanning
speed 120 nm/min and recorder chart speed 20 nm/
cm.

Stock solutions
Standard solutions were prepared by dissolving

30-40 mg of a-PEA in a 50-ml volumetric flask with
doubly distilled water. These solutions were then
diluted to obtain solutions containing 5-200 /lg/ml
of the amine. Standard a-PEA solutions were em-

G. Gazzani el al. / J. Chromalogr. 609 (1992) 391-394

ployed to prepare synthetic mixtures containing
PHO disodium salt at a concentration of 50 mg/ml.
All freshly prepared solutions were stored at 4°C;
under these conditions they were stable for I week.

. Samples
PHO disodium salt. Approximately 2 g of each

sample were dissolved in doubly distilled water and
diluted to 50 m!.

PHO calcium salt. Approximately 2 g of each
sample were dispersed in 45 ml of doubly distilled
water, mixed thoroughly for 30 min and centri
fuged; the supernatant was filtered through What
man 40 paper and diluted to 50 m!.

Antibiotic tablets. Twenty tablets of each com
mercial product were finely powdered. Approxi
mately 4 g of each sample were dispersed in 45 ml of
doubly distilled water and treated as described for
the preparation of PHD calcium salt samples.

Calibration
Stock solutions of a-PEA and a-PEA with PHO

were used to construct the calibration graphs. Lin
ear least-squares regression was used. Using a Car
tesian coordinate system, the a-PEA concentrations
(/lg/ml) were plotted on the abscissa and the corre
sponding analytical responses on the ordinate. The
amounts of the amine present were evaluated either
as the peak areas, as estimated by the integrator,
when the HPLC method was used, or the distances

iii iii i i
01234567

Time, min

Fig. 1. RP-HPLC separation of (1) lX-PEA (80 J.lg/ml) and (2)
PHO (50 mg/ml).
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Fig. 2. Normal and second-derivative spectra of (a) a-PEA, (b) PHO and (c) a mixture of PHO (50 mg/ml) and a-PEA (0.1 %).

measured as mm, between the maximum at 250 nm
and the adjacent minimum at 248 nm, when the
spectrophotometric method was applied. The cali
bration graphs constructed with QC-PEA alone or in
presence of PHO obeyed the same regression equa
tions (y = 199.315x, r = 0.999, for the RP-HPLC
method, and y = 0.034x, r = 0.998, for the spectro
photometric method). With both methods the in
tercepts did not differ statistically from zero.

RESULTS AND DISCUSSION

HPLC method
Fig. 1 shows the chromatograms obtained on

analysing the standards of QC-PEA and PHO. Statis
tical analysis did not reveal significant differences
(p<0.01) between the calibration graphs obtained
using solutions containing the standard of amine
alone or solutions containing the amine and a fixed

TABLE I

STATISTICAL ANALYSIS OF THE RESULTS OBTAINED ON ANALYSING A SYNTHETIC MIXTURE (50 mg/ml PHO)

Method

RP-HPLC
Second-derivative

a-PEA concentration
(J.lg/ml)

65.6
68.0

a-PEA found"
(J.lg/ml)

65.9
68.7

Mean error
(%)

0.56
1.03

S.D.b R.S.D.'
(%)

1.03 1.56
1.25 1.82

" Mean of six determinations.
b S.D. = standard deviation.
, R.S.D. = relative standard deviation.
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concentration of phosphomycin. A linear detection
response was obtained between peak area and con
centration of IX-PEA over the range 15-85 ,ugjml
(corresponding to 0.3-1.7 ,ug injected), the detection
limit for the impurity being 2 ,ugjml (twice the sig
nal-to-noise ratio). The accuracy and precision of
the method are shown in Table 1.

The method was used for the analysis of several
commercial samples of PHO disodium and calcium
salts and several pharmaceutical preparations con
taining the antibiotic. Only one sample ofPHO cal
cium salt was shown to contain unquantifable trac
es of the amine.

Spectrophotometric method
Fig. 2a and b show the absorbance spectra and

the second-derivative traces in the wavelength range
300-190 nm obtained for standards of IX-PEA and
PHO, respectively. The second-derivative UV pro
file of a mixture of the two compounds (0.1 %
IX-PEA) is shown in Fig. 2c.

It is clear that the second-derivative method can
discriminate the amine in the wavelength region
230-280.

Using this method there were no significant dif
ferences (p < 0.01) in the calibration graphs ob
tained with standard solutions of the amine and the
amine plus an excess amount of the antibiotic. This
confirms the absence of a matrix effect. A linear
correlation was found in the concentration range
15-160 ,ugjml. The detection limit was 4 ,ugjml
(twice the signal-to-noise ratio). The precision and
the accuracy of this method in are reported Table 1.
The effectiveness of the resolution with this method
was evaluated by analysing the same samples as
tested with the HPLC method. The results con
firmed the presence of trace amounts of the amine
in one sample of phosphomycin calcium salt.

CONCLUSIONS

Two sensitive and specific methods have been de
veloped for the accurate determination of IX-phenyl-

G. Gazzani et al. I J. Chrornatogr. 609 (1992) 391-394

ethylamine. Both methods are rapid and, further,
they do not require preliminary extraction treat
ments; the samples are simply dissolved in water
and the solutions must be filtered only if the matrix
is not hydrosoluble. The HPLC method allows the
simultaneous detection of PHO and its impurity in
complex matrices such as pharmaceutical prepara
tions.

The second-derivative spectrophotometric meth
od is suitable for the determination of IX-PEA in
simple matrices. It is very rapid and does not in
volve destruction of the matrix, hence it is very use
ful for the validation of raw material batches or for
stability studies.
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ABSTRACT

The enantiomeric resolution of the chiral metabolites of midazolam, 4-hydroxymidazolam and 1,4-dihydroxymidazolam, by high
performance liquid chromatography on a chiral stationary phase containing immobilized ovomucoid is described (no derivatization
was necessary). Large separation factors (up to IX = 2.9) were obtained by varying the type and amount of organic modifier in the
mobile phase. The system so far developed is recommended for monitoring possible differences in the stereoselective metabolism of
midazolam.

INTRODUCTION

Different bioactive properties of enantiomers of
pharmaceutical racemates have often been outlined
[1]. As a consequence, pharmacological and phar
macokinetic studies of a new drug are nowadays
carried out only on single enantiomers. Whereas
much attention has been focused on the different
properties of chiral drugs, less attention has been
paid to the stereoselective properties of chiral me
tabolites, especially when the drug itself is achiral.

The achiral short-acting benzodiazepine midazo-

Correspondence to: Dr. Jiirgen Drewe, Departments of Anaes
thesia and Research, University Clinic/Kantonsspital, Hebel
strasse 20, CH-4031, Basle, Switzerland.

lam is commonly used as preanaesthetic medication
and in the induction and maintenance of anaesthe
sia [2,3]. The metabolic pathway of midazolam is
shown in Fig. 1. The main metabolic route of the
drug in humans is the hepatic formation of the achi
ral metabolite I-hydroxymethylmidazolam (I-OH)
[4], which is further conjugated to form the inactive
I-OR-glucuronide. From the stereochemical point
of view, the metabolic pathways, which include the
formation of 4-hydroxymidazolam (4-0R) and 1,4
dihydroxymidazolam (I,4-diOH), are of interest.
These metabolites contain an asymmetric centre,
and therefore some additional pharmacological
routes are theoretically possible, especially in differ
ent disease states.

Analytical assays for midazolam and its metabo-

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers RV. All rights reserved



Fig. I. Structures of midazolam and its main metabolites, 1
hydroxymidazolam, 4-hydroxymidazolam and 1,4-dihydroxy
midazolam.
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analytical methods, that allow the enantiomeric
separation of 4-0H and 1,4-diOH. The aim of this
publication is to show the enantiomeric separation
of 4-0H and 1,4-diOH using HPLC with a chiral
stationary phase.

EXPERIMENTAL

Materials
4-0H and 1,4-diOH were kindly provided by

Hoffmann-La Roche (Basle, Switzerland). Aceto
nitrile and ethanol were of analytical grade.

Apparatus
A Kontron HPLC pump (Model 420) was used in

conjunction with a variable-wavelength Kontron
VV detector (Model 430). The separation was per
formed on an ovomucoid-based HPLC column (VI
tron ES-OVM, 5 ,urn particle size with loo-A pores,
15 x 0.46 cm J.D.; Shinwa Chemical Industries,
Kyoto, Japan). Mobile phase and chromatographic
parameters are given in the legends of Figs. 2 and 3.

RESULTS AND DISCUSSION
lites include gas chromatography [5-12] and high
performance liquid chromatography (HPLC)
[7,11,13-17]. No cited approach considers stereo-
chemical aspects. .

For monitoring possible differences in the ste
reoselective metabolism it is necessary to develop

The present investigations were made with a col
umn containing immobilized ovomucoid. Its use for
enantiomeric separation has been reported by Mi
wa et al. [18,19]. The advantages of this ovomucoid
column for chiral HPLC separations include good

100

29.5
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s;' s;'
.§. .§.
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l
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Fig. 2. Enantiomeric separation of 4-hydroxymidazolam. Mobile phase: 20 mM ammoniumphosphate buffer with 20% acetonitrile Qeft
curve) and 10% acetonitrile (right curve), with phosphoric acid adjusted to pH 7. Flow-rate: 1.0 mljmin. UV detection: 220 nm. Injected
volume: 20 III (containing 2 Ilg of metabolites).
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Fig. 3. Enan1iomeric separation of 1,4-dihydroxymidazolam.
Mobile phase: 10% acetonitrile with phosphoric acid adjusted to
pH 7; other parameters as in Fig. 2.
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the enantiomeric separation of 4-0H. The chro
matograms are displayed in Fig. 2 (for 4-0H) and
Fig. 3 (for 1,4-diOH). As expected from an earlier
work by Kirkland et al. [21], large decreases in (X

and k'-values were observed with increasing
amounts of acetonitrile and ethanol. The retention
times and the separation factor obtained with etha
nol are significantly larger than those obtained with
acetonitrile. Not having the pure enantiomers as a
reference, the separations were confirmed only with
diode-array detection. Owing to its less hydropho
bic character, the retention of 1,4-diOH is lower
than that of 4-0H.

For a simultaneous determination of the
enantiomers of 4-0H and 1,4-diOH, 10% acetoni
trile should be chosen as organic modifier. With this
chromatographic system studies involving stereose
lective pharmacokinetics and/or metabolism could
be achieved.
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ABSTRACT

Determination of folic acid (550 ng/g) in an elemental diet containing 46 compounds at concentrations at least 0.02· 106 times higher
than that of folic acid was performed by high-performance liquid chromatography with ultraviolet detection at 360 nm using aceto
nitrile-water (pH 2.1, adjusted with phosphoric acid) (9:91) with the addition of I mM ethylenediaminetetraacetic acid disodium salt as
the mobile phase. This method is suitable for the determination of folic acid in an elemental diet, because it is simple, rapid, sensitive
and reproducible. The calibration graph was linear in the range 0--0.6 Jig. Recovery of folic acid was about 95% by the standard
addition method. There was good agreement between the indicated and found folic acid concentrations.

INTRODUCTION

Numerous methods have been developed for the
analysis of folic acid, including spectrophotometry
[1,2], a microbiological method [3] and high-per
formance liquid chromatography (HPLC) [4-6].
The content of folic acid in human blood from can
cer patients is less than in normal subjects [6].

The measurement of folic acid in an elemental
diet (commercial name Elental, Ajinomoto, Kawa
saki, Japan) containing 46 compounds (e.g. amino
acids, vitamins, organic acids, soybean oil, dextrin,
minerals) at concentrations at least 0.02 . 106 times
higher than that of folic acid [7] has proved to be
valuable for process control, quality control pur
poses and clinical chemistry.

Correspondence to: Dr. H. Iwase, Ajinomoto Co., Inc., Kawasa
ki Factory, I-I Suzuki-cho, Kawasaki-ku, Kawasaki, Japan.

Spectrophotometry is not suitable for complex
sample matrices. Microbiological methods have
generally been used for the routine determination of
vitamins. However, this method is tedious and time
consuming [3,8]. The analysis of folic acid has been
performed by HPLC. However, HPLC cannot be
used for the routine determination of folic acid in
complex sample matrices such as Elental, because
experimental conditions for the sample preparation
such as concentration of trace amounts offolic acid
and removing interferences caused by the complex
sample matrices have not been investigated in de
tail.

Previous papers [8,9] have reported the routine
analysis of cyanocobalamin and ascorbic acid in
Elental. The present paper deals with the routine
determination of folic acid (550 ng/g) in Elental.
Routine determination of folic acid was performed
by HPLC with UV detection at 360 nm, a wave
length that is quite specific to folic acid, using aceto-

0021-9673;92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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nitrile-water (pH 2.1, adjusted with phosphoric
acid) (9:91) with addition of 1 mM ethylenediami
netetraacetic acid disodium salt (NazEDTA) as the
mobile phase.

EXPERIMENTAL

Reagents and materials
Folic acid used in this study was of Japanese

Pharmacopeia standard. Acetonitrile (Wako, Osa
ka, Japan) was of HPLC grade. Other reagents were
all of analytical grade.

Apparatus and conditions
A Model 655 A-II high-performance liquid chro

matograph (Hitachi, Tokyo, Japan) equipped with
a Model 655 A variable-wavelength detector (Hi
tachi, Tokyo, Japan) set at 360 nm was used. The
samples were applied by a Rheodyne Model 7125
sample loop injector with an effective volume of 2
m!. HPLC was carried out on a 25 X 0.46 cm I.D.
column of Capcellpak C1S (5 /lm) (Shiseido, Tokyo,
Japan) using acetonitrile-water (pH 2.1, adjusted
with phosphoric acid) (9:91) with 1 mMNazEDTA
as the mobile phase at a flow-rate of 0.6 ml/min and
a column temperature of 35°C. A Shimadzu
UV-2100 UV variable-wavelength recording spec
trophotometer (Shimadzu, Kyoto, Japan) was used
for the absorption spectra.

Sample preparation
To a solution of Elental (20 g) dissolved com

pletely in deionized water (60 m!) on a water bath at
50°C was added sodium chloride (10 g). After this
solution was allowed to stand at room temperature
for 30 min, it was accurately diluted to 100 ml with
deionized water and then this solution was extract
ed with hexane (10 ml) for 3 min to remove oils.
This aqueous layer was used for the test sample. An
aliquot (2 m!) was injected into the chromatograph.

Folic acid was stable in aqueous solution at 50°C
for 1 h.

RESULTS AND DISCUSSION

Chromatography
Not only folic acid, but also other vitamins, ami

no acids and organic acids absorb in UV region.
Folic acid shows UV absorbance at around 280 and

H. Iwase / J. Chromatogr. 609 (1992) 399-40/

360 nm. The absorbance at 360 nm is quite specific
to folic acid. Riboflavin and cyanocobalamin also
have absorbance at around 360 nm.

The first choice of wavelength to achieve highly
sensitive detection of folic acid was 280 nm. How
ever, many unknown overloading peaks were ob
served on the chromatogram, and folic acid could
not be identified.

The second choice was 360 nm in order to elim
inate co-existing compounds from the chromato
grams. In addition, the effect of adding NazEDTA
to the mobile phase on the determination of folic
acid was also examined. Overloading peaks were
practically eliminated in this way and folic acid
could be observed on the chromatogram. When no
NazEDTA was added to the mobile phase, the folic
acid peak was slightly broadened and an unknown
peak with a slight inflection was observed on the
chromatogram. This may mean that folic acid and
unknown compounds chelate with co-existing met
als. On the other hand, peaks of folic acid and un
known compounds with sufficient intensity were
obtained by adding NazEDTA to the mobile phase
(Fig. 1), because metals could be masked with
NazEDTA.

From the above, it is clear that the addition of
NazEDTA to the mobile phase was necessary to
obtain sharp peaks. Complete elution required
about 25 min. Despite the large injection volume (2
m!), folic acid was concentrated on a Capcellpak
C1S column, separated and then detected at 360 nm
without interference from any other compounds. It
was necessary to inject 2 ml of sample solution for
the determination because folic acid in Elental is
present in a very small amount. As a possible mod
ification of this method, sample enrichment at the
top of column might be considered. A similar tech
nique has been used in ion chromatography. For
the identification of folic acid in Elental, a freshly
prepared model solution containing 45 compounds
with no added folic acid was examined by this meth
od. No folic acid peak was observed on the chro
matogram. Thus, the procedure used here might be
considered advantageous for the routine determina
tion of folic acid in complex mixtures.

Determination offolic acid
The calibration graph for folic acid was con

structed by plotting the peak height against the
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TABLE I

ANALYTICAL DATA FOR FOLIC ACID IN ELENTAL

Relative standard deviation = 1.8% (n = 5) with no addition of
folic acid.

Concentration indicated
(mg per 100 g)

0.055

Analytical data
(mg per 100 g)

0.053
0.052
0.054
0.052
0.052

Recovery
(%)

96.4
94.5
98.2
94.5
94.5

2

20
Time (min)

Fig. I. Chramatogr\.im of folic acid in Elental with UV detection
at 360 nm. Amount of folic acid injected, 0.22 Jig in 2 ml. Mobile
phase: acetonitrile-water (pH 2.1, adjusted with phosphoric
acid) (9:91) with I mM Na 2EDTA. Peaks: I = folic acid; 2 =

unknown.

amount of folic acid and satisfactory linearity was
obtained in the range 0-0.6 j.tg.

A known amount offolic acid was added to Elen
tal and overall recovery was estimated by the stan
dard addition method. The recoverv of folic acid

was about 95% with a relative standard deviation
(R.S.D.) of 1.8% with no addition of folic acid.

Table I shows the analytical data for folic acid in
Elental. There was good agreementbetween the in
dicated and found folic acid concentrations.

In conclusion, HPLC with detection at 360 nm,
using acetonitrile-water (pH 2.1, adjusted with
phosphoric acid) (9:91) with addition of 1 mM
NazEDTA as a mobile phase, seems very useful for
the determination of folic acid because it is satis
factory with respect to selectivity, rapidity and ac
curacy. It is simple and convenient, and therefore
applicable to the routine analysis of folic acid in
Elental.

Application of the proposed method to the deter
mination of compounds in other elemental diets
such as Elental P and Hepan ED and of drugs in
biological fluids is also being studied.
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ABSTRACT

From the flowers of Consolida orientalis (Ranuncu1aceae) benzoxazolinone (BOA) and 2,4-dihydroxy-1,4-benzoxazin-3-one (01
BOA) were isolated and identified by thin-layer chromatography, high-performance liquid chromatography, infrared spectroscopy and
lH nuclear magnetic resonance. Also, the presence of2-0-glucosyl-2,4-dihydroxy-I,4-benzoxazin-3-one was confirmed by thin-layer
chromatography and high-performance liquid chromatography. These compounds are reported for the first time from the Ranuncula
ceae family.
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INTRODUCTION

Benzoxazolinone (BOA) was first isolated from
rye seedlings; it possesses antifungal, anti-inflam
matory and plant growth activities [1~3]. It is re
ported to be a degradation product produced by
heating the hydroxamic acid, 2,4-dihydroxy-I,4
benzoxazine-3-one (DIBOA). DIBOA also exists in
the plant as its 2-glucoside form [4-8]. The sugar is
enzymatically removed during the isolation proce
dure. The reactions responsible for the formation of
DIBOA and BOA can be summarized as shown in
Fig. 1.

BOA, DIBOA and its glucoside have also been
found in certain species of Gramineae and Acan
thaceae [1,3-5,7,9]. Consolida orientalis (Gay)
Schrod (synonym: Delphinium orientale) is one of
the 23 Consolida species found widely in Turkey
[10]. Delphinium and Consolida species are used in
folk medicine as pediculicides, insecticides for cattle
and as antirheumatics [11]. These plants are rich
sources of alkaloids, and there are many studies of
their alkaloids [12]. There is only one report on the
organic acids [13] and anthocyanins [14] of C. orien
talis.

After isolating and identifying BOA from the
flowers of C. orientalis, because this product is de
rived from DIBOA and its glucoside, we also
searched for these products. In this study, BOA,
DIBOA and its glucoside were identified by thin
layer chromatography (TLC) and high-perform
ance liquid chromatography (HPLC). In the identi
fication, standard materials used were isolated from
the seeds of Secale cereale L [4,5]. After identifica
tion, BOA and DIBOA were isolated by using col
umn chromatography and preparative TLC and
their structures were elucidated by their m.p. and
IR and lH NMR spectra. These compounds have
been isolated from the Ranunculaceae species for
the first time.

403

Plant material from C. orientalis was collected
from two different parts of Turkey and it was found
that both types contained DIBOA and its glucoside.

EXPERIMENTAL

Plant material
C. orientalis was collected from Ankara-Aya~

and from Gumushane-Bayburt in July-August
1990, and Aqulegia'olympica from Mayka-Trabzon,
Delphinium formosum from Arsin-Trabzon and
Consolida glandulosa from Gumu~hane-Bayburt

were collected in July 1990.
Secale cereale L., used as a source of standard

materials, was collected from Trabzon in August
1990.

Chemicals
Methanol (LiChrosolv) and acetic acid were ob

tained from Merck (Darmstadt, Germany). lH
NMR solvents and authentic BOA were purchased
from Aldrich (Milwaukee, WI, USA).

General procedure
All melting points were determined on anelec

trothermal digital melting point apparatus and are
not corrected. 1H NMR spectra were obtained us
ing a Bruker AC 200 FT NMR spectrometer, using
[2H6]dimethyl sulphoxide (DMSO-d6) as the sol
vent and tetramethylsilane (TMS) as internal stan
dard. IR spectra were determined on a Perkin-EI
mer 177 IR spectrophotometer in potassium bro
mide pellets. TLC and preparative TLC were per
formed on silica gel 60 G and HF254 (1:1) (Merck),
thickness 0.25 and 0.5 mm (Camag instruments,
Muttenz, Switzerland).

The solvent systems were as follows: (I) chloro
form~methanol-water (75:25:3, v/v/v); (II) n-buta
nol saturated with water; (III) ethyl acetate-metha
nol-water (100:13.5:10, v/v/v); (IV) chloroform-

9,H

0:"-':: N'r0 ~nzymatlc
~ )..0 hydrolysis

glu
glucCl$ld~

~~~o
• ~O;OH

OIBOA

h~at . 0r-~H
~O,.AO

BOA

Fig. I. Formation of DIBOA and BOA.
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acetic acid (90:10, vjv). The spots were visualized
under short-wavelength UV light and ferric chlo
ride was used for the determination of hydroxamic
acids. Column chromatography was carried out us
ing silica gel 60 (70-230 mesh) (Merck).

The HPLC system consisted of a Shimadzu (To
kyo, Japan) liquid chromatograph fitted with two
Model LC 9A solvent delivery systems, a Model
SPD 6AV UV absorbance detector, a Model C
R5A computing integrator and a Rheodoyne 7125
injector valve with a 20-J.ll sample loading loop.
Chromatography was carried out on a Shim-pack
CLC-ODS (M) silica stainless-steel column (150 x
4 mm 1.D., 5 J.lm particle size) (Shimadzu) eluted
with water-methanol-acetic acid (73:27:3, vjv) at
254 nm and flow-rate was 0.8 mljmin. The sample
volume injected was 20 J.ll and separations were per
formed at ambient temperature under normal lab
oratory lighting conditions. The mobile phase was
degassed with helium and chromatographic analy
sis was performed isocratically.

Extraction and isolation of compounds
Extraction ofDIBOA and BOA from C. orientalis

flowers. A 50-g aliquot of plant material was ground
with water in a Waring blende0300 ml) after stand
ing for 3 h at room temperature to allow enzymatic
hydrolysis of the glucoside, heated on a water bath
for 1h at 70°C and filtered. The filtrate (approximate
ly 250 ml) was extracted successively with several
portions of n-hexane and diethyl ether and com
bined diethy1 ether extracts were dried over anhy
drous magnesium sulphate and evaporated to dry
ness on a rotary evaporator under reduced pressure.
The residue was placed on a silica gel column and
eluted successively with n-hexane, n-hexane--ehloro
form (90:10 to 50:50), chloroform and chloroform
diethyl ether (90: 10 to 80:20). Fractions of 25 ml
were collected and examined by TLC and HPLC.

In some fractions BOA and DIBOA were identi
fied and their RF values and retention time were
identical to the authentic BOA and DIBOA isolated
from S. cereale L. From these fractions DIBOA and
BOA were isolated by preparative TLC using sol
vent system 1. The identities of BOA and DIBOA
were confirmed by m.p. and IR and IH NMR spec
tra.

BOA: m.p. 138°C (n-hexane-diethyl ether); IR
(cm- I)3234,1885,1778,1731,1484,1372,1011,941,

S. Ozden et al. / J. Chromatogr. 609 (1992) 402--406

698, IH NMR (DMSO-d6), 1> (ppm) 7.31 (s, 4H
Ar-H), 9.04 (s, IH, N-H).

DIBOA: m.p. 15YC (diethyl ether); IR (cm- I)
3200, 2870, 1650, 1590, 1475, 1270, 1210, 1085,
1052,1030,973,825, 747. IH NMR (DMSO-d6), 1>
(ppm) 7.10 (s, 4H, Ar-H), 8.17 (s, 1H, OH), 10.90 (s,
1H, N-OH).

Extraction ofglucoside from C. orientalis flowers.
A 5-g aliquot of dried plant material was ground in
a Waring blender with methanol (150 ml), refluxed
for 6 h and the slurry filtered through filter paper.
The extract was evaporated to dryness under re
duced pressure. The residue was taken up in water
and then extracted successively with n-hexane,
diethyl ether and n-butanol. The combined n-buta
nol phases were evaporated to dryness under re
duced pressure and the residue (0.05 g) was dis
solved in methanol. From the methanolic solution,
glucoside was determined by co-chromatography
with standard material isolated from S. cereale in
both TLC and HPLC. At the same time both this
glucoside and the DIBOA glucoside isolated from
S. cereale gave the same colours with ferric chloride
reagent in TLC.

RESULTS AND DISCUSSION

Two different extracts of C. orientalis, with water
and methanol, were prepared and both of the ex
tracts were tested on TLC with authentic BOA and
DIBOA obtained from S. cereale.

In the water extract, the amount of BOA and
DIBOA was higher, because of the heat and en
zymatic hydrolysis. In the methanol extract, the
amount of the glucoside was higher, but there was a
small amount ofDIBOA since boiling methanol de
stroys the enzymes.

In TLC, the spots of DIBOA and its glucoside
were easily detected as dark zones at 254 nm UV
light and visualized with ferric chloride reagent,
which gives a violet colour with hydroxamic acids.
Thus, it is apparent that BOA does not occur nat
urally in C. orientalis flowers but is a degradation
product of DIBOA as mentioned in the literaLUre
[4-8].

After isolating DIBOA, it was heated in water
and confirmed by HPLC that it turns to BOA.

BOA and DIBOA were isolated from column
and preparative TLC. Since it is well known that
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TABLE I

TLC Rp VALUES AND HPLC RETENTION TIMES OF BOA, DIBOA AND DIBOA GLUCOSIDE
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Compound

-BOA
DIBOA
Glucoside

TLC RF values in system

II III IV

0.80 0.91 0.77 0.48
0.44 0.88 0.63 0.18
0.11 0.59 0.14

Colour with
ferric chloride

Violet
Violet

Retention
time
(min)

20.73
11.89
9.47

DIBOA occurs in intact plants as its 2-0-glucosyl
derivative, and since the presence of BOA and DI
BOA was confirmed by spectroscopic methods, the
identification of the glucoside was made only with
TLC and HPLC.

The spectroscopic data and m.p. were identical to
those of authentic BOA and DIBOA isolated from
S. cereale and also fit the results reported previously
[4,6,7,15,16].

The RF values obtained by TLC and retention
times obtained by HPLC of BOA, DIBOA and its
glucoside are given in Table I.

The HPLC separation of the mixture of these
three compounds is shown in Fig. 2.

II

I

III

o 5 10 15 20 25 30 min
Retention time

Fig. 2. Chromatogram of an artificial mixture of purified BOA
(III), DIBOA (II) and its glucoside (I). Injection volume, 20 Jll.

In this study, the complete separation of these
three products with a CLC-ODS silica column us
ing UV detection (254 nm) and the solvent system
water-methanol-acetic acid (73:27:3, v/v) is also re
alized for the first time. The method is simple and
easily applicable.

DIBOA and its glucoside were also sought in
Aqulegia olympica, Consolida armeniaca, Delphini~

um formosum and Consolida glandulosa flowers by
co-chromatography with standards in both TLC
and HPLC, but it was found that they are not pres
ent in these plants.
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ABSTRACT

Two rapid techniques of column chromatography, flash chromatography and vacuum chromatography, together with solvent
systems differing in polarity, have been used to separate the pungent principles (gingerols and shogaols) of an extract of ginger powder.
Gingerols consist of a homologous series of aldols each containing a phenolic group which together with shogaols, showing similar
structure, give the pungency of ginger. Thin-layer chromatographic analysis of the fractions collected from both chromatographic
techniques showed that the main gingerol homologues are separated satisfactorily from the other compounds only using vacuum
chromatography. These compounds were eluted with hexane-diethyl ether (30:70) and (20:80) respectively. The results obtained with
flash chromatography, on the other hand, were not satisfactory.

INTRODUCTION

The rapid and successful separation of selected
compounds from a plant extract containing a myr
iad of subs!ances is a problem facing the plant bio
chemist. It is therefore important to effect a crude
separation of the plant components before more so
phisticated procedures are employed. Such separa
tion may include extraction using selected solvents,
partition into two immiscible solvents (liquid
liquid extraction) and vacuum or flash chromatog
raphy [1-4]. Apart from the speed of the chromato
graphic process, vacuum and flash chromatography

Correspondence to: R. Zarate, Institute of Cell and Molecular
Biology, University of Edinburgh, Daniel Rutherford Building,
Mayfield Road, Edingburgh EH9 3JH, Scotland, UK.

also offer a high loading capacity. Their use is of
course not limited to the crude separation of the
components of plant extracts, as they have been
used successfully for the purification and separation
of compounds in mixtures containing few compo
nents, such as products of chemical synthesis. A
wide range of packing materials have been em
ployed with both techniques, with silica gel used
most frequently, but others, such as cellulose, poly
amide, and bonded silica (reversed-phase particles)
have also been used [5].

Attempts have been made to isolate gingerols
(Fig. 1) from a crude extract of ginger by Shoji et al.
[6] and Farthing and O'Neill [7]. Shoji et al. [6] par
titioned the methanol extract between ethyl ace
tate-water, and n-hexane-methanol, followed by
repetitive column chromatography (six times) on

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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o

(CH V n_2 CH 3

[n]-GingeroI

(CH V n_2CH 3

[n]-ShogaoI

Fig. 1. Molecular structure of gingeroI and shogaol.

silica gel eluted with benzene-ethyl acetate, while
Farthin and O'Neill [7] used the same liquid-liquid
extraction [6], followed by counter current chroma
tography, whiCh gave good separation of the gin
gerol homologues.

In this paper a comparison is made between flash
and vacuum column chromatography and their ef
fectiveness assessed in separating the gingerols the
main components of the pungent principle of Zin
giber officinale Roscoe.

EXPERIMENTAL

Preparation of extract (stock solution)
Freeze-dried ginger rhizome powder (20 g) was

extracted with acetone (analytical-reagent grade;
BDH, Poole, U.K.) according to the method de
scribed by Spiro and Kandiah [8]. The acetone ex
tract was evaporated to dryness on a water bath at
35°C using a rotary evaporator and the residue dis
solved in 50 ml of 80% methanol. The resultant
solution was subjected to liquid-liquid extraction 3
times with 50 ml hexane. The hexane fraction which
contains mainly waxy materials, volatile oils and
higher amount of shogaols than in the ether phase,

R. Zarate et al. / J. Chromatogr. 609 (1992) 407-413

was analysed on thin-layer chromatography (TLC)
(see Fig. 3) and then discarded. To the 80% metha
nol fraction, a mixture of diethyl ether and water
(2:1, v/v) was added to produce two layers, the or
ganic and aqueous phases. The pungent principles
were mainly present in the ether fraction which was
then dried with anhydrous sodium sulphate, evap
orated to dryness as before, dissolved in 10 ml meta
nol and stored as the stock solution.

Thin.:.layer chromatography
TLC was used to evaluate the products of frac

tionation and eluates of flash and vacuum column
chromatography. TLC was carried out on Silica gel
60, 20 x 20 cm plates, layer thickness 0.2 mm
(Merck No. 5553, Darmstadt, Germany), under
saturated conditions in a glass tank (Panglas, Shan
don, TLC chromatank, Runcorn, UK). The solvent
system was toluene-methanol (80:5), a variation of
that of Bhagya [9]. Visualization of the compounds
on the plates was achieved after spraying with Fo
lin-Ciocalteu reagent (BDH). Using this method
gingerols, which constitute the main part of the
pungent principle in ginger, displayed RF values of
0.24-0.29 and shogaols, the minor component,
showed RF values of 0.45-0.50 as shown in Fig. 3.

Flash chromatography
The equipment used for flash chromatography

was a glass chromatography column 135 cm in
.length with an inside diameter of 2.0 cm, supplied
by Aldrich (Gillingham, UK), as decribed by Still et
al. [3]. To prepare the column 9.5 g of silica gel 60
(40-60 I'm, Merck 9385) was added slowly while
tapping continuously to produce even packing, to
give and effective column length of 15 cm, then an
0.8-cm layer of 40-100 mesh sand (BDH) was care
fully placed on the flat top of the dry gel bed. Initial
ly, 40 ml of the solvent system, as used for TLC, was
added to the column and pressure applied from a
cylinder containing nitrogen to remove the solvent
from the silica, remove any trapped air and produce
a compact column. Finally, an extra 200 ml of sol
vent was run through, to achieve an even compact
column. To the column a 2-ml sample, obtained by
evaporating 2 ml of stock solution in methanol in a
stream of nitrogen and redissolving the residue in 2
ml of eluent, was applied. The sample was drawn
into the silica by applying pressure from a nitrogen
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cylinder. After the whole sample had been adsorbed
by the column, 200 ml of eluent was added, pressure
applied to produce a flow-rate of 50 mm per min
(read from the decrease in the level of the solvent
above the column bed) and 20 fractions of a volume
of 10 ml collected. The compounds in each fraction
were analysed by TLC followiqg the method de
scribed above.

Vacuum chromatography
A Buchner flask (l00 ml) fitted with a sintered

filter funnel with an inside diameter of 3.5 cm was
connected to a water pump. To the funnel, a similar
amount (9.5 g) of silica gel 60, as used in flash chro
matography, was added slowly to obtain an evenly
packed silica column, 3 cm in length.

A 3-ml volume of the stock solution of ginger
extract was added to 2 g of silica gel 60 and dried by
means of a rotary evaporator over a warm water
bath at 35°C. The dried powder containing the sam
ple was then spread evenly over the top of the silica

409

column. A piece of filter paper (Whatman No.1,
Maidstone, UK) with the same diameter as the in
side diameter of the funnel was placed on top of the
sample to prevent damage to the column during ad
dition of the solvent. Hexane (25 ml) was added
slowly, and the solvent allowed to penetrate the
whole column, then the atmosphere in the flask was
sucked out to facilitate rapid elution and the eluent
collected as the first fraction. Further elution was
carried out using 20 aliquots of 25 ml of solvent
mixtures with increasing polarity, composed of hex
ane-diethyl ether and diethyl ether-methanol, as
shown in Fig. 2. The individual eluates of 25 ml
were transferred to a test tube, evaporated to a vol
ume of 10 ml in a stream of nitrogen and then ana
lysed by TLC.

RESULTS AND DISCUSSION

Preliminary separation
The TLC chromatograms of the fractionation

100 0

0 0

80 0 0

0 0

60 0 0u
~ 0 0
~

40 0 0

0 0

20 0 0

0 0

0 ~ I I I I I I I I I I I I I I Ej>I
1 2 3 4 5 6 7 8 9 10 11 12 13 14- 15 16 17 18 19 20 21

Fraction number

I·
100 80 60 40 20 0 20 40 60 80 100

" Hexane " Methanol

Fig. 2. Composition of the solvent system used in vacuum chromatography (21 different aliquots).



front line

R. Zarate et al. / J. Chromatogr. 609 (1992) 407-413

:....:

•;-"

'..1••

•
I

',·.:.
•'7=

:~:-;:

...:~

410

.-
i';"

./f,
e::j

~ I."
~(:,' ::.

~:P
.,

\"~

(D ~~

I I(£d

$
~

-i ~

®
©
~
G

. (;.>
.z;, (f!)

d @

is' 1-------
A E lot Aq G SI S3

Fig. 3. TLC of the fractions obtained from the liquid-liquid extraction. A = total acetone extract (5 pI), B = ether phase (if) pI), H =
hexane phase (10 Ill), Aq = aqueous phase (10 pI), G = (6)-gingerol (2 pi = 70 pg), S1'S3 == shogaol homologues (2 pI = 25 pg). The
amount of sample loaded is indicated in brackets, as for Figs, 4-6.

products are presented in Fig. 3. ~s predicted, the
pungent principles are present mainly in the ether
fraction, with a higher am'ount of shogaol in the
hexane phase. In the aqueous fraction, compounds

which react with Folin-Ciocalteu reagent were also
present. These compounds, however, are unlikely to
be the pungent components of ginger, since they do
not run far from the origin in the TLC system used.
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Fig, 4. TLC of the 10-ml fractions obtained using flash chromatography with toluene-methanol (80:5) as solvent. Numbers indicate the
different fractions collected (10 pI), E = ether phase (10 pI), G + S = (6)-gingerol (2 pI = 70 pg), shogaol (2 pI = 25 pg). Only fractions
which were known to contain the compounds under investigation were loaded onto the TLC plates.
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Flash chromatography
This is a moderate-resolution, preparative tech

nique usually carried out in a column-overload con
dition, using the same solvent system as with TLC.
It has been reported that compounds wich differ in
RF value by only 0.15 can be separated satisfactorily
using flash chromatography [3,5]. Therefore, it was
expected that, using this technique, gingerols the
major components of the pungent prinCiple in gin
ger and shogaols, would be clearly separated be
cause the difference between their RF values is great
er than 0.15 (ca. 0.20-0.25).

The results, however, presented in Fig. 4 show
that most of the components of the pungent princi
ple (gingerols, shogaols) were present in the same
fractions (5 to 7). Overloading does not seem to be
the cause, because the loading capacity of the col
umn used [3] is approximately 400 mg, while the
amount of sample loaded was less than 200 mg. Dif
ferent lengths of the bed column (10-15 cm) and
different flow-rates (50-100 mm per min) were test
ed, as well as the solvent system 'hexane-diethyl
ether (30:70) employed in vacuum chromatography
which gave clear separation of the gingerols. How-
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ever, less satisfactory results were obtained as all the
components of the pungent principle appear in frac
tions H r H 4 (see Fig. 6). The silica gel employed for
the development of the TLC was 15 11m (Merck No.
5553), while for flash chromatography it was 40-60
11m. (Merck No. 9385). lfthe silica gel used for both
forms of chromatography had been the same, as
suggested by Majors and Enzweiler [5], it would
have simplified comparison of the results. It is also
possible that the number of compounds present in
the plant extract may also affect the efficiency of the
column.

Vacuum chromatography
It was surprising that although the technique of

vacuum chromatography is much simpler than flash
chromatography, the main pungent components of
ginger, the gingerols, are almost completely re
solved from the shogaols, present in fractions 8 and
9 (see Fig. 5). Using this technique the length of the
column was only 3 cm, much shorter than the col
umn used for flash chromatography (15 cm), with a
wider inside diameter of the column which provides
a high loading capacity. It appears that the solvent
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fractions which were known to contain the compounds under investigation were loaded onto the TLC-plates.
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Fig. 6. TLC of the 10 ml fractions obtained using flash chromatography with hexane-diethyl ether (30:70) as solvent system, fractions
H2-H4 (10 Jjl) and the 10-ml fractions collected in vacuum chromatography when an isocratic solvent system toluene-methanol (80:5)
was used, fractions T1-T5 (10 Jjl); E == ether phase (10 Jj); G + S == [6]-gingerol (2 Jjl == 70 Jjg); shogaol (2 Jjl = 25 Jjg). Only fractions
which were known to contain the compounds under investigation were loaded onto the TLC plates.

gradient plays a major part in this chromatographic
technique. Indeed, isocratic elution using the sol
vent system developed for TLC has also been tried.
However, a satisfactory separation was not
achieved (see Fig'. 6). Similar results were obtained
in an attempt to isolate the steroid (23,24-dimethyl
cholesta-5,22-dien-3{3-01) from a petroleum ether
extract of Cresentia cujete bark (unpublished obser
vation). It is unlikely that the method of application
of the sample to the column has any significant ef
fect on the efficiency of separation because the re
sults presented in Fig. 6 (fractions T1-T5) show that
the separation achieved using an isocratic system
was inferior to that with a gradient (see Fig. 5) with
the same loading arrangement used for both solvent
systems.

Of course, solvent gradients can also be em
ployed in flash chromatography, but then the tech-'
nique becomes long and tedious, with the simple
equipment employed for the' above experiments.
These results suggest that a number of advantages
are offered by vacuum column chromatography.
I) The equipment is of low cost and easily assem-

bled using components available in most laborato
ries. 2) A solvent system can easily be developed by
mixing two solvents with different polarities in dif
ferent proportions. 3) This method may also be
used for purification by increasing the polarity of
the gradient more slowly and eluting smaller vol
umes for each fraction.

A much more complicated system of vacuum
liquid chromatography has been developed by Tar
gett et al. [4] using a longer column, maintained
under vacuum, with isocratic elution as for flash
chromatography. Therefore, results similar to those
of flash chromatography might be expected since
isocratic elution'is used, but would appear to be less
favourable for a preliminary separation of the com
ponent of plant extracts.

ACKNOWLEDGEMENTS

We would like to thank Dr. G. Wallace for use of
the flash column chromatography equipment, Dr.
M. Kuroyanagi for a supply of the gingerol and
shogaol standards. Dr. S. C. Fry for constructive



R. Zarate et al. / J. Chromatogr. 609 (1992) 407--413

discussion of the manuscript, and the Cabildo In
sular de Tenerife, Spain for financial support.

REFERENCES

1 J. C. Coli, S. J. Mitchell and G. J. Stokie, Aust. J. Chem., 30
(1977) 1859.

2 B. F. Bowden, J. C. Coli, S. J. Mitchell and G. J. Stokie,
Aust. J. Chem., 31 (1978) 1303.

3 W. C. Still, M. Kahn and A. Mitra, J. Org. Chem., 43 (1978)
2923.

413

4 N. M. Targett, J. P. Kilcoyme and B. Green, J. Org. Chem.,
44 (1979) 4962.

5 R. E. Majors and T. Enzeweiler, LC . GC 1nt., 2 (1989) 10.
6 N. Shoji, A. Iwasa, T. Takemoto, Y. Ishida and Y. Ohizumi,

J. Pharm. Sci., 71 (1982) 1174.
7 J. E. Farthing and M. O'Neill, J. Liq. Chromatogr., 13 (1990)

941.
8 M. Spiro and M. Kandiah, Int. J. Food Sci. Techn., 24 (1989)

589.
9 Bhagya, J. Food Sci. Techn., 14 (1977) 176.



Journal 0/ Chromatography, 609 (1992) 414-418
Elsevier Science Publishers B.V., Amsterdam

CHROM. 24 377

Short Communication

Gas chromatographic separation of polycyclic aromatic
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ABSTRACT

A mesomorphic copolysiloxane was prepared and used as a selective stationary phase for capillary column gas chromatography. It
was found to have an operating temperature range of70-280·C and unique selectivity for some isomeric compound separations such as
those of three-, four- and five-ring polycyclic aromatic hydrocarbons.

INTRODUCTION

The gas chromatographic (GC) analysis of sam
ples consisting of isomeric solutes with nearly iden
tical vapour pressures remains a challenge. More
over, the problem is often compounded by the com
plexity of mixtures containing classes of materials
such as polycyclic az:omatic hydrocarbons (PAHs)
[1]. Thus, even with columns ofthe highest available
efficiency, it is fair to say even today that the resolu
tion of isomers such as five-ring PAHs (including,
e.g., the carcinogenic benzo[a]pyrene) is not entirely
satisfactory [2].

In contrast, it has been recognized for some time
that liquid-crystalline (mesomorphic) stationary
phases provide enhanced GC separations of many

Correspondence to: Prof. R. Fu, Department of Chemical Engi
neering, Beijing Institute of Technology, P.O. Box 327, Beijing
100081, China.

isomeric compounds, including PAHs, on the basis
of solute geometry [2]. As a result, a number of
liquid-crystalline phase have been introduced [3-5],
the best known being the commercially available
materials developed by Janini and co-workers [6-9].
An example of the remarkable shape selectivity of
nematic mesophases is that they yield baseline sep
arations of most parent PAHs, which was achieved
for the first time with packed columns containing
BMBT [N,N'-bis(p-methoxybenzylidene)-a,a'-bi-p
toluidine] stationary phase [6].

However, the utility of such low-molecular
weight liquid-crystaIline phases is limited by the ex
cessive column bleeding at elevated temperatures,
the moderate column efficiency and the restricted
useful mesomorphic temperature ranges. As a re
sult, the coupling of liquid crystal functional groups
on to a polysiloxane backbone via a flexible alkyl
spacer has been successfully accomplished [10,11].
The methylene spacers belween the liquid-crystal-

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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line substituents and the polysiloxane help to pre
serve the original characteristics of the liquid crys
tals [12]. Significant improvements in efficiency and
thermal stability over the monomeric stationary
phases were obtained with the development of these
polysiloxane phases. In addition, Markides et al.
[13] have shown that they provide good resolution,
e.g., of PARs, with open-tubular columns.

Copolymers composea of two different liquid
crystalline moieties have been repored. Biphenyl
carboxylic esters of polysiloxanes constitute a large
group of liquid-crystalline copolymers [11,13,14]
and several procedures for their synthesis of chro
matographic applications have been described [13
16]. Not only nematic but also smectic-nematic and
smectic copolymers are suitable as stationary phas
es [11,14,17]. Polymers with the cholesteric meso
phase are also known [11] although to a much
smaller extent. The mesomorphic copolysiloxanes
usually shown a wider range of the mesophase than
their corresponding homopolymers. These
copolymers have high thermal resistance and show
good behaviour of the column; further improve
ment in their properties is possible by cross-linking
in the column [I5].

In this paper, the synthesis of a mesomorphic co
polysiloxane stationary phase that can be used over
a wide temperature range is described and its chro
matographic properties as a capillary GC station
ary phase are discussed. The selectivity for isomeric
PARs is also demonstrated.

EXPERIMENTAL

A Model SP-3700 gas chromatograph (Beijing
Analytical Instrument Factory, Beijing, China)
equipped with a capillary split injection system and
a flame ionization detector was used for evaluation
of retention behaviour. All chemicals used for syn
thesis were of analytical-reagent grade.

Synthesis
For the synthesis of the mesomorphic copolysi

loxane, 4-[(4'-(allyloxy)phenylmethylacetyl]-4'
methoxybiphenyl (0.891 g, 2.475 mmol), 0.073 g
(0.275 mmol) of N-(4-allyloxy benzylidene)-4'
methoxyphenylamine, 0.16 g (containing 2.5 mmol
of Si-R) of poly(methylsiloxane) and 40 ml of dry
toluene were mixed. The mixture was heated to
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110°C under a nitrogen atmosphere and stirred for
24-72 h until no absorbtion band of Si-R was de
tectable by IR spectrometry (2140 cm - 1). The re
sulting copolymer was purified by filtration or pre
cipitation with methanol. The copolymer was col
lected by centrifugation at 9000 rpm (13 000 g) for
25 min and dried in a vacuum oven to give a white
solid. The copolymer side-chain proportions were
governed by the starting molar proportions of the
reactants. Table I shows the structures and the
phase transition temperatures of the mesomorphic
copolysiloxane and its corresponding homopolvm
(Allyloxy)phenylmethylacetylJ-4' -methoxybiphenyl
and N-(allyloxy benzylidene)-4'-methoxyphenyl
amine were both prepared in the laboratory. Poly
(methysiloxane) was obtained from the Merck
Schuchardt (Munich, Germany).

Column preparation
Fused-silica capillary columns (0.28 mm J.D.)

(Yongnian Optical Fibre Factory, Rebei, China)
were purged with dry nitrogen at 220°C for 5 h be
fore coating. The mesomorphic copolysiloxane was
dissolved in methylene chloride (35°C) at a concen
tration of about 4.0 mg/ml, which gave a film thick
ness of 0.33 ,urn using the static coating procedure.
Before filling the capillary, the coating solution was
carefully filtered through a glass filter.

RESULTS AND DISCUSSION

Table II gives the characteristics of four fused
silica capillary columns coated with this copolymer.
The stationary phase provides satisfactory column
efficiencies (3650 plates/m, anthracene solute;
250°C) owing to the flexibility of the polosiloxane
backbone and the concomitant low surface tension,
which facilitate the homogeneous coating of the
mesomorphic copolysiloxane phase on the untreat
ed fused-silica columns. Column 5 coated with
90:10 I-II (see Table I) mixed stationary phase was
used for comparison.

The selectivity and polarity of mesomorphic co
polysiloxane are represented by McReynolds con
stants. These parameters and average polarities are
given in Table III. These parameters are also listed
for PEG-20M for comparison. The average polarity
of the copolymer is lower than that of PEG-20M. It
is a medium-polar stationary phase. Rohrschneider
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TABLE I

STRUCTURES AND PHASE TRANSITION TEMPERATURES OF THE COPOLYMER STUDIED AND ITS CORRE
SPONDING HOMOPOLYMER

Transition temperatures were measured by hot-stage light-polarized microscopy.

Polymer" Phase transitions ("C)b

c78n276i

n138n287i

" nl02nl40i

" 27 is the degree of polymerization of poly(methysiloxane).
b c = crystalline; n = nematic; i = isotropic.

[20] and McReynolds [21] proposed that liquid
crystalline stationary phases have low or medium
polarities as determined by the sum of the retention
indices oftest substances that react in different ways
with the stationary phase. It is known, however,
that the interaction of the liquid-crystalline station
ary phase with the chromatographed substances de
pends not only on the polarity of the phase but also
on the interaction of the substance with the ordered
structure of the liquid crystal. Therefore, for a more
complete characterization of the liquid-crystalline
stationary phase, additional substances such as xy
lenes [22], diethylbenzene and ethylbenzene iso
mers, toluene, ethylbenzene, n-propylbenzene and
n-butylbenzene [23] should be tested.

To determine the effect of temperature on col
umn efficiency, the height equivalent to a theoretical
plate (HETP) was measured at different temper
atures and a constant flow-rate of the carrier gas.
Fig. 1 shows a plot of HETP vs. column temper
ature (I) for anthracene on the two mesomorphic

copolysiloxane capillary columns. It is clear that the
column efficiency increases with increasing temper
ature.

TABLE II

CHARACTERISTICS OF THE MESOMORPHIC COPOLY
SILOXANE CAPILLARY COLUMNS USED

o Test compound: anthracene.

Column Column dimensions Column Column
No." (length x J.D.) efficiency temperature

(plates/m) (DC)

I 10 m x 0.28 mm 2060 205
2 10 m x 0.28 mm 2070 218
3 19 0m x 0.28 mm 3650 250
4b 13 m x 0.28 mm 1720 220
5 10 m x 0.25 mm 810 225

" The capillary film thicknesses are about 0.28-0.33 Jim.
b DCUP (dicumyl peroxide) 10% and V4 [tetra(methylvinyl)cy

clotetrasiloxane] 4.4% cross-linked column. The method of
cross-linking was similar to that of Liu et al. [18].
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TABLE III

SELECTIVITIES AND POLARITIES OF THE MESOMOR
PHIC COPOLYSILOXANE STUDIED c

a X' = Benzene; Y' = butanol; Z' = 2-pentanone; U' = nitro
propane; S' = pyridine.

b From ref. 19.

McReynolds constant (Lll)"

Copolymer 251 264
PEG-20b 322 536 +

o....--o---J
8 4 0

min

B

A

z

.3
z

!

k
!

5 min 3 .'0 ! I

3 min2

Fig. 2. Chromatograms of isomeric three-ring PARs on (A)
SE-30, (B) copolymer (column 1) and (C) mixed column (column
5). Column temperature, 22YC. Peaks: I = fluorene; 2 = an
thracene;) 3 = phenanthrene; 4 = carbazole.

Mean

420 339
510 461

S'U'

330 429
368 572

Z'Y'X'

Stationary
phase

Fig. 2 shows chromatograms of three-ring PHA
isomers on capillary columns coated with a non
polar stationary phase (SE-30), with the mesomor
phic copolymer and with a mixed stationary phase.
The resolution is best when the liquid-crystalline
copolymer is used. This is a result of both the high
selectivity of the column and its high chromato
graphic efficiency. Columns can be easily coated
with the copolymer to produce efficient columns
that lead to the narrow peaks.

To illustrate the practical utility of the mesomor-

phic copolysiloxane solvents, we present as exam
ples the separation of three-, four- and five-ring
PAHs with this copolymer in Fig. 3. The resolution
of isomers such as anthracene-phenanthrene, ben
zo[a]anthracene-triphenylene--ehrysene and ben
zo[a]pyrene-benzo[e]pyrene-pyrene with "slightly
polar" phases such as SE-52 and SE-54 is not en
tirely satisfactory [24,25], whereas isomers of four
ring PAHs were separated here on a lO-m column
with a film thickness of 0.33 ,urn. Fig. 4 shows the
temperature-programmed separation of a mixture

B
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Fig. 1. Plot of HETP against temperature for anthracene on (0)
column I, (.) column 2, ( x ) column 3, (.&) column 4 and (/:;)
column 5 (see Table II).

Fig. 3. Separations of (A) three-, (B) four- and (C) five-ring
PAHs with the mesomorphic copolysiloxane stationary phase.
Peaks: I = fluorene; 2 = phenanthrene; 3 = anthracene; 4 =
carbazole; 5 = fluoranthene; 6 = pyrene; 7 = triphenylene; 8 =
benzo[a]anthracene; 9 = chrysene; 10 = benzo[e]pyrene; II =
benzo[a]perylene.'Column temperatures: (A) 225°C (column I);
(B) 240°C (column 2); (C) 280°C (column 4).
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of ten of the three- to five-ring PAHs encountered
most frequently in environmental samples,

We note in passing that the elution order of the
five-ring PAHs with conventional polymeric liquid
phases is benzo[e]pyrene followed by benzo[a]py
rene [10]. In contrast, the elution pattern of these
solutes with mesomorphic polysiloxanes is consis
tent with the degree of their rod-like geometry, the
more rod-like being retained longer. Thus, benzo[e]
pyrene elutes first with this copolymer, followed by
benzo[a]pyrene.
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ABSTRACT

The chromatographic behaviour of ten aliphatic and aromatic amines on thin layers of po1yacrylonitrile sorbent was investigated
using seven aqueous solvent systems. It was established that an increase in the hydrophobic part of the amines results in their increased
retention on this sorbent. A positive linear depencence between the number of carbon atoms in the n-alkyl groups of primary aliphatic
amines and the corresponding RM values was also established. The separation of the investigated amines was assumed to be based on
non-specific hydrophobic interactions between their non-polar parts and the hydrocarbon chains of the sorbent.

INTRODUCTION

In previously published papers of this series [1-4]
the application of polyacrylonitrile sorbent
(PANS), as a bifunctional adsorbent consisting of
polar cyano groups and non-polar hydrocarbon
chains, to the separation of several classes of com
pounds was described and the corresponding sep
aration mechanisms were considered. Thus, in the
separation of isomeric cis-trans complexes of cobalt
(III) [1] it was assumed that hydrogen bonds form
between the cyano groups of this sorbent and N
hydrogens of the sorbate, and also that the sorbent

Correspondence to: Dr. T. J. Janjic, Faculty of Chemistry, Uni
versity of Belgrade, Studentski trg 16, P.O. Box 550, 11001 Bel
grade, Yugoslavia.

retains cationic complexes on the basis of ion-dipol
interactions. It was further assumed that the sep
arations of some food-stuff dyes [2], tris(f3-diketo
nato) complexes of transition metals [3] as well as
tris(alkylxanthato)cobalt(III) complexes [4] by
means of aqueous solvent systems are based on
non-specific interactions between the non-polar
parts of the sorbent and the sorbates (reversed
phase chromatography). However, under condi
tions used for normal-phase chromatography,
namely. the application of non-aqueous solvent sys
tems for the separation of tris(f3-diketonato) com
plexes of cobalt(III), chromium(III) and ruthenium
(III), which do not contain aromatic rings in their
molecules [3], and tris(alkylxanthato)cobalt(III)
complexes [4] it was assumed that these substances
are sorbed on PANS by the mechanism of hydrogen
bond formation between methyne hydrogen atoms

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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of the sorbent and highly electronegative atoms of
the sorbates. Finally, in investigations of the chro
matographic behaviour of tris(f3-diketonato) com
plexes of transition metals, containing aromatic
rings in their molecules [3] using non-aqueous sol
vents, it was assumed that the sorption of these sub
stances on PANS is based on donor-acceptor inter
actions of the n-electron systems of the sorbates and
the cyano groups of the sorbent.

Continuing our investigations of the separation
mechanisms of different sorbates on PANS, in this
paper we wanted to examine the chromatographic
behaviour of hydrochlorides of some aliphatic and
aromatic amines by the application of aqueous sol
vent systems. Under these conditions amines occur
in the form of positively charged cations containing
various hydrophobic parts and may be expected to
exhibit an interesting chromatographic behaviour.
At the same time, these investigations may serve as
a check and confirmation of the previously assumed
possible interactions between PANS and different
sorbates.

EXPERIMENTAL

The preparation of PANS, its application to mi
croscope slides and development of chromatograms
are described in our first paper [1]. The investigated
n-butylamine, n-hexylamine, n-octylamine and n
decylamine (Merck, Darmstadt, Germany), n-dode
cylamine, dihexylamine, N-isopropylcyclohexyl
amine (Fluka, Buchs, Switzerland) and N-alkylaryl
amines (synthesized and analysed by Mr. Milovan
Ivanovic, IHTM, Belgrade, Yugoslavia, according
to procedures described in the literature [5]) were

T. J. Janjii: et al. / J. Chromatogr. 609 (1992) 419--422

first, before being spotted on PANS layers, convert
ed into the corresponding substituted ammonium
chlorides by means of 6 mol dm - 3 hydrochloric
acid. To measured volumes of the latter solutions,
whose concentration was about 2 mmol cm - 3 and
pH about 2, an equivalent volume of ethanol was
added. In all the investigated cases the plates were
spotted with 0.2 ,ul of freshly prepared solutions.

All components of the chromatographic solvent
systems used (Table I) were of analytical grade.

The detection of amines was performed by expos
ing developed plates to iodine vapour for 10 min.

RESULTS AND DISCUSSION

As can be seen from Table I, seven solvent sys
tems were used for the separation of the investigat
ed substances. These solvent systems, which mainly
contain water, was selected above all because the
investigated substances are water-soluble salts. In
addition, the selected systems also contain Bronsted
acids, which prevent protolysis of the sorbate cat
ions.

The RF values measured are listed in Table II. As
may be seen from the table, the results obtained for
primary aliphatic amines (substances 1-5) show
that elongation of the alkyl group of the amines
results in increased retention on PANS. This trend
also holds for other cases where the hydrophobic
part of a molecule is increased, illustrated by the
following sequences:

(a) RF (6) < RF (2);
(b) RF (10) < RF (9) < RF (8)

where the numbers in brackets correspond to the
ordinal numbers of amines in Table IT.

TABLE I

COMPOSITION OF THE CHROMATOGRAPHIC SOLVENT SYSTEMS USED AND THE CORRESPONDING DEVEL
OPMENT TIMES

No. Solvent system Volume Development
ratio time (min)

I I M hydrochloric acid 35
2 1.25 M hydrochloric acid--ethanol 80:20 45
3 0.125 M hydrochloric acid--ethanol 80:20 45
4 0.1 M perchloric acid 30
5 0.125 M perchloric acid--ethanol 80:20 40
6 I M ammonium chloride 35
7 1.25 M ammonium chloride--ethanol 80:20 45
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TABLE II

Rp VALUES OF THE INVESTIGATED AMINES

421

No. Amine Solvent system"

2 3 4 5 6 7

CH3-(CH2).-NH2
85I n = 3 79 86 84 79 87 81

2 n = 5 64 78 76 58 78 67 71
3 n = 7 36 71 58 23 54 50 56
4 n = 9 18 63 46 9 30 36 41
5 n = II 10 46 25 0 17 24 27

6 [CH3-(CH2)s12NH 47 53 31 II 28 39 47

7 88 90 86 79 86 83 91

HN-Q
I

;1(
~C CH3

HN-@

I
R

8 R = 2-propyl 81 87 81 71 79 78 88
9 R = 2-butyl 75 82 79 68 78 68 78

10 R = cycloheptyl 61 76 75 64 77 50 67

" See Table T.

In addition, from Table II it may be seen that in In the case of alkyl amines, however, the first in-
all the investigated cases relatively smaller Rp values teraction above is inconsistent with the obtained re-
were established for the amine 8, which contains suIts, i.e., if this interaction is predominant, a se-
one aromatic ring, in comparison with the amine 7, quence of RF values opposite to that observed
in which this ring is completely hydrogenated. should be expected. As is known, the positive in-

Taking into account the chemical nature of ductive effect, which increases with elongation of an
PANS and that of the investigated substituted am- alkyl group, would decrease the effective positive
monium salts, the following most probable separa- charge on the hydrogen atoms of an alkyl-substitut-
tion mechanisms can be assumed: ed ammonium group. This will weaken hydrogen

(1) The formation of hydrogen bonds between bonds. The same effect would cause increased steric
the cyano groups of the sorbent and N-hydrogens hindrance with chain elongation.
of a sorbate. On the other hand, under conditions of ion-ex-

(2) Ion exchange of the investigated cations on change chromatography of amines on different ion
carboxylic groups of the sorbent [1]. exchangers it has been established by other authors

(3) Non-specific hydrophobic interactions be- [6,7] that an increase in the nOh-polar part of
tween the hydrocarbon moieties of the investigated amines results in their increased retention. There-
amines and the non-polar chains of PANS. fore, if this mechanism is relevant for the investigat-
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Fig. I. Relation between the number of carbon atoms in an-alkyl
group of primary aliphatic amines and the corresponding RM

values. The numbers on the lines refer to the solvent system used
given in Table I.
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ed process a sequence of aliphatic amine RF values
would be similar to that observed in this work.
However, as is known [I], ion exchange on carbox
ylic groups is not possible when strongly acidic sol
vents are used (in our case solvents 1-5, Table I).
Consequently, as the results obtained in this paper
using these solvents are not significantly different
from those established with the solvents containing
salts, it seems that the ion-exchange mechanism in
the latter case is not predominant.

From all the aforesaid it may be assumed that the
separation of these substances takes place in a re
versed-phase mode, i.e. by hydrophobic interac
tions [8], where, as it is known, an increase in the
hydrophobicity of the sorbate results in increased
retention. Such an assumption is supported by the
fact that all the solvent systems used are similar to
those applied in reversed-phase chromatography
and by the observation that a decrease in the water
content of a solvent system leads to an increase in
the R F value [9,10]. Similar behaviour has been ob
served on cyanopropyl-modified silica (which also
contains cyano groups and hydrocarbon chains) by
chromatography of some steroids using aqueous
solvents [10] and was explained by the presence of
non-polar hydrocarbon chains between the silica
gel skeleton and the cyano groups.

Finally, a possible explanation for the observed
sequence of amines 7 and 8 could be the fact that
amine 8, which contains a benzene ring with planar
configuration, exhibits a greater sorbate-sorbent
contact surface than amine 7, which contains a non
planar cyclohexane ring [II]. A greater retention for
benzene than cyclohexane was also established in
adsorption gas chromatography on graphite, where
the retention is exclusively based on dispersive sor
bate-sorbent interactions.

In addition, a linear dependence between the
number of carbon atoms in a n-alkyl group of pri
mary aliphatic amines and the corresponding RF

values was established (Fig. I).
On the basis of all the aforesaid it may be con

cluded that the results obtained in this work make
more probable the hydrophobic interaction mecha
nism for the separation of other substances on
PANS, proposed in our earlier papers [2-4], since it
could be applied also to explain the chromato
graphic behaviour of amines investigated in this pa
per.
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ABSTRACT

The accuracy and reproducibility of the determination of hypericin and pseudohypericin by measuring the emitted fluorescence in situ
on thin-layer chromatography plates can be improved significantly by using appropriate dipping reagents. The effects of pyridine,
polyethylene glycol 4000, paraffins, silicone oil and Triton X-IOO in various solvents and combinations on the intensity and stability of
emitted fluorescence are described. Using the test conditions established by this investigation, hypericin can be quantified exactly within
the range 5-50 ng and pseudohypericin within the range 20-200 ng. The relative standard deviation for the quantification under the
given conditions is less than 1.5% for both substances.

INTRODUCTION

Thin-layer chromatography (TLC)-densitometry
is still an appropriate method of determining hyper
icin and pseudohypericin in plant and plant tissue
extracts as well as in pharmaceutical formulations
[1]. Several TLC systems for the separation of hy
pericin and pseudohypericin are described [1-5].

The exact and reproducible quantification of
TLC-separated hypericins by measuring the emitted
fluorescence in situ depends on intensifying and sta
bilizing the fluorescence. This may be achieved by
spraying or dipping the TLC plate with appropriate
reagents after development. A review on the use of
fluorescence enhancement reagents in TLC is given
in ref. 6. In systematic investigations we tested sub-

Correspondence to: Universitiits-Professor Dr. Theodor Kartnig,
Institute ofPharmakognosy, Karl-Franzens-University, Univer
sitatsplatz 4/1, A-8010 Graz, Austria.

stances reported to increase the intensity of fluo
rescence of various plant constituents [2,3,7-12]. Fi
nally, we improved the conditions of quantification
significantly so that an exact determination of hy
pericin within the range 5-50 ng and of pseudohy
pericin within the range 20-200 ng with a relative
standard deviation of less than 1.5% was achieved.

EXPERIMENTAL

Chemicals
Hypericin was obtained from Roth (Karlsruhe,

Germany, product No. 7929 and was used as fol
lows: 1 mg in 100 ml of methanol (solution A), 1 ml
of solution A diluted with 3 ml of methanol (solu
tion B) (2 J.t! of solution B = 5 ng of hypericin).
Pseudohypericin was obtained from Hamosan
(Graz, Austria) and was used as follows: 1 mg in
100 ml of methanol (2 pI = 20 ng of pseudohyper
icin). (Hypericin and pseudohypericin solutions

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.Y. All rights reserved
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have to be kept in the dark and at low temperature.)
The other chemicals were as follows: pyridine

(Merck, Darmstadt, Germany, product No. 9728),
polyethylene glycol (PEG) 4000 (Merck, product
No. 807490), viscous paraffin (Merck, product No.
7160), liquid paraffin (Merck, product No. 7162),
highly liquid paraffin (Merck, product No. 7174),
paraffin in block form (Merck, product No. 7150),
silicone oil (Merck, product No. 7742), Triton
X-IOO (Merck; product No. 8603)

Thin-layer chromatography
The TLC plates Were 10 x 20 cm TLC alumini

um sheets coated with silica gel 60 (without fluo
rescent indicator) (Merck, prodl;!clNo. 5553) and
were developed in unsaturated tanks (Desaga, Hei
delberg, Germany, product No. 1201 73). Test so
lutions and plant extracts w~re applied as bands of
6 mm (micropitette by HAACK, Vienna, Austria).
The mobile phase was toluene-ethylformiate-for
mic acid (5:4:1) [3,4]. After development over 8 cm,
solvent was quickly evaporated in a warmairstream
and the plate dried for 10 min at 60·C.

Detection was with UV light at 366 nm. Hyper-

Th. Karmig and I. Gobel/ J. Chromatogr. 609 (1992) 423-426

icin (RF = 0.58) and pseudohypericin (RF = 0.63)
are separated sufficiently and with sharp boundaries.

Equipment
A Shimadzu CS 9000 dual-wavelength flying

spot scanner was used with the following settings:
beam size 0.4 x 10 mm; wavelength = 313 nm;
delta "y" = 0.04 mm, filter 4, zero set mode at start.

Sample preparation
A 30- to 50-mg aliquot of powdered (sieve 180,

European Pharmacopoeia) Hypericum leaves or
herbs was extracted with 5 ml of methanol at room
temperature using a magnetic stirrer for 1 h. Extrac
tion of plant material was repeated twice with 5 ml
of methanol for 5 min. The combined filtrates were
evaporated to dryness and the residue dissolved in
2.00 ml ofmethanol. The solution was filtered again
prior to application to the TLC plate.

Preparation of the plate for fluorodensitometric de
terminations

The developed and dried plate was first dipped
into a solution of 10% pyridine in diethyl ether (so-

TABLE I

EFFECTS OF VARIOUS SUBSTANCES ON THE INTENSITY AND STABILITY OF THE FLUORESCENCE OF HYPER
ICIN AND PSEUDOHYPERICIN

The stabilizing effect is expressed as the decrease in fluorescence achieved within 30 min: - = > 25%; (+) = 20-25%; + = < 20%;
+++ = <3%.

Substance

Pyridine [2,3]
PEG 4000 [7]
Pyridine + PEG 4000
Highly liquid paraffin [7-11]
Liquid paraffin [7-11]
Viscous paraffin [7-11]
Block form paraffin
Block form + viscous paraffin

Pyridine + highly liquid paraffin

Pyridine + liquid paraffin

Pyridine + viscous paraffin

Silicone oil [7]
Pyridine + silicone oil

Triton X-IOO [9-12]

Fold increase
in intensity

2-5
2-4
2-5
3-10
3-10
3-10
6-8
8-12

7-10

7-12

7-15

2-10
10-12

2-3

Stabilizing
effect

(+)

(+)
+
+++

+

(+)

(+)
(+)

(+)

Concentration of
substance; solvent

10%; diethyl ether, acetone
5%; ethanol
5% pyridine, 5% PEG, ethanol
20-70%; diethyl ether, n-hexane, toluene
20-70%; diethyl ether, n-hexane, toluene
20-70%; diethyl.ether, n-hexane, toluene
4-8%: toluene
3-4% block form, 25-50% viscous paraffin;
diethyl ether
1-10% pyridine, 50-70% paraffin, diethyl
ether, n-hexane
1-10% pyridine, 50-70% paraffin, diethyl
ether, n-hexane
1-10% pyridine, 50-70% paraffin, diethyl
ether, n-hexane
30-70%; diethyl ether
5% pyridine, 30-70% silicone oil, diethyl
ether
1-33%; n-hexane, chloroform, toluene
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where At is the area of the sample curve, Ai is the
area of the curve of 5 ng of hypericin and 20 ng of
pseydohypericin, and Az is the area of the curve of
50 ng of hypericin and 200 ng of pseudohypericin.

Standards of hypericin and pseudohypericin were
measured with every determination.

RESULTS AND DISCUSSION

45 (At - Ai) + 5 (A z - Ai)Hypericin (ng) = _-'---'-_---'C'----_-'--=--_-=_

Az - Ai

180 (At - Ad + 20(A z - Ad
A z - Ai

Pseudohypericin (ng) =

Fluorodensitometric quantification of hypericins
in situ without application of fluorescence enhanc
ing and stabilizing reagents produces only imprecise
and non-reproducible results. The reason for this
phenomenon is on the one hand a relatively weak
fluorescence and on the other hand insufficient sta
bility of fluorescence intensity [7].

To optimize the quantification of hypericin and
pseudohypericin we checked all the steps of the pro
cedure. Extracting plant material in the way de
scribed dissolves out the hypericins quantitatively.

TLC separation is better achieved by the suggest
ed system [2,3] than by using RP-8 plates and aceto
nitrile [1]. The spots are separated well and exhibit
sharp margins, as the scanning profile shows (Fig.
1).

To increase fluorescence intensity and improve
stability, we tested several substances in various
concentrations and combinations as well as in vari
ous solvents (see Table I).

Homogeneous application of the reagents to the
plate is only guaranteed by dipping and not by
spraying [7]. The best effect was achieved with 10%
pyridine in diethyl ether as the first dipping solu
tion. After removing diethyl ether from the plate in
a warm airstream, other solutions were applied as
second reagents (see Table II).

Finally, we found the best effect using consec
utive applications of 10% pyridine in diethyl ether
as the first dipping solution and 66% viscous paraf
fin in diethyl ether as the second dipping solution.

To conserve solvents, the dipping procedure
should be carried out in dipping tanks. The TLC
plate has to be held with forceps. Immediately after
withdrawing the plate from the second solution, it
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Fig. 1. Scanning profile of a methanolic extract of Hypericum
perforatum herbs. A = Pseudohypericin; B = hypericin.

Calculations
The contents of hypericin and pseudohypericin

are calculated from the formulae:

lution 1) in a dipping tank (Desaga, product No.
1141 52). After the diethyl ether had evaporated
(ca. 3 min) the plate was dipped into a homogene
ous mixture of two volumes of viscous paraffin and
one volume of diethyl ether (solution 2), also in a
dipping tank.

Subsequently, the plate was placed vertically on a
flat surface in the dark for 1 h and the emitted fluo
rescence was then measured.
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TABLE II

EFFECTS OF VARIOUS SUBSTANCES APPLIED AFTER A BASIC TREATMENT WITH 10% PYRIDINE IN METHANOL

The stabilizing effect is expressed as the decrease in fluorescence achieved within 30 min. - = > 25%; (+) = 20-25%; + = < 20%;
+++ = <3%.

Substance

PEG 4000
Liquid paraffin
Viscous paraffin
Blijock form paraffin
Bock form + viscous paraffin

Silicone oil
Triton X-lOa

Fold increase
in intensity

2
12-14
6-15
6-8

10-12

10
2-3

Stabilizing
effect

+
+++

Concentration of
substance; solvent

5%; ethanol
70%; diethyl ether
50-70%; diethyl ether
4-8%; toluene
3-4% block form, 25-50% viscous paraffin;
diethyl ether
70%; diethyl ether
1-33%; II-hexane, chloroform, toluene

should be placed vertically on a flat surface, e.g. on
\

the turned over metal cover ofaTLC tank (Desaga;
product No. 1201 02), in the dark for 1 h. During
this time the diethyl ether evaporates and the excess
paraffin flows down the plate. After 1 h fluorescence
is sufficiently stable for measurements to be made.

To maintain exact results with every TLC plate, 5
and 50 ng of hypericin as well/as 20 and 200 ng of
pseudohypericin have to be determined as calibra
tion substances. In numerous determinations of
identical samples we observed that, in spite of strict
adherence to the protocol, there were small differ
ences from experiment to experiment. These differ
ences can be avoided by using hypericin and pseu
dohypericin standards on the same plate.

The accuracy of the fluorodensitomeric measure
ment of hypericin and pseudohypericin in the pro
cedure described is expressed as the relative stan
dard deviation and is less than 1.5%. The reproduc
ibility of the determination of hypericin and pseu
dohypericin from plant material is also expressed as
the relative standard deviation and is less than
3.5%.

ACKNOWLEDGEMENT

We thank Firma Hamosan (Graz, Austria) for
generously providing pseudohypericin.

REFERENCES

I M. Vanhaelen and R. Vanhaelen-Fastre, J. Chromatogr., 281
(1983) 263.

2 H. Wagner, S. Bladt, and E.-M. Zgainski, Drogellallalyse,
Diinnschichtchromatographische Allalyse von Arzneidrogen ,
Springer, Berlin, 1983.

3 Deutscher Arzneimittel-Codex (Ergiinzung zum Arzlleibuch),
Govi-Verlag, 1979.

4 R. Berghofer and l. Holzl, Dtscll. Apoth. Ztg., 126 (1986)
2569.

5 P. Pachaly, Dtsch. Apoth. Ztg., 124 (1984) 2159.
6 C. F. Poole, S. K. Poole, T. A. Dean and N. M. Chirco, J.

Plallar Chromatogr., 2 (I989) 180.
7 H. lork, W. Funk, W. Fischer and H. Wimmer, Diillnschicht

chromatographie. Reagellziell ulld Nacllweismethoden, Band
la, VCH Verlagsgesellschaft 1989.

8 S. Uchiyama and M. Uchiyama, J. Chromatogr., 153 (1978)
135.

9 S. Uchiyama and M. Uchiyama, J. Chromatogr., 262 (1983)
340.

10 B. Lin Ling, W. R. G. Baeyens, H. Marysael, K. Stragier and
P. de Moerloose, J. Liq. Chromatogr., 12 (1989) 3135.

II S. Uchiyama and M. Uchiyama, J. Liq.Chromatogr., 3
(1980) 681.

12 S. S. rHo, H. T. Butler and C. F. Poole, J. Chromatogr., 281
(1983) 330.



Journal of Chromatography, 609 (1992),427-431
Elsevier Science Publishers B.V., Amsterdam

CHROM. 24 468

Short Communication

Salting-out thin-layer chromatography of transition metal
complexes

I. Investigation of the behaviour of mixed
aminocarboxylato cobalt(III) complexes on silica gel

Gordana Vuckovic, Diana Miljevic, Tomislav J. Janjic and Milenko B. Celap
Faculty of Chemistry. University of Belgrade. P.O. Box 550, 11001 Belgrade (Yugoslavia)

(First received April 13th, 1992; revised manuscript received July 1st, 1992)

ABSTRACT

Twenty-four mixed aminocarboxylato cobalt(III) complexes of anionic and neutral types, containing nitro ligands with or without
ammonia ligands and belonging to six homologous series, were investigated by salting-out thin-layer chromatography on silica gel,
using seven ammonium sulphate solutions in water. In most cases it was established that a decrease in the R F values of the complexes
accompanied increasing salt concentration of the solvent systems used. A positive linear dependence between the RM [log (I/RF - I)]
values of the complexes and the mol percent (mol fraction x 100) of ammonium sulphate in the solvent systems used was found.
Finally, a positive linear dependence between the RM values of the complexes ofa homologous series and the number ofcarbon atoms in
the hydrophobic part of a complex was also established. To explain these results, a mechanism based on hydrophobic interaction
between the sorbate and the sorbent is proposed.

INTRODUCTION

In several recently published papers by Lederer
and co-workers [1-4] the effect of the salt concen
tration in the water developer on the R'; values of
many classes of organic compounds obtained by
paper chromatography and thin-layer chromatog
raphy (TLC) on cellulose was investigated. It was
found that increasing the salt concentration de-

Correspondence to: Assistant Professor Gordana Vuckovic, Fac
ulty of Chemistry, University of Beograd, P.O. Box 550, Stu
dentski trg 16, 11001 Beograd, Yugoslavia.

creased the RF values of the studied compounds
(salting-out TLC). The same effect has been also
investigated on some transition metal complexes us
ing paper chromatography [5-6] and TLC on silica
gel [7], but in these cases a similar trend was not
observed. For this reason we wanted to determine if
a salting-out effect can also occur in the case of
transition metal complexes. To this end we chro
matographed on silica gel some of complexes con
taining hydrophobic hydrocarbon moieties with
ammonium sulphate solutions in water in a wide
range of concentrations. Silica gel was chosen be
cause, as established in an earlier paper [8], this sor
bent is capable of non-specific hydrophobic interac-

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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tions with some metal acetyl-acetonato complexes (Merck, Darmstadt, Germany) in water were used
from water-organic solvents [8]. for chromatographic development. The chromatog-

raphy was carried out at 20 ± 2°C.
EXPERIMENTAL

RESULTS AND DISCUSSION

The syntheses of the complexes were performed
according to procedures given in the literature (Ta- The results obtained are given in Table 1. They
ble I), and the chromatographic procedure is de- show that the investigation was carried out with
scribed in an earlier paper [9]. The solutions of dif- eleven neutral and thirteen anionic mixed cobalt
ferent .concentrations of ammonium sulphate (III) complexes, belonging to six homologous se-

TABLE I

RF x 100 VALUES OF THE INVESTIGATED COMPLEXES

No. Complexo Optical Ref. Ammonium sulphate content in solvent system used
activityb for

synth. 1.I 2.2 3.3 4.4 5.5 6.6 7.7 mol%
0.63 1.14 1.69 2.20 2.66 3.10 3.48 mol/dm 3

cis-(N02), trailS (N)-[Co L2(N02)2r
I L = gly 10 99 99 99 97 98 95 97
2 L = S-ala + 10 96 94 89 87 82 78 73
3 L = S-abu + 11 88 82 76 70 62 51 45
4 L = S-nva + 11 73 66 58 44 31 22 21
5 L = S-nle + 11 52 46 32 17 12 9 6

cis (N02)' trails (N)-[Co L2(N02)2r
6 L = iabu 11 89 84 79 70 60 49 44
7 L = S-val + II 78 73 63 53 40 29 25
8 L = S-leu + 11 60 53 44 29 19- 12 II
9 L = S-ile + II 68 51 47 32 22 15 12

cis (0), trails (NH 2)-[Co LiN02)NH3]
10 L = gly 12 98 99 99 97 98 97 99
11 L = S-ala + 12 92 92 89 85 84 83 79
12 L = S-abu + 13 79 80 69 63 62 61 46
13 L = S-nva + 13 55 52 46 31 21 18 II
14 L = S-val + 13 61 59 56 44 36 31 24

mer-[Co L(N02)3NH3r
15 L = gly 14 98 98 97 97 97 97 97
16 L = S-ala 14 97 96 95 93 93 93 89
17 L = S-abu 14 95 93 91 85 82 79 70
18 L = S-nva 14 92 87 82 74 65 60 52

cis (N0)2' trails (NH 2, NH3)-[Co L(N02)2 (NH3)21
19 L = gly 12 98 96 97 97 97 97 98
20 L = S-ala + 12 97 92 95 94 93 93 87
21 L = S-abu + 12 94 88 90 85 83 76 75

trails (N02)' cis (NH3)-[Co L(N02)2 (NH3)2]
22 L = gly 12 99 95 97 97 97 96 97
23 L = S-ala + 12 98 94 94 93 93 91 91
24 L = S-abu + 12 93 89 89 83 82 77 76

Q gly = glycine; S-ala = (s)-alanine; S-abu = (s)-aminobutyric acid; S-nva = (s)-norvaline; S-nle = (s)-norleucine; iabu = isoamino
butyric acid; S-val = (s)-valine; S-Ieu = (s)-Ieucine; S-ile = (s)-isoleucine.

b Sign of optical rotation at 589 nm.
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ries, using seven solvent systems comprising ammo
nium sulphate solutions of various concentrations
in water. From Table I it is seen that, under the
experimental conditions applied, in 80% of the
cases increasing of the salt concentration in the sol
vent system resulted in a decrease iv the RF values
of the complexes. This decrease is in accordance
with the results obtained by salting-out TLC of nu
merous organic compounds on cellulose [1--4]. Con
sidering the composition of the complexes that do
not exhibit the aforementioned effect, it may be
noted that they contain the glycinato anion as an
aminocarboxylato ligand. On this basis it could be
assumed that the absence of the aforementioned ef-

429

fect is due to a small hydrophobic part of such com
plexes, which results in insufficient non-specific
hydrophobic interaction between such sorbates and
the siloxane groups of the sorbent, which are hydro
phobic, unlike to silanol groups [15]. This assump
tion is in accordance with the fact that this effect
increases with the degree of chain branching in ami
nocarboxylato ligands in a homologous series of the
investigated complexes [16].

In addition, we established in most cases a linear
dependence of the RM [log (l/RF - 1)] values of the
complexes on the mol percent (mol%) of ammoni
um sulphate in the solvent system used for cases for
which RM > -1.00 (see Fig. 1). This allows the

0.00

Mol per cent of ammonium sulphate

1.00

0.00

....O~O,o~24(3

~~....o~ '~• 21(3)

....OP9 • 1.00

•
-1.00 '--~=--~.~7::-7:~~"......J

1.0 20 3.0 4.0 5.0 6.0 7.0 8.0

Mol per cent of ammonium sulphate

Fig. I. Dependence of the RM values of the complexes on ammonium sulphate mol%. Numbers beside the lines represent the complexes
used from Table I and the number of the corresponding carbon atoms in the hydrophobic part of a complex (given in brackets); k refers
to the corresponding slopes.
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tOO
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0.00

Number of C atoms in the hydrophobic part in a complex

Fig. 2. Dependence of the RM values of the complexes on the number of carbon atoms in the hydrophobic part in a complex obtained
with 7.7 mol% ammonium sulphate solution. Numbers on the lines represent the complexes used from Table 1. k as in Fig. 1.

possibility of using the slopes of the resultant
straight lines as a determinant of salting-out effi
ciency. From Fig. 1 it is seen that the slopes of the
straight lines increase within a homologous series,
which is in accordance with the increase in the
hydrophobic part of the molecules in the series.

A linear dependence of the RM values on the
number of carbon atoms in the hydrophobic part of
the complexes of the same homologous series,
shown in Fig. 2, was also found. From Fig. 2 it is
seen that the slopes of the individual straight lines
are different. This means that a change of one car
bon atom results in a different change in the RM

value in different homologous series of the complex
es depending on the other constituents of the
complex and their distribution.The aforementioned
correlations represented in Figs. 1 and 2 are similar
to those previously obtained by column liquid chro
matography [17-20], in which linear plots of log k'
capacity factor versus the number of repeated units
in a sorbate or the modifier or additive concentra
tion in the mobile phase have beeen reported.

Finally, we compared the selectivities obtained
using the most diluted and the most concentrated
solutions of ammonium sulphate (1.1 and 7.7
mol%, respectively). For this reason, in Fig. 3 we
have shown the mutual dependence of the RM val-

ues obtained with these two solutions for three se
ries of complexes for which suitable values for such
a presentation were obtained. The linear correlation
shown on the figure is a consequence of the previ
ously described linear correlation between log k'
(RM ) and the number of the sorbate repeated units
[17-20]. Since the slopes of all three straight lines
are greater than 1, this means that the log of the
separation factor [8] for two adjacent members in

tOO

0.00

RM

Fig. 3. Dependence ofthe R M values of the investigated complex
es obtained with 1.1 (RM ) and 7.7 mol% (RM *) ammonium sul
phate solution. Numbers on the lines represent the complexes
from Table 1. k as in Fig. 1.
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all three series of complexes is greater for more con
centrated ammonium sulphate solutions.

On the basis of all the above it may be concluded
that silica gel can be also applied for salting-out
TLC, in spite of considerable differences between
the properties of this sorbent and those of earlier
applied cellulose. In addition, it may be concluded
that salting-out TLC on silica gel can also be ap
plied for the separation of transition metal com
plexes.
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Book Review

High-pelformance liquid chromatography, by S. Lindsay, Wiley, Chichester, 2nded., 1992, XXII + 337 pp..
price £ 17.50 (paperback), £ 39.95 (hardcover), ISBN 0-471-93115-2 (paperback); 0-471-93180-2 (hard
cover).

peak dispersion; (3) Solvent delivery and sample in
jection; (4) Columns; (5) Detectors; (6) The mobile
phase; (7) Column packings and modes of HPLC;
(8) Method development; (9) Some practical aspects
of HPLC; and (10) Some additional topics. Perhaps
the theoretical background of the method has been
dealt with too briefly; Chapter 2 is only 14 pages
long, excluding the pages used for questions and
answers. Some figures are too schematic, but there
are also many very instructive chromatograms. The
reviewer was especially impressed by the clear and
detailed sections about the diode-array detector,
electrochemical detectors, mobile phase optimiza
tion and method development. The "practical as
pects" presented in Chapter 9 relate to column
packing and testing, mobile phase preparation and
some practical procedures with columns and sam
ples. Chapter 10 brings the book to a good comple
tion with sections on small-bore columns, fast LC,
separation of enantiomers, flash chromatography,
preparative HPLC, supercritical fluid chromatogra
phy (too short with less than a page) and LC-mass
spectrometry. Very helpful are some tables with
units of measurement and the index.

As an ACOL text the book is intended for indi
vidual use, and those who work through it will ben
efit enormously.

This book is a volume in the ACOL series Ana
lytical Chemistry by Open Learning, a project of
Thames Polytechnic in London. The texts in this
series are intended to be used by students and others
who want to learn not only by reading a text but
also by answering questions which are presented
throughout the book. There is open space which
allows the answers to be noted down directly in the
book. The correct and detailed answers are present
ed at the end of each chapter. Approximately one
third of the total pages are used for questions (nice
ly presented in grey boxes), empty space and an
swers. This may seem to be a high percentage, but in
fact the problems themselves present a lot of very
instructive material which could not be dealt with in
the preceding text. It is also very helpful that the
reader is told what he or she should know now by
the presentation of "learning objectives", often fol
lowed by a number of references which give a deep
er insight into a special topic.

The first edition of this high-performance liquid
chromatography (HPLC) text was published in
1987. That edition was not really satisfactory be
cause it was too short and many important topics
were not mentioned at all. This second edition is an
almost new text which can be fully recommended,
although it does not replace a good textbook on
HPLC (as no ACOL book is intended to be used
without background information). The individual
chapters are: (1) Introduction; (2) Retention and

Berne (Switzerland) Veronika R. Meyer
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Errata

J. Chromatogr., 595,(1992) 103-111
Please note mat the Azlactone Resin from' 3M used in this article is not a commercially available resin.

J. Chromat.ogr., 606 (1992) 103-111
Page 103, 2nd column, 7th-line from the bottom: "Theoretixcal" should read "Theoretical".

Page 105, eqn. 4b: "XL' ~; " should read "XL' a~.- ,',
Page '105, 1st column, 9th line from the bottom: "in ref. 8" should read "in ref. 10".
P~ge 107, 1st column, last sentence: this sentence should ,be deleted.

J. Chromatogr., 606 (1992) 133-135
Page 134, 1st column, 2nd .Iine from the bottom: "-CH 2CH3 " should read "-CH2CH 3"·
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tions, photographs, tables, etc. should be on separate sheets. Four copies of the complete manuscript (with illustrations and tables
attached to each copy) should be submitted (for Symposium Volumes only: three copies).

Electronic manuscripts
Electronic manuscripts have the advantage that there is no need for the rekeying of text, thereby avoiding the possibility of in

troducing errors and resulting in reliable and fast delivery of proofs.
The preferred storage is a 5.25- or 3.5-in. disk in MS-DOS format, although other systems are welcome, e.g., Macintosh (in this case,

save your file in the usual manner, do not use the option "save in MS-DOS format"). Your disk and (exactly matching) printed version
(printout, hardcopy) should be submitted together to the accepting editor or Editorial Office. In case of revision, the same procedure
should be followed such that, on acceptance of the article, the file on disk and printout are identical. Please specify the type of computer
and word-processing package used (do not convert your textfile to plain ASCII). Ensure that the letter "I" and digit"l" (also letter "0"
and digit "0") have been used properly, and format your article (tabs, indents, etc.) consistently. Characters not available on your word
processor (Greek letters, mathematical symbols, etc.) should not be left open but indicated by a unique code (e.g. gralpha, @, #, etc., for
the Greek letter a). Such codes should be used consistently throughout the entire text. Please make a list of such codes and provide a
key. Dot not allow your word processor to introduce word splits and do not use a "justified" layout. Please adhere strictly to the general
instructions on style/arrangement and, in particular, the reference style of the journal. Further information may be obtained from the
Publisher.

Title
The title of the paper should be concise and informative. Since titles are widely used in information retrieval systems, care should be

taken to include the key words. The title should be followed by the authors' full names, academic or professional affiliations, and the
address of the laboratory where the work was carried out. If the present address of an author is different from that mentioned, it should
be given in a footnote. Acknowledgements of financial support are not to be made in a footnote to the title or name of the author, but
should be included in the Acknowledgements at the end of the paper.

Abstract
All articles should have an abstract of 50-100 words which clearly and briefly indicates what is new, different and significant. No

references should be given.

IntrOduction
Every paper must have a concise introduction that mentions what has been done before on the topic, with appropriate references, and

that states clearly what is new in the paper now submitted.

Experimental
The Experimental section should contain sufficient information for others to repeat the Experiments. Whereas general conditions can

usually best be specified in the Experimental section, it is often better to give specific details in the figure captions. Appendix I lists what
should typically be specified.

Tables and illustrations
Although appropriate tables and illustrations contribute to a clear and concise presentation of results, they should not merely repeat

data already given in the text.
Tables should be typed (in double spacing) on separate pages, and numbered in Roman numerals according to their sequence in the

text. A brief descriptive heading should be given above each table. Below the heading the experimental conditions should be described.
The layout of the tables should be given serious thought, so that the reader can grasp quickly the significance of the results.

Figures should be submitted in a form suitable for reproduction, either drawn in Indian ink on drawing or tracing paper, or as sharp
prints [either photographic (glossy) prints or prints from a high-resolution laser printer]. All axes of graphs and chromatograms Should
be clearly labelled, with full quantitative data, or equivalent information should be provided in the legend. Please note that any lettering
should also be in a form suitable for reproduction. Lettering (which should be kept to a minimum) and spacing on axes of graphs should
be such that numbers, etc., remain legible after reduction in size. One reproducible copy and three photocopies are required. The figures
should preferably be of such a size that the same degree of reduction can be applied to all of them. The size of the figures should
preferably not exceed the size of the text pages. Simple straight-line graphs (such as calibration lines) are not acceptable, because they
can readily be described in the text by means of an equation or a sentence. Claims of linearity should be supported by regression data
that include slope, intercept, standard deviations of the slope and intercept, standard error and the number of data points; correlation
coefficients are optional. Standard symbols should be used in line drawings; the following are available to the typesetters and can also be
used in the legends:

o • 0 • 6 • 0 • + x V ~

Photographs should have good contrast and intensity. Sharp, glossy photographs are required to obtain good halftones. References
to the illustrations should be included in appropriate places in the text by Arabic numerals and the approximate position of the
illustration should be indicated in the margin of the manuscript. Each illustration should have a caption, all the captions being typed
(with double spacing) together on a separate sheet.



1f structures are given in the text, the original drawings should be provided.
Coloured illustrations are reproduced at the author's expense, the cost being determined by the number of pages and by the number

of colours needed.
The written permission of the author and publisher must be obtained for the use of any figure already published. Its source must be

indicated in the legend.

Nomenclature, symbols, abbreviations and units
Widely accepted symbols, abbreviations and units (SI) should be used. If there is any doubt about a particular symbol or abbrevia

tion, the full expression followed by the abbreviation should be given the first time it appears in the text. Abbreviations used in tables
and figures should be explained in the captions. In general, the recommendations of the International Union of Pure and Applied
Chemistry (IUPAC) should be followed and attention should be given to the recommendation of the Analytical Chemistry Division in
the journal Pure and Applied Chemistry (see also IVPAC Compendium ofAnalytical Nomenclature, Definitive Rules, 1987). Appendix 2
gives a conversion table for the non-SI units most frequently used and in Appendix 3 the abbreviations and symbols that may be used
without definition are given. Decimal points should be indicated by full stops. All decimal numbers smaller than unity should include a
leading zero (e.g. 0.1 I).

References
References should be numbered in the order in which they are cited in the text, and listed in numerical sequence on a separate sheet at

the end of the article. The numbers should appear in the text at the appropriate places in square brackets. In the reference list,
periodicals [1], monographs [2], multi-author books [3], and proceedings [4] should be cited in accordance with the following examples:

1 D. P. Ndiomu and C. F. Simpson, Anal. Chim. Acta, 213 (1988) 237.
2 T. Paryjczak, Gas Chromatography in Adsorption and Catalysis, Wiley, Chichester, 1986.
3 M. Saito, T. Hondo and Y. Yamauchi, in R. M. Smith (Editor), Supercritical Fluid Chromatography, Royal Society of Chemistry,

London, 1988, Ch. 8, p. 203.
4 F. 1. Onushka and K. A. Terry, in P. Sandra, G. Redant and F. David (Editors), Proceedings of the 10th International Symposium on

Capillary Chromatography, Riva del Garda, May 1989, Hiithig, Heidelberg, 1989, p. 415.

Abbreviations for the titles of journals should follow the system used by Chemical Abstracts. Articles not yet published should be given
as "in press" (journal shouIa be specified), "submitted for publication" (journal should be specified), "in preparation" or "personal
communication". The Journal of Chromatography; Journal of Chromatography, Biomedical Applications and Journal of Chromatogra
phy, Symposium Volumes should be cited as J. Chromatogr.

Dispatch
Before dispatch of the manuscript please check that the envelope contains four copies of the paper complete with references, legends and

figures. One of the sets of figures must be the originals suitable for direct reproduction. Please also ensure that permission to publish has
been obtained from your institute.

Proofs
One set of proofs will be sent to the author to be carefully checked for printers' errors. Corrections must be restricted to instances in

which the proof is at variance with the manuscript. We shall be obliged to make a charge for all "extra corrections" at a rate in
accordance with their cost to us.

To ensure the fastest possible publication, proofs are sent to authors by air mail and must be returned to the publisher also by air mail.
If this is not done, the article will be passed for publication with house correction only. Proofs may also be returned by FAX; the FAX
number of Journal of Chromatography is: 3I (Netherlands) -20 (Amsterdam) -5862304.

Reprints
Fifty reprints of Full-length papers, Reviews, Short Communications and Discussions will be supplied free of charge. Additional

reprints can be ordered. The order form containing price quotations will be sent to the authors together with the proofs of their article.

Subscrition orders
Subscription orders should be sent to Elsevier Science Publishers B.V., P.O. Box 211, 1000 AE Amsterdam, Netherlands. The Journal

of Chromatography and the Biomedical Applications section can be subscribed to separately. Indexes can also be ordered separately.
Write to the Marketing Manager, Chemistry, at the above address for more details.

Appendix 1: Experimental conditions to be specified

General
Chemicals. Supplier (+ city/town, state, country) and degree of purity of all less common chemicals; EC number of enzymes; optical

purity of enantiomers.
Equipment. Model and manufacturer (+ city/town, state, country) of commercial instruments (e.g. chromatographs and detectors).

For instruments that are not commercially available, sufficient detail (or a reference) should be given to allow others to construct their
own instrument. Detection parameters (e.g. type, wavelength, attenuation, linearity range, limit of detection at a specified signal-to
noise ratio).



Sample preparation. Application papers should contain full details (or a reference) of the method of sample preparation. For
centrifugation steps, give details of g value and time. Injection device and volume and concentration of the injected sample should be
specified.

Column liquid chromatography
Column. Column dimensions (length x internal diameter), manufacturer and location, packing material (for non-commercial col

umns or columns that are not widely used the chemical composition should be specified), particle diameter, pore diameter, column
temperature.

Mobile phase. Complete and unambiguous description of the mobile phase composition or procedure for its preparation; pH;
flow-rate; gradient programme.

k' values. When reporting k' values, the method for determining the hold-up time (to) must be described.

Gas chromatography and supercritical fluid chromatography
Column. In addition to the parameters mentioned for column liquid chromatography, specify type ofcolumn (packed, capillary, etc.)

support material, film thickness of the stationary phase, and surface modification, if applicable.
Carrier gas. Type, purity, flow-rate or inlet pressure (bar or MPa).
Temperature. All relevant temperatures (or temperature programmes) should be detailed.

Planar chromatography
Chamber. Internal dimensions, manufacturer and location, saturation, temperature, humidity.
Thin layer or paper. Manufacturer and location, material, dimensions, type (laboratory-prepared or commercially precoated) and

thickness of layer, additives (fluorescent indicator, binder), position of starting line, development mode, method of activation.
Solvent. Composition of solvent, monophasic or upper or lower phase of two-phase mixture, total volume.
Sample. Application method, size of spot· or streak, solvent and amount of solute and volume of solution applied.
Detection. Spray reagent, wavelength, details of colours, RF values.

Electrophoresis
Matrix. For example;ceJlulose acetate, agarose, polyacrylamide; gel concentration; percentage cross-linker; dimensions and material

of tube, sheet, etc., surface modification, length between column inlet and detector, temperature.
Buffers. Complete and unambiguous description of buffers used, pH and how the pH was set or adjusted.
Other. Injection method, voltage, current. In electropherograms, anode and cathode should be indicated.

Appendix 2: Conversion table for the non-SI units most frequently used

The use of some non-SI units has been accepted for practical reasons; to this category belong units for time (min, h), volume (l),
pressure (1 baor = 105 Pa), temperature CC), energy (1 eV ::::; 160219· 10- 21 J), mass (I u ::::; 1.66053.10- 27 kg) and activity (I Ci = 3.7
. 1010 Bq). This journal also accepts A (= 0.1 nm). Concentration should formally be expressed in mol dm - 3 or moll- 1, but the symbol
M is accepted; normality (N) should not be used, however. The frequently used "daltons" are not compatible with the Sl system -the
relative molecular mass (M,) should be given as a value only (dimensionless). Gravitational force must be expressed in g; rpm is not
allowed for centrifugation (but it is, e.g., for Vortex mixing). The table below summarizes some conversion factors; to obtain the value
in SI units, the value in non-SI units should be multiplied by the factor.

Physical Type of Factor
quantity conversion

Length in...... em 2.54
ft. '--> em 30.4801

Area in. 2 ..... cm2 6.451626
Mass lb...... kg 0.453592~7

Volume gallon (USA) ..... I 3.785332
gallon (UK) ..... I 4.54609

Pressure atm ..... Pa 101 325
mmHg or Torr ..... Pa 133.322
mmH 20 ..... Pa 9.80665
kp cm2 ..... Pa 98066.5
Ibs. in. - 2 or p.s.i ...... Pa 6894.76

Other frequently used non-SI "units" are ppm, ppb and ppt. When used in this journal, the American billion (109) and trillion (10 12) are
meant. The use of ppm, ppb and ppt is only permitted if they refer to weight/weight or volume/volume ratios; they should not be used
for weight/volume ratios. The first time such a "unit" appears in an article, it should be indicated whether it refers to weight/weight or to
volume/volume.



direct current
di-, trichloro-bis(chlorophenyl)ethane, -ethylene
diethylaminoethyl
deoxyribonucleic acid, deoxyribonuclease
5-dimethylaminonaphthalene-l-sl,llphonyl
3,4-dihydroxyphenylalanine
desintegrations per minute
enzyme commission numbering system.
ethylenediaminetetraacetate, -acetic acid
equivalent
ethyl
full scale
Fourier tr"ansform
gas chromatography, gas-liquid chromatography, 'gas-solid chromatography
high-performance...
internal diameter
immunoglobulin G
intraperitoneal
infrared
internal standard
international unit
intravenous
liquid chromatography
lethal dose
methyl
melting point
mass spectrometry
nicotinamide-adenine dinucleotide (phosphate)
nuclear magnetic resonance
outer diameter
phenyl
propyl
poly(tetrafluoroethylene)
ribonucleic acid, ribonuclease
reversed-phase....
revolutions per minute
relative standard deviation (preferred over coefficient of variation)
standard deviation
thin-layer chromatography
tris(hydroxymethyl)aminomethane
atomic mass units (reference to mass of 12C; preferred over a.m.u./amu:

reference to mass of 160)

adenine, cytidine, guanine, thymine
acetyl, acetate
analog-to-digital
adenosine 5'-di-, -mono-, triphosphate, etc.

alternating current
standard 3- and I-letter codes
absorbance units
Brunauer-Emmett-Teller
boiling point
butyl
counts per minute
capillary electrophoresis
deoxy, m!;$senger, phosphate, recombinant/ribosomal, transfer

i.v.
LC
LD
Me
m.p.
MS
NAD, NADH (NADP, NADPH)
NMR
O.D.
Ph
Pr
PTFE
RNA, RNase
RP....
rpm
R.S.D.
S.D.
TLC
Tris
u

Appendix 3: Abbreviations and symbols that may be used without definition

Abbreviations and symbols should not be used in article titles. Please note that most abbreviations should only be used in combination
with a value, or in structural formulae.

Abbreviations
A,C,G, T
Ac,OAc
A/D
ADP, AMP, ATP, and similar

nucleoside phosphates·
a.c.
amino acids
AU
BET
b.p.
Bu
cpm
CE
d, m, p, r, t (in nucleosides/

nucleotides/ nucleic acids)
d.c.
DDD, DDT, DDE
DEAE
DNA, DNase
Dns, dansyl
DOPA
dpm
EC
EDTA
equiv.
Et
FS
FT
GC,GLC,GSC
HP...
J.D.
IgG
i.p.
IR
I.S.
I.U.



UV
vol., v/v
Vis
wI., w/w

Symbols
A
Cf.

dp

e
Ll(1O
LlIfO
H
J
K
k'
).

M,
N
/I

11 .
p,P
p...
r
R

'RF
RM
R,
LlSO
SIN
T
1

10

IR (I~)

Vo
VR (V~)

ultraviolet
volume, volume/volume
visible
weight, weight/weight

absorbance
separation factor
particle diameter
molar asorptivity
standard Gibbs free energy
enthalpy
plate height
coupling constant
equilibrium constant
capacity factor
wavelength
(relative) molecular mass
number of plates
number of determinations
viscosity
probability or' pressure
negative logarithm of... (as in pH, pI, pK.)
correlation coefficient
molar gas constant
distance travelled by spot / distance travelled by solvent front
log (I/RF - I)
resolution
entropy
signal-to-noise ratio
temperature
time
retention time of unretained compound
(corrected) retention time
retention volume of unretained compound
(corrected) retention volume
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