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Abstract: The current text provides a comprehensive introduction to essential oils, their 

biosynthesis, naming, analysis, and chemistry. Importantly, this text quickly brings the reader up 

to a level of competence in the authentication of essential oils and their components. It gives detailed 

descriptions of enantiomers and other forms of stereoisomers relevant to the study of natural 

volatiles and essential oils. The text also describes GC-MS work and provides tips on rapid 

calculation of arithmetic indices, how to interpret suggested names from the NIST mass spectral 

library, and what additional efforts are required to validate essential oils and defeat sophisticated 

adulteration tactics. In brief, essential oils are mixtures of volatile organic compounds that were 

driven out of the raw plant material in distillation, condensed into an oil that is strongly aroma 

emitting, and collected in a vessel as the top layer (uncommonly bottom layer) of two phase 

separated liquids: oil and water. Essential oils commonly include components derived from two 

biosynthetic groups, being terpenes (monoterpenes, sesquiterpenes and their derivatives) and 

phenylpropanoids (aromatic ring with a propene tail). The current text provides details of how 

terpenes and phenylpropanoids are further categorised according to their parent skeleton, then 

recognised by the character of oxidation, which may be from oxygen, nitrogen, or sulphur, or the 

presence/absence of a double bond. The essential oil’s science niche is an epicentre of individuals 

from diverse backgrounds, such as aromatherapy, pharmacy, synthetic and analytical chemistry, or 

the hobbyist. To make the science more accessible to the curious student or researcher, it was 

necessary to write this fundamentals-level introduction to the chemistry of essential oils (i.e., 

organic chemistry in the context of essential oils), which is herein presented as a comprehensive and 

accessible overview. Lastly, the current review constitutes the only resource that highlights 

common errors and explains in simplistic detail how to correctly interpret GC-MS data then 

accurately present the respective chemical information to the wider scientific audience. Therefore, 

detailed study of the contents herein will equip the individual with prerequisite knowledge 

necessary to effectively analyse an essential oil and make qualified judgement on its authenticity. 
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1. Introduction 

Essential oils and natural volatiles are one of industry’s most successful 

commodities, since they are used as flavours [1], in lotions or shampoos as fragrances and 

for skin and hair rejuvenation [2,3], as perfumes, in candles, soaps, liquids that sterilise, 

and in conventional or medical aromatherapy [4]. This widespread demand has meant 

that significant profits are to be made by providing essential oils or their components at 

the most competitive price. This creates the motive to explore short-cuts in supply [5], to 

produce them by synthesis or in a bioreactor, or to use counterfeits or adulterants.  
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In general, the consumer wants their essential oils to be derived from plants as in the 

traditional method. Some consumers will tolerate synthetic essential oils, if they are 

produced in a bioreactor using genetically modified yeasts [6] or plant cell cultures [7], 

rather than by traditional synthesis that uses potentially dangerous chemicals.  

Most consumers of essential oils are concerned about the authenticity of the product. 

This concern is justified because it is common for fixed oils, such as sunflower, mustard 

or canola oil, to be scented with a few drops of a fragrance, then sold as a ‘pure’ essential 

oil. Furthermore, aromatic plants are sometimes extracted into fixed oils, then advertised 

as an ‘essential oil’, which implies a higher quality product [5]. Fortunately, consumers 

are becoming more aware of the difference between an essential oil and an extract, 

concrete, absolute or enfleurage perfume [4,8]. 

Normally, an essential oil is a mixture of volatile organic compounds that were 

produced by a type of distillation, such as hydrodistillation, steam distillation, or 

microwave assisted dry distillation [9]. It is wrong to say that aromatic plants contain 

essential oils because the essential oil is a product of distillation. However, it is correct to 

say that aromatic plants have the ingredients and precursors that are required to make an 

essential oil, but they are usually called essential oil components [4].  

According to the international standards organisation, there is one exception to this 

rule. Oil produced by the mechanical pressing of citrus fruit rinds, such as Bergamot, can 

be called an essential oil [10], which may be due to an established tradition that was 

‘grandfathered’ into the current standard. Otherwise, if not from citrus, pressed oils are 

correctly identified as ‘fixed’ or ‘expressed’ oils. Extracts are correctly identified as 

concretes (hexane extracts), fat extracts, absolutes (ethanol extract of concretes), and 

enfleurage perfumes.  

There is a pronounced difference between essential oils and extracts, because 

essential oils are composed of a narrower range of volatile molecules compared to 

extracts. However, in cosmetic or therapeutic applications, there is a place for both types, 

i.e., bergamot extracts contain UV sensitising coumarins, such as bergapten, which will 

cause blisters on candidates if they are in direct sunlight when using bergamot oil. In this 

scenario, the hydrodistilled bergamot oil is safer because there are no coumarins in the 

essential oil.  

Alternatively, aromatic extracts that include fixed components, such as flavonoids or 

alkaloids, generally produce synergistic antimicrobial effects [11–13]. In cases of 

antimicrobial synergy between fixed and essential oil components, the same antimicrobial 

potency cannot be produced using only the hydrodistilled oils. 

Essential oils are mixtures of volatile organic compounds that were either 

biosynthesised in specialised plant cells or produced as an artefact of the distillation 

process from chemical precursors in the plant material. Examples of heat derived artefacts 

include geijerene in essential oils of Geijera parviflora L., which is derived from the 

precursor pregeijerene [14], elemol, which is produced from hedycaryol [15,16], the 

eudesmol isomers, which are produced from cryptomeridiol [17], and spathulenol, which 

is produced from bicyclogermacrene but is also naturally occurring [18].  

The production of artefacts in distillation means that there are ingredients in essential 

oils that are not naturally occurring in the raw plant material. Sometimes the artefacts are 

present naturally in plant material, but their concentration increases by conversion of their 

chemical precursors (i.e., cryptomeridiol and bicyclogermacrene). Hence, essential oils are 

made from natural ingredients, but not all essential oil components are natural per se. 

The etymology of essential oil is in the Latin name quinta essentia, which means the 

5th element. Because the 5th element is the ‘spirit’ then an essential oil is a spirit that has 

been captured from the air or condensed from distillation [19]. However, volatile organic 

components are not evaporated in the same sense as a spirit because their individual 

boiling points are not met in distillation. The higher temperature used in steam or 

hydrodistillation increases the vapour pressures of the volatile organic compounds, then 

the steam from the boiling water pushes the hot fragrant vapour towards the condenser 
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where they are cooled. The sudden change in vapour pressure causes precipitation, 

returning most of the compounds and the water to the liquid phase.  

The discipline of essential oils attracts individuals from diverse backgrounds, such 

as aromatherapy, pharmacy, synthetic and analytic chemistry, just to name a few. For this 

reason, it is necessary to provide a concise fundamentals-level introduction to the 

chemistry of essential oils (i.e., organic chemistry in the context of essential oils) to 

empower non-chemist researchers, enthusiasts, and students with a comprehensive and 

accessible overview. Because of the numbers of students who are learning analysis for the 

first time, it is also necessary to give an overview of the methods used to chemically 

characterise essential oils. Lastly, this text intends to empower people to read between the 

lines when assessing the quality of products available in the marketplace, or to further 

scrutinise the quality of essential oils produced by themselves.  

2. Chemical Classification of Essential Oil Components 

Essential oil components are chemically classified according to four conditions: (1) 

primary biosynthetic origin (Figures 1–4); (2) size or number of carbon atoms; (3) parent 

backbone or ‘skeleton’, and (4) character of oxidation by electronegative atoms, i.e., other 

atoms larger than carbon, such as oxygen, nitrogen, or sulphur (Figure 5 for character of 

oxidation). There are four major biosynthetic pathways that produce three biosynthetic 

groups of essential oil components, either terpenes (Figures 1–3), phenylpropanoids or 

isothiocyanates (Figures 1 and 4). They derive from the mevalonate (Figure 2) and 

methylerythritol phosphate (Figure 3) [20], shikimate (Figure 4) [21], and glucosinolate 

[22] biosynthetic pathways, respectively. 
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Figure 1. Examples of terpenes (with isoprene units indicated by red highlighting), 

phenylpropanoids, and isothiocyanates. 
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Figure 2. The biosynthetic steps of the mevalonic acid pathway toward the synthesis of terpenes. 

 

Figure 3. The MEP biosynthetic pathway that creates terpenes. 
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Figure 4. The shikimic acid biosynthetic pathway that creates phenylpropanoids. 
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Figure 5. Character of oxidation and corresponding chemical class. 

2.1. Biosynthesis of Terpenes 
The precursors of isoprene, isopentenyl, and dimethylallyl diphosphate are 

produced by two distinct biochemical pathways, which are the mevalonic acid (MVA: 

Figure 2) and 2C-methyl-D-erythritol-4-phosphate (MEP: Figure 3) pathways. The MVA 

pathway is active in all eukaryotes, but the MEP pathway is restricted to a selection of 

organisms, including algae and higher plants [23]. 

The MVA pathway starts with the condensation of small acetyl groups (43 Da) 

cleaved from acetyl coenzyme A, a much larger molecule (809.6 Da). Condensation of 

acetyl groups from two carbon units to produce diketide chains justifies why natural 

alkanes are formed with even carbon numbers. However, with terpene synthesis the 

condensation stops at six carbons. After the formation of mevalonate 5-phosphate or -

diphosphate, the enzymatic removal of the ionised acid group eliminates a carbon, 

reducing the intermediate to a 2-methyl five carbon unit, which is the fundamental unit 

of all terpenes [23]. 

The MEP pathway is fundamentally different to the MVA pathway. The MEP 

pathway starts with condensation of pyruvate and glyceraldehyde derivatives to produce 

a polyhydroxylated five carbon chain (1-deoxy-D-xylulose). Thereafter, an enzyme that 

belongs to the reductoisomerase group converts the five-carbon chain into a methylated 

four carbon chain, which represents a significant step in the formation of the isoprene 

used to construct terpenes [23]. 

In higher plants, the MVA and MEP pathways occur in different compartments of 

photosynthetic tissue. The MVA pathway is active in the cytosol, whereas the MEP 

pathway is active in the plastids. Lastly, the MVA pathway produces sesquiterpenes, 
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sterols, and triterpenes, whereas the MEP pathway produces monoterpenes, diterpenes, 

and tetraterpenes [23]. 

Several studies of phenotypic plasticity of essential oils have inadvertently identified 

modulation of these pathways in response to abiotic factors. Expression differences 

between the MVA and MEP pathways often manifests as differences in expression 

between sesquiterpenes (MVA) and monoterpenes (MEP). For example, chemophenetic 

studies of essential oils in the genus Phebalium frequently identify taxa that normally 

produce sesquiterpenoid essential oil profiles but have members that express higher 

yields of essential oils that are dominated by monoterpenes [15,24]. In such cases, the 

expression of sesquiterpenes has not changed, but the higher expression of monoterpenes 

causes the sesquiterpene components to be diluted and underrepresented in the chemical 

profile. A similar effect occurs in the Prostanthera lasianthos heterogeneous species 

aggregate, between the monoterpenes 1,8-cineole (P. sp. Wollomombi Gorge) or α-pinene 

(P. eungella B.J.Conn and K.M.Proft) and sesquiterpenes [25].  

2.2. Terpenes and Meroterpenes 

As previously mentioned, terpenes are constructed out of isoprene, which is a five-

carbon branched chain. Hence, terpene sizes are quantised by a factor of five carbons. 

Monoterpenes (single terpene) are made of 10 carbons (two isoprenes) and sesquiterpenes 

of 15 (three isoprenes) (Figure 1). Although it is less common, diterpenes (20 carbons; four 

isoprenes) are also present in essential oils.  

An example of a diterpenoid essential oil is the abietane and halimane mixture 

obtained from the leaves of the Pretoria variant of Croton gratissimus Burch [26]. 

Gratissimone is a previously undescribed abietane that stood out as a major component 

of the essential oil, together with gratissihalimanoic ester. The latter is an example of an 

ester. In this regard, terpenes can have carbons added or removed, such as esters (methyl 

ester, + one carbon), acetates (acetate ester, + two carbons), or norterpenes, which have 

carbons removed (i.e., C19-norterpene). However, gratissihalimanoic ester has only 20 

carbons in total, despite being an ester. This is because it is also a C19-norterpene, meaning 

it has also lost a carbon, which is probably a consequence of the instilling of the double 

bond at the position of attachment of the furan moiety to the bicyclic ring (Figure 6).  

In the case of gratissihalimanoic ester, a carbon is added by methyl esterification of 

the acid group, making it an ester. The esterification is the reason it was present in the 

essential oil. Without esterification its vapour pressure would be too low to be driven into 

the essential oil during distillation. Similarly, by following an esterification protocol, 

many fixed diterpene acids, such as crotohalimaneic acid (Figure 6), can be converted to 

esters and studied by GC-MS [27]. 

 

Figure 6. Two volatile diterpenes that comprise the major fraction of an essential oil from Croton 

gratissimus, sampled at the Pretoria Botanic Gardens, South Africa. 
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Terpenes can also combine with phenylpropanoids or phloroglucinols to become 

‘meroterpenes’, such as osthole, which is a prenyl coumarin that is often detected in 

essential oils [28]. Nevertheless, there are many examples of meroterpenes in the genera 

Peperomia [29] and Psoralea [30], such as bakuchiol (Figure 7) that are light enough and 

have polar head space that is low enough to enable collection by hydrodistillation, so it is 

just a matter of time before such essential oils will be reported in the published literature. 

 

Figure 7. Unusual essential oil components. 

2.3. Biosynthesis of Phenylpropanoids 

The shikimate pathway is responsible for the biosynthesis of all phenylpropanoids. 

It is predominantly active in the plastids, which is where several of the primary enzymes 

originate [31]. The shikimate pathway produces many compound classes, such as phenols, 

phloroglucinols, lignin, flavonoids, amino acids, and so on. There are several significant 

steps that direct synthesis to the phenylpropenes. An example of such a step is the 

conversion of phenylalanine or tyrosine, modulated by aromatic amino acid lyases. The 

subsequent cinnamate is then converted to p-coumaroyl by the enzyme ‘cinnamate 4-

hydroxylase’, then coenzyme A is esterified to the acid group by 4-coumaroyl CoA ligase.  

This represents a significant turning point in biosynthesis, as p-coumaroyl CoA is a 

common branching point. Other important steps come after p-coumaroyl CoA, 

particularly to direct the derivisation toward phenylpropene synthesis as opposed to 

flavonoids, stilbenes, or related derivatives. The diversity of the phenylpropanoid family 

of volatile organic compounds is thereafter controlled by the various genus-specific genes 

that encode for oxygenases, reductases, and transferases that create functional groups 

responsible for the observed diversity [31]. 
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2.4. Phloroglucinols and Phenylpropanoids 

Volatile phloroglucinols and phenylpropanoids are typically made from the same 

phenylalanine or tyrosine precursor and are not characterized by ‘units’ in the same way 

as terpenes.  

A phloroglucinol is built around a central ring that is aromatic in the chemical sense 

(delocalised electrons), i.e., the core of a phloroglucinol is a trihydroxylated benzene ring. 

The hydroxyl groups are alternating, i.e., on every second carbon around the ring. 

Naturally occurring phloroglucinols are often substituted on the non-hydroxylated 

carbons, often with an aldehyde or acetyl group. An example of a phloroglucinol 

dominated essential oil (or solid) is derived from the Australian species Geijera parviflora 

Lindl., which is dominated by xanthoxylin (Figure 7) [14]. 

Phenylpropanoids are more common in essential oils than phloroglucinols. Like 

phloroglucinols, phenylpropanoids are aromatic compounds in the chemical sense 

(delocalised electrons, benzene moiety) that are not classified according to size but rather 

the character of oxidation (the attachment of relatively electronegative atoms), which 

includes alcohols, phenols, aldehydes, methoxy, and methylenedioxy variants (Figure 5).  

Two very well-known phenylpropanoids are anethole (trans-anethole) and safrole. 

Trans-anethole, or simply anethole, is the molecule responsible for the flavour of liquorice 

or the liquor sambuca [32]. Although trans-anethole is an accepted flavour ingredient in 

industry, safrole is avoided because a study in the 1960s demonstrated that safrole may 

be associated with hepatotoxicity and liver cancers in mice [33], and later it was 

determined that a metabolite of safrole was possibly the carcinogenic principle [34]. 

Although this outcome was never demonstrated in humans, safrole is no longer used as a 

flavour ingredient, but small amounts are still present in common spices [35]. Another 

significant phenylpropanoid is elemicin, which is the psychoactive ingredient in nutmeg 

(Myristica fragrans Houtt) [36]. Due to the psychotropic action of the phenylpropanoids in 

nutmeg, the herb has become the basis of a systemic problem of ‘nutmeg’ abuse [37]. A 

major concern of nutmeg abuse is the potential for toxic effects on the liver.  

2.5. Parent ‘Skeleton’ and Character of Oxidation 

Monoterpenes, sesquiterpenes, and diterpenes can be cyclic or acyclic and are then 

classified according to the parent skeleton (i.e., terpinene or limonene). Details of the 

parent skeleton of natural products can be found in the Dictionary of Natural Products 

[38,39], but there are other works that provide comprehensive summaries of specific 

groups, such as the Atlas of Sesquiterpene Hydrocarbons [40].  

Parent groups, such as abietanes, cadinanes, or germacranes, are further recognised 

by the character of oxidation, which may include no oxidation (simple terpenes), alcohols, 

phenols, aldehydes, methoxylates, acids or acid esters, ethers or oxides (pyrans, furans), 

ketones, methylene dioxides, lactones and very rarely, coumarins (Figure 5). Peroxides 

are also detected in essential oils but are usually a product of oxidation processes during 

aging, and they are an intermediate as the oil goes rancid (in fixed oils mainly). Naturally 

occurring peroxides also occur, however, they are sometimes degraded by heat. 

Artemisinin is an example of a naturally occurring peroxide from Artemisia annua L., but 

its vapour pressure is not high enough for it to be driven into the condenser in 

hydrodistillation [41] and it may decompose at higher temperatures to produce volatile 

derivatives. Alternatively, ascaridole (Figure 7) from a few species in Chenopodium is 

volatile enough to be captured in an essential oil [42].  

In the jargon of essential oil components there is a convention of modifying suffixes 

to add information about chemical class, by combining two words into one. For example, 

monoterpene alcohols are shortened to ‘monoterpenols’ [43] and monoterpene ketones 

are shortened to ‘monoterpenones’, and so on.  

A common monoterpenol is menthol, which is the principal flavour compound of 

mint. A common monoterpenone is menthone, which is also present in mint. Both 
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compounds are related according to the parent compound, menthane, but they are 

individualised according to the nature of oxidation. On the converse, by reducing these 

compounds, leading to the removal of the oxygen from the structures, they are returned 

to the parent form as menthane. Furthermore, limonene is also a menthane that has 

acquired a double bond at two sections of the molecule. Similar to menthol and menthone, 

limonene can be returned to the parent structure menthane, also by a reductive process, 

but in this case, it requires hydrogenation to remove the double bonds. Other examples of 

parent compounds and their derivatives include: pinane, which is the parent of α- and β-

pinene; abietane, which is the parent of gratissimone [26] and pisiferal [44]; humulane, 

which is the parent of humulene; caryophyllene, which is the parent of caryophyllene and 

caryophyllene oxide; cadinane, which is the parent of cadinene, muurolol, and cubenol; 

and so on. 

2.6. Less Common and Rare Components 

The Australian continent is home to several species that express rare or previously 

undescribed volatile organic compounds, whose biosynthetic origin remains a mystery 

for now [45]. Another area of endemic essential oils is South Africa [8]. An example of a 

rare South African methyl-thio-ester called nudaic ester (Figure 7) was discovered in the 

essential oil distilled from rhizomes of Annesorhiza nuda [46]. The biosynthetic origin of 

this 2-butyl ester is unclear. The same could be said for the Australian 1-methylbutyl, 

butanoic ester from Prostanthera sp. aff. lasianthos [25].  

Other components have well known biosynthetic origins but are not expected in an 

essential oil. For example, another rare essential oil is the xanthoxylin dominated 

chemotype (syn. phloroacetophenone dimethyl ether) of the Australian shrub Geijera 

parviflora [14,47]. From the same species another chemotype was found to have traces of 

the coumarin osthole [14,48], but this required higher temperatures and longer 

distillations. Other coumarins that appear in essential oils accelerate UV damage to the 

dermis, such as the photogenotoxic psoralens, bergapten, and xanthotoxin [49]. They can 

be produced by hydrodistillation of many citrus species, but most citrus ‘essential oils’ in 

the market are cold pressed (not distilled), which affords a coumarin or polymethoxylated 

flavonoids-rich extract [50].  

Other less common compounds are isothiocyanates (Figure 1), phloroglucinols, and 

short chain fatty acid esters (Figure 7), which are biosynthesised by the glucosinolate, 

shikimic acid, and glycolytic pathway, respectively. These components that are 

uncommon in essential oils are usually found in onion, garlic, cruciferous vegetables, and 

fruits. The isothiocyanates and thiocyanates are exclusively found in the order Brassicales, 

usually bound to a sugar moiety at the sulphur end, and are released when the vegetative 

parts are damaged, either by chewing or by crushing, which removes the compartmental 

barrier between the compound and the enzyme myrosinase [51]. This effect is known to 

result in a sudden release of flavours when the enzyme cleaves off the glucose moiety, 

converting the glucosinolate to the isothiocyanate [52], which may include isothiocyanate 

volatiles such as those depicted in Figure 1. 

2.7. Colour and Viscosity of Essential Oils 

In addition to the enfleurage effect that occurs in combinations of volatile organic 

compounds, significant in olfactometry and aesthetics, combinations also confer different 

viscosities and colours. For example, the eudesmol-rich essential oil from species in the 

genus Leptospermum [45,53] is as viscous as honey, whereas the eudesmol content of 

Eucalyptus nova-anglica H.Deane and Maiden is so high that the oil is sometimes a solid, 

similar to wax in appearance, or like a block of camphor [54].  

Furthermore, in several instances sesquiterpene dominated essential oils remain 

fluid while they are warmed by the hydrosol, but after they have been placed into a vial 

they stiffen and become like toffee or as thick as molasses. In such instances the condenser 

is coated with a sesquiterpene-rich layer of the less volatile fraction of the essential oil. 
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This is common when distilling essential oils from a chemotype of Prostanthera lanceolata 

Domin that is rich in cis-dihydroagarofuran and kessane [55]. To recover the 

sesquiterpenes, the condenser is washed with hexane or diethyl ether. Use of high-vapour 

pressure solvents enables rapid evaporation of the solvent with minimal fractionation to 

the recovered essential oil.  

Alternatively, the prostantherol, maaliol, and globulol-rich essential oils (Figure 8) 

from species in the genus Prostanthera produce a thick essential oil that will later grow 

crystals during storage, which are long needle-like prisms that sink to the bottom of the 

oil. These crystals can sometimes occupy >50% the volume of the essential oils [55]. A 

similar outcome is derived from the guaiol-rich essential oils from the timber of species in 

the genus Callitris (Cuppressaceae) [27]. Alternatively, hydrodistillation of the 

xanthoxylin chemotype of G. parviflora will cause the condenser to become blocked with 

a white paraffin-type granular to amorphous solid (xanthoxylin, syn. phloroacetophenone 

dimethyl ether) [14,48]. In this case it is not right to call it an oil, since it is a solid, 

nevertheless, it is an ‘essential solid.’ 

Many of the volatile organic compounds that become amorphous solids take on a 

white or translucent white appearance. Those components that become crystals are 

normally transparent, but they are usually in a liquid that has a yellow appearance, in 

cases observed by the authors.  

Most essential oils are either completely transparent or pale yellow. Sometimes the 

yellow colour is caused by linalool, or a yellow compound that represents a major portion 

of the essential oil, however, there are cases where the colour derives from a trace 

component that is <0.5%. This happened when the genifuranal-rich essential oils were 

produced from Eremophila longifolia F.Muell. It was initially believed that genifuranal was 

canary yellow, but when it was purified it became colourless [56,57].  

Only once have the authors observed a red essential oil, but it acquired the red colour 

while in storage. The essential oil was produced from Eremophila alternifolia R.Br., and the 

red component was never identified. However, the chemical composition of the oil was 

dominated by myoporone, dehydromyoporone, and myomontanone [18].  

Coloured essential oil components are usually a consequence of the conjugation of 

double bonds, i.e., three or more double bonds in alternating sequence. The more efficient 

the conjugation, the stronger the colour. For example, Figure 9 depicts coloured essential 

oil components, and the components with the strongest colour (guaiazulene and 

chamazulene) have five conjugated double bonds.  
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Figure 8. Sesquiterpene epimers and structurally related derivatives that can be difficult to 

differentiate by mass spectral patterns alone. 

 

Figure 9. Compounds that confer colour to an essential oil. Green components are pregeijerene, 

geijerene, and cogeijerene; blue components are guaiazulene and chamazulene, and matricin is a 

heat labile precursor to chamazulene. 

A green essential oil is produced from a chemotype of G. parviflora that is currently 

being called ‘green lavender.’ The lavender note comes from the presence of linalool, 

which is a component that is abundant in lavender essential oils. The green colour derives 
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from two components, pregeijerene and geijerene (Figure 9). The relative quantities of 

both components are determined by the preparative steps before distillation.  

Pregeijerene is a blue-green compound that is heat labile, so it is converted to 

geijerene, a green compound, in distillation. However, when the leaves are completely 

pulverised (using liquid nitrogen), freeing the essential oil components from leaf tissues, 

the pregeijerene is more likely to survive the hydrodistillation. This is because the 

distillation time is shortened by freeing the volatile organic compounds from their storage 

compartments in leaf tissue. Compared to the lighter green colour of geijerene, 

pregeijerene is a blue-green, which makes the oil darker [14].  

There are several royal navy-blue essential oils. For example, in South Africa there is 

a blue essential oil produced from Cape Chamomile (Eriocephalus tenuifolius DC.) [58]. The 

blue colour derives from chamazulene, which only needs to be present in trace quantities 

to make the oil appear blue. Hydrodistillation produces chamazulene as a byproduct of 

the heat driven derivatisation of matricin (Figure 9), meaning it is not a naturally 

occurring compound [59]. Both matricin and chamazulene may contribute to the anti-

fever affects achieved in anecdotal accounts [60], because anti-inflammatory compounds 

are known to confer antipyretic effects by reducing inflammation in the hypothalamus 

[61]. 

The oil from Cape Chamomile is closely related to the blue oil from leaves of Pentzia 

punctata Harv. [62], also from the family Asteraceae. A closely related species, Pentzia 

incana (Thunb.) Kuntze, is chemically similar to P. punctata, but it does not include the 

chamazulene, so the oils are not blue [63]. Both species are chemically related to Artemisia 

arborescens L., which also produces this chamazulene rich oil [64].  

However, chamazulene is not the only compound that makes blue essential oils. In 

Australia there is a species that is not recognised internationally, Callitris intratropica 

R.T.Baker and H.G.Sm., currently only accepted under the synonym C. columellaris 

F.Muell, which produces a blue essential oil from the timber. The blue component is 

guaiazulene [65], which is not produced by any of the other species currently regarded as 

synonymous with C. columellaris.  

3. Stereochemistry and Isomerism in Essential Oils 

Before the development of modern chromatographic techniques, it was common for 

chemists to fail to separate mixtures of closely related isomers or mistake a mixture of 

isomers as a single compound. Isomers are molecules with the same molecular formula, 

such as the simple monoterpene, which has 10 carbons and several hydrogens, with a 

hydrogen number that reflects the number of double bonds and cyclisation (number of 

rings) in the molecule. Hence, the molecular formula of limonene, which is C10H16, can 

represent thousands of isomers. These ‘constitutional’ isomers are not very similar, so 

they are usually only recognised when it is contextually appropriate, i.e., when they are 

similar enough to be grouped together, but differ by the atom-to-atom bonds. For 

example, compounds that have the same atom to atom connectivity but are different by 

the position of a double bond, such as α- and β-pinene, are constitutional isomers.  

Another example is the ‘regioisomer’, which is a type of constitutional isomer that 

has its functional groups attached at different positions, such as 3-methoxy-4,5-

hydroxybenzoic acid, compared to 4-methoxy-3,5-hydroxybenzoic acid. In this example, 

the methoxy group is at position 3 in the former, and position 4 in the latter. Because these 

molecules are so closely related in terms of structure, it is relevant to acknowledge these 

as constitutional isomers. 

However, compared to constitutional isomers, stereoisomers are more closely related 

because they have the same molecular formula, as in constitutional isomers, but they also 

have the same attachment between atoms, including the position of double bonds, but the 

atoms in bonds at a ‘stereo-centre’ are pointing in different directions. Not all molecules 

have ‘stereo-centres’ or ‘chiral centres’ but for those molecules that do, they are called 
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stereoisomers, and the two categories of stereoisomer are diastereomer and enantiomer 

(Figure 10). 

 

Figure 10. Isomer hierarchy in organic chemistry nomenclature. 

3.1. Diastereomers  

Species such as Pelargonium crispum [66], Cymbopogon citratus, and Citrus × limon [67], 

are rich in a lemon smelling mixture of diastereomers called citral. The name citral (syn. 

lemonal) was first coined by Ernest Guenther in 1948, which was recognised as 

responsible for the lemon aroma of Citrus × limon [68,69].  

For more than 10 years it was believed that citral was a single terpene aldehyde [67]. 

It is unclear when the realisation that this was wrong occurred, but the first separation 

and structural confirmation of both isomers in the mixture was completed and published 

in 1964 [70] using fractional distillation for separation and nuclear magnetic resonance 

spectroscopy (NMR) for structural elucidation. At the time the two isomers were called 

‘citral a’ (trans-citral) and ‘citral b’ (cis-citral), but today they are known as geranial (α-

citral) and neral (β-citral). They are cis and trans diastereomers (Figure 11), which is a 

specific type of stereoisomer.  

These cis and trans diastereomers represent one subcategory of diastereomer, which 

is caused by double bond geometry. Double bond diastereomers, such as citral a and citral 

b, are denoted with Z-(cis) and E-(trans) prefixes to describe the position of priority groups 

around a double bond. In this case Z- or cis denotes priority groups that are positioned 

directly opposite each other, and E- or trans denotes positions away from each other 

(Figure 12). As mentioned in the discussion in Section 3.3, priority groups are defined 

according to the Cahn–Ingold–Prelog priority rules which rank according to atomic 

number, i.e., in the order of O > N > C > H.  
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Figure 11. Examples of some diastereomers, enantiomers, and a series related by their parent 

skeleton, with their vernacular names. 
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Figure 12. Chirality and cis/trans isomerism. 

3.2. Enantiomers (Chirality) 

Stereoisomers are also defined in terms of ‘chirality’ which uses a prefix, such as l- or 

d- that is synonymous with (−) or (+), respectively, to acknowledge one of two possible 

spatial configurations of atoms in the molecule, resulting in a mirror image version of the 

molecule (Figures 12 and 13). These chiral pairs are called enantiomers and are described 

using the analogy of left and right hands that cannot be superimposed: the Greek 

etymology of chiral is ‘kheir’ meaning hand (Figure 13). Chirality is caused by a simple 

difference in the position of substituents attached at a single carbon centre, called the 

‘chiral carbon’. A chiral carbon has four different substituents attached, creating 

asymmetry (Figure 13). If more than one chiral carbon is present in the molecule then all 

chiral carbons need to be the mirror image of its enantiomer, otherwise with different 

spatial configuration(s) at n − 1 chiral centre(s) the molecule becomes a diastereomer.  

The difference between an enantiomer and diastereomer is as follows: in a chiral pair 

of enantiomers, all chiral centres of the one enantiomer are spatially different to its chiral 

equivalent, and enantiomers can have one or more chiral centres; alternatively, a pair of 

diastereomers must have two or more chiral centres where at least one chiral centre is 

spatially the same between the pair (Figures 11 and 12).  
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Figure 13. Chirality is also known as hands. Carvone is an example of a chiral compound that has 

only one chiral centre. 

3.3. Fundamentals of Chirality (Enantiomers) 

Enantiomers rotate plane polarised light in opposite directions. Rotation of light to 

the left is represented by a negative (−) symbol, or by l- (lower case) meaning laevorotatory 

from Greek, or left rotation in English. On the converse, movement to the right 

corresponds to a positive (+) symbol, or d-, meaning dextrorotatory from Greek, a 

synonym for right rotation in English.  

The lower-case descriptors d- and l- are often confused with uppercase descriptors 

D- and L- of the Fischer–Rosanoff convention. These are only used for sugars, 

carbohydrates, or amino acids, and are not related to the direction of rotation of plane 

polarised light. That is why sugars are often given two prefixes in denoting 

stereochemistry, i.e., D-(+)-glucose or L-(+)-fructose. These D- and L- descriptors refer to 

the rotation of priority groups at just one of the molecule’s carbons, which corresponds to 

the chiral centre farthest from the keto group on a reducing sugar, or the corresponding 

carbon in a non-reducing sugar (pyranose).  

Furthermore, when NIST library searches suggest ‘D-limonene’ or ‘D-camphor’ it is 

wrong on two counts. If a chiral column was not used in GC-MS analysis, then it is not 

possible to determine which enantiomer a chiral compound corresponds to using mass 

spectral data. The NIST library has a 50% chance of getting the chiral descriptor right, 

because the probability is random, it is just a guess. In which case, the D- or L- (or ‘d-’ or 

‘l-’) should be removed from the compound’s name, and the compound identities should 

be corrected to ‘limonene’ and ‘camphor’, until polarimetry work is undertaken, or a 

chiral column is fitted to the GC-MS. 

If a chiral column is used, information about retention time and relative elution order 

is used to make the chiral assignment. In such cases, it is important to correct the ‘D-’ to 

the lower case ‘d-’, i.e., ‘d-limonene’ and ‘d-camphor.’ Remember that the upper-case 

letters are used for sugars only. 
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For an absolute description of the configuration of atoms around a chiral carbon, an 

analogy of a clock is used. In this analogy, movement of the clock’s hand to the left of 12 

corresponds to the anticlockwise direction, and to the right corresponds to the clockwise 

direction. Similarly, if a chiral centre is oriented in space so that the lowest priority atom 

is facing away from the observer, then a circle is drawn to pass through each of the three 

remaining atoms in order of priority, the anticlockwise direction is labelled as ‘S’ and the 

clockwise direction is ‘R’ (Figure 12).  

For information on classification of priority groups see Cahn–Ingold–Prelog priority 

rules. In brief, a hydrogen is the lowest priority atom, then priority is given to higher mass 

elements (higher atomic number). If masses are equivalent, then the number of bonds 

(single, double, or triple) to the neighbouring atoms (beta atoms) defines priority, which 

is given to higher numbers of bonds. If all have equivalent bonds then the next bonding 

element is used to determine priority following the same rules, and so on. If two of the 

atoms are determined as equivalent, with no priority to either, even at several bonds away 

from the carbon centre in question, then it is not a chiral centre.  

The S and R descriptors derive from the Latin words sinister and rectus for left and 

right (or straight), respectively. It is a common misconception that S- and R- descriptors 

denote the direction of rotation of plane polarised light, however, this is not true. They 

are independent of d- and l- or (+) and (−). For example, S-(−)-α-pinene and S-(+)-carvone 

rotate plane polarised light in opposite directions yet both use the S- descriptor to define 

the order of bonds around the chiral centre.  

The effects of chirality are also significant in the context of biological effects [71], 

particularly due to binding with proteins: imagine a left hand squeezing into a right-

handed glove; the hand being the molecule and the glove being the protein or enzyme. 

Furthermore, the human nose is easily capable of perceiving an olfactory difference 

between enantiomers. This has been common knowledge for over 50 years. For example, 

in 1971 a blind study was published on perception of odour differences between the two 

enantiomers of carvone. The panel independently recognised (+)-carvone as ‘caraway-

like’ and (−)-carvone as comparable to spearmint [72].  

Furthermore, the use of α-, β-, γ-, and δ- (alpha, beta, gamma, and delta, respectively) 

are for chemical species with the same carbon–carbon connectivity (constitutional 

isomers) but with different positioning of a double bond, i.e., α-pinene vs. β-pinene 

(Figure 14), or different configurations of chiral centres leading to epimers (but not 

enantiomers), i.e., α-thujone vs. β-thujone. Epimers are diastereomers that differ by the 

position of only one out of two or more chiral centres. Although the denotation of epimer 

is more commonly used in the language for carbohydrates, epimers are commonly 

defined in natural products. For example, when epimers are recognised, they are 

sometimes given entirely different names altogether, such as ledol and globulol. In 

another example, the furanosesquiterpenes ngaione and epingaione are distinguished in 

their vernacular names as epimers [18]. 

Even when there is no double bond in the molecule, epimers can also be defined as 

‘cis’ and ‘trans’ to indicate the relative positions of two priority groups attached at two 

different stereocenters, as illustrated in Figures 11 and 12. Alternatively, they can be 

distinguished using the prefix ‘iso’, i.e., menthone vs. isomenthone (Figure 14). The cis 

epimer applies to isomenthone (2S,5S and 2R,5R), having the two methyl/methylene 

carbons (axial groups) pointing in the same direction in space. The trans epimers are 

known as menthone ((−)-2S,5R and (+)-2R,5S). Inversion of just one chiral centre, i.e., from 

2S,5R to 2S,5S, creates the epimer, isomenthone (Figure 14). However, inversion of both 

chiral centres, i.e., from (−)-2S,5R to (+)-2R,5S, creates the positive enantiomer.  

Another example could be made of thujone, which has three chiral centres (Figure 

14), with two known epimers (α- and β-thujone) that are only naturally known by the one 

enantiomer. Unlike the menthones, more isomers and enantiomers of thujone are possible, 

but they are not generated in biosynthesis. The stereochemistry of natural products is 

limited by their biosynthesis, whereas lab-based synthesis can generate a greater number 
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of possibilities. Hence, sometimes natural enantiomers are not known, and this can be 

informative when assessing the authenticity of essential oils. Racemic mixtures 

(equimolar mixtures of both enantiomers) are often a sign that the essential oil 

components were manufactured in the lab because enantioselective synthesis to make 

enantiopure compounds is more complex than synthesis of racemes. Enantiopure 

synthesis makes the adulterants less affordable, and not a viable cost cutting alternative 

[5]. However, natural enantioenriched and/or racemes do exist, such as the 

dihydrotagetone dominated essential oils of Phebalium verrucosum I.Telford and J.J.Bruhl 

[73]. 

 

Figure 14. Enantiomers of chiral compounds, such as thujone, limonene, and 

menthone/isomenthone. 

4. Chemical Analysis of Essential Oils 

Modern technology for studying essential oils has made chemical identification more 

accurate. Before the 1950s, natural product chemists had to work extremely hard to 

elucidate the structure of volatile compounds. Consequently, there were significant 

inconsistencies in the literature in chemical assignments of natural products. In modern 

times these have been rectified, for example, it was eventually demonstrated that (−)-

ngaione and (+)-ipomeamarone (Figure 11) were merely enantiomers [18,74]. There was 

also considerable overlap in the naming of sesquiterpenes from South African species of 
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Widdringtonia, i.e., ‘widdrene’ was corrected to thujopsene, ‘widdrenal’ to thujopsenal, 

and ‘widdrenic acid’ to hinokiic acid, leaving only ‘widdrol’ (Figure 11) as an exclusively 

South African sesquiterpene [27].  

There was also a disagreement over the actual identity of maaliol, which was 

disputed by many chemists who believed it was synonymous with ledol (Figure 11), 

however, this was eventually disproven [55]. Furthermore, because of its similarity to 

ledol, the antimicrobial sesquiterpene prostantherol [75,76] was not named until the year 

1994 [77], despite being detected numerous times in essential oils from species in the 

genus Prostanthera.  

4.1. Gas Chromatography 

Volatile organic compounds are analysed using gas chromatography (GC) coupled 

to any one of a variety of detection systems. Gas chromatography is the primary step in 

essential oil analysis because the mixture is separated into individual components. This 

technique uses a ‘column’ to achieve this separation. A small amount of the essential oil 

is injected at the start of the column and a gas pushes the mixture through the column to 

the other side where each of the separated components meet a detector, usually a mass 

detector (MS) or a flame ionisation detector (FID).  

As components move through the column, the column is slowly heated from a low 

starting temperature, typically in the range of 40–60 °C, then it is raised at a rate of 3–5 °C 

per minute until reaching a maximum temperature in the margin of 280–300 °C. An inert 

gas, such as nitrogen or helium, is pushed through the column, and essential oil 

components travel as vapours in the direction of gas flow. It is a common 

misunderstanding that essential oil components travel as gases through the column, 

probably due to the name of the technique ‘gas chromatography’, but the etymology of 

the name is related to the use of nitrogen or helium gas and does not describe the physical 

state of the essential oil components as they pass through the column.  

Because essential oil components exist as liquids/vapours in the column, they usually 

elute before reaching their boiling point, for example, the boiling point of spathulenol at 

atmospheric pressure is 297 °C. According to thermodynamic theory, in a pressurised 

column the boiling point of spathulenol is much higher, yet it usually elutes between 150 

and 200 °C. Furthermore, the boiling point of limonene is 176 °C, but it usually elutes 

between 105 and 115 °C. Much larger components, such as volatile diterpenes and 

coumarins, have boiling points that are much higher than the operating conditions of the 

machine, i.e., incensole acetate has a boiling point of 420 °C, yet it is still eluted like other 

components in gas chromatography, but it requires a longer retention time.  

The physical state of essential oil components (and volatile derivatives) as they travel 

through the column is determined by the inlet gas pressure (helium or nitrogen), the 

intermolecular interactions with the stationary phase (the column), temperature, and the 

concentration and vapour pressure of each individual molecule [78]. When essential oil 

components are travelling through the column, they are in a vapour phase, but when they 

are stationary, they are adsorbed into the column matrix, as a liquid.  

Most essential oil components change into vapour when the column temperature is 

raised high enough to break the intermolecular interaction with the column stationary 

phase. Because there is a very small quantity of the molecule in the column, when that 

temperature is reached, the whole liquid becomes a vapour. Thereafter the vapour exits 

the column and meets the detector.  

Figure 15 is an example of a gas chromatogram, which depicts peaks that formed 

along an axis of retention times (x axis). The retention time corresponds to the exact 

moment that the component exited the column and entered the detector.  
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Figure 15. Gas chromatogram produced in gas chromatography, using a mass spectrometer for peak 

detection of a sample of lavender oil. 

4.2. Gas Chromatography Stationary Phases (Columns) 

Separation of essential oil components in chromatography may be additionally 

influenced by the packing inside of the column (stationary phase), which can be 

interactive (polar or chiral), or non-interactive (non-polar). The column is generally a thin 

hollow tube that has the appearance of a wire, typically 30 metres long and coiled into a 

circle for convenience and placed in an ‘oven’ which is a temperature-controlled cabinet. 

The hollow space of the column is packed with either a polar or non-polar stationary 

phase; either a polyethylene glycol (wax) or phenyl/methyl polysiloxane base, 

respectively. A list of commercially available columns and their respective polarity is 

given in Table 1.  

Table 1. List of gas chromatography column equivalents that are either non-polar or polar. 

Non-Polar Columns Polar Columns  

ZB-1; DB-1; OV-1; SE-30; PB-1; OV-101; DB-

5; DB-5MS; HP-5MS; BP-1; SPB-5; BPX-5; 

RTX-1 

PEG-20M; PEG 4000; Carbowax 20M; 

Carbowax 4000; HP-Wax; DB-Wax; 

Supelcowax; Supelcowax-10; Innowax 

Out of the non-polar columns the numerical value in commercial names, such as ZB-

1 and HP-5, gives an indication of the relative amounts of phenyl relative to methyl 

polysiloxane, where ‘-1 is a dimethyl polysiloxane and ‘-5 is a diphenyl dimethyl 

polysiloxane. Generally, as the numbers increase the interactivity (polarity) increases, but 

the changes are so subtle that the stationary phase is still regarded as non-polar. 

Nevertheless, this can create slight differences in retention time, but major differences will 

be evident by using a polar column and so this must be taken into consideration when 

judging the identities of eluting peaks according to retention times or arithmetic indices.  

4.3. Mass Spectrometric Identification by Comparing to a Mass Spectral Library 

Essential oil components are identified according to two primary diagnostic 

methods. The first is the ‘fingerprint’ or pattern of fragments produced by the mass 

spectrometer (Figure 16). When a mass spectrometer is coupled to a gas chromatographer 

it is called gas chromatography–mass spectrometry (GC-MS).  
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Figure 16. Mass spectrum of a rare compound, 1-acetoxymyodesert-3-ene, using electron impact 

ionisation. 

In gas chromatography, the mass spectrometer uses a beam of electrons to ionise the 

molecules in a technique called electron impact ionisation. Hence, the compound is 

bombarded with a carefully measured load of electrons, typically 70 millivolts, and the 

masses of the fragments are then detected. In Figure 16 the mass spectral pattern also 

includes a molecular ion peak (M+) which is the intact molecule at 210 Da. This 

fragmentation pattern is then compared against a library of spectra to detect a match. The 

mass fragmentation pattern in Figure 16 was not identified against the commercial NIST 

library because it is derived from a rare compound. It was isolated and identified by 

nuclear magnetic resonance spectroscopy such as 1-acetoxymyodesert-3-ene, a rare 

monoterpene iridoid (Figure 17) [18].  

As a rule, diastereomers can be separated in gas chromatography, but not 

enantiomers, unless a chiral column is used. It is a common mistake for researchers to 

publish the identity of a component with its chiral descriptor, such as d-limonene or d-

camphor. However, this is not possible, even if the database suggested it; these 

components can only be reported as limonene and camphor, respectively, unless they 

were isolated and determined in polarimetry.  
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Figure 17. Unusual essential oil components from Eremophila deserti. 

4.4. What Name to Use from the NIST Search Results 

For those who have recently started analysing natural volatiles and essential oils by 

GC-MS, interpreting the names provided from the NIST library database can be confusing 

and at times, apparently contradictory. However, there are some simple logical steps that 

can be followed to aid in the decision-making process, when deciding what name to use 

from the list of names put forth from the NIST library.  

In the first instance, the NIST library provides a suggested compound identity, 

thereafter it is up to the scientist, or student, to decide if the match is correct, based on 

complementary evidence. With studies of essential oils, it is imperative to take into 

consideration the confidence provided by the software, where >90% confidence is 

regarded as a comfortable level to proceed to the next steps in verification. There are 

uncommon examples where >80% is also an acceptable albeit low level of confidence, such 

as when the metabolite is at a very low relative abundance, which can cause the 

background ‘noise’ of the detector to interfere slightly with the reproducibility of the mass 

spectral pattern. Another cause of low confidence is if the mass spectral instrument has 

not been calibrated recently. Consequently, mass spectral data loses precision, because the 

voltage of ionisation (electron impact) is not equivalent to the command that is put into 

the method, such as −70 mV.  

After the confidence of the suggested match from the NIST library is validated, the 

next important step is to calculate the arithmetic index (syn. retention index or Kovats 

index) and to compare it to a known value. The details of arithmetic indices are provided 

in the next section, however, if the column used is non-polar, such as a HP-5MS or DB-5 

or something along those lines (see Table 2), then the published values can be taken from 

the seminal work provided by Adams [79]. A comparison to the published library from 

Adams is sufficient to qualify that the compound is highly probable, where the arithmetic 

index value is within 10 units of the value published by Adams. On rare occasions it can 

be a difference of 20 units, or even 30 units, provided that the difference is consistent with 

other compounds detected on the same chromatogram. However, such vast differences 

only occur when significantly different temperature programs are used, i.e., a temperature 
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ramp of 20 °C per min, compared to a ramp of 5 °C per min, can make the arithmetic 

indices significantly different. 

After it is determined that a name set forth by NIST is the most likely candidate 

identity, it is necessary for the researcher, or student, to compile the information into a 

coherent report, and this is where the confusion about which name to provide presents 

itself. There are three types of names that appear in the list of candidate identities.  

(1) Common name, which is the old convention where the person who first discovered 

the molecule typically named it with etymology related to the species from where it 

was isolated. For example, pinene was isolated from an essential oil produced from 

a member of the genus Pinus, and the ‘-ene’ in the name represents a double bond in 

the molecule.  

a. Common names are habitually provided with a stereochemical descriptor, i.e., 

α-pinene, γ-eudesmol, or δ-cadinene. As previously mentioned, these ‘isomers’ 

are usually a consequence of the position of a double bond, but on occasion they 

can also represent epimers, or an isomer that is not an enantiomer.  

b. These achiral isomers have slightly different mass spectral fragmentation 

patterns (signatures) and they also elute with different arithmetic indices, so 

they are usually validated by triangulation of these two metrics (arithmetic 

index and NIST match) with retention times of confirmed compounds eluting 

nearby on the chromatogram (within close retention times).  

c. A common name is usually short, and has no numbers in it, just English letters 

that are often combined with the Greek alphabet. 

(2) Common name hybridised with IUPAC nomenclature, which is a larger descriptor 

that is built on top of a common name.  

a. For example, germacrene D-4-ol, terpinen-4-ol, or methoxymyodesert-3-ene 

[18,80]. These are molecules that are very similar to another molecule that 

received a common name but are distinguished by a hydrogen deficiency (a 

double bond) or oxidation (an alcohol group or ketone, etc.). A number is used 

to specify the carbon number in the molecule where the difference occurs, 

relative to the namesake compound. 

b. Numeration of the derivatives of common name compounds does not follow 

IUPAC rules, it remains consistent with the original common name, i.e., 

methoxymyodesert-3-ene and myodesert-1-ene are numerated according to 

myodesertene, even though the numeration changes according to IUPAC rules. 

(3) Common name or hybrid common name that is given an enantiomeric descriptor.  

a. When the NIST library was created, authentic reference standards were used to 

build the database of mass spectral fragmentation patterns.  

b. It was common for authentic standards to be identified to the exact enantiomer, 

so when the reference was recorded the enantiomeric descriptors were included 

in the name, which was saved to the database.  

c. The enantiomeric descriptors, such as the plus sign ‘+’ or the R or S descriptors, 

are an artefact of the data entry process, when the data was being compiled into 

a library of mass spectral data (such as the NIST library).  

d. Enantiomeric descriptors, such as (+)-α-pinene, also known as 1R,5R-α-pinene, 

are determined using analytic methods, such as polarimetry or chiral GC, but 

are not determined using routine GC-MS.  

e. Thus, when a NIST match suggests a molecule with an enantiomeric descriptor, 

such as (+)-α-pinene, also known as 1R,5R-α-pinene, it is important to delete the 

descriptor and claim only the common name, or the hybrid common name, i.e., 

α-pinene, not (+)-α-pinene, or 1R,5R-α-pinene. This is because it is impossible to 

be this specific using only GC-MS. 

f. From a NIST library match, delete R or S, D or L, d- or l-, + or −, and simplify to 

the common or IUPAC (or systematic) nomenclature.  
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(4) IUPAC nomenclature (also known as systematic nomenclature) is a convention 

established to standardise chemical names for an international audience. The long 

name is ‘International Union of Pure and Applied Chemistry.’ The IUPAC 

nomenclature was established when common names became too frequent, causing 

some names to be used twice to describe different things.  

a. For example, the common name brevifolin can mean two different molecules, 

either brevifolin (geranium) which is 7,8,9-trihydroxy-1,2-

dihydrocyclopenta[c]isochromene-3,5-dione in IUPAC nomenclature, or 

brevifolin carboxylic acid, which is 1-(2-Hydroxy-4,6-dimethoxyphenyl)ethan-

1-one in IUPAC nomenclature.  

b. In IUPAC nomenclature, α-pinene is called 2,6,6-Trimethylbicyclo[3.1.1]hept-2-

ene, and with an enantiomeric descriptor it is (1S)-, or (1R)-2,6,6-

Trimethylbicyclo[3.1.1]hept-2-ene. 

c. Evidently the enantiomeric descriptor needs to be removed, i.e., delete (1S)-, or 

(1R)- and keep the remainder of the name, unless other work was done to 

confirm the chiral identity. 

The NIST suggestion is often a common name, most likely with an enantiomeric 

descriptor, a modified common name, or a long and tedious IUPAC name. 

Conventionally, in report writing we avoid using the long and tedious IUPAC names and 

prefer the common names or their derivatives. When the NIST library gives us the IUPAC 

name, we are oblivious to the common name, which can be stressful. However, to know 

of the common name one can visit the ‘NIST Chemistry Webbook’ [81], which is an online 

database that provides gas chromatography data, mass spectral data, and synonyms of 

the IUPAC name. From the list of synonyms, a common name can be chosen, preferably 

one without enantiomeric descriptors. 

4.5. Calculation of Arithmetic Indices 

The second diagnostic method used in gas chromatography is arithmetic index (AI) 

also known as retention index. It is necessary because the NIST library might suggest 

several very convincing matches by comparing mass spectra. Figure 18 is an example of 

two different mirror matches, which demonstrates the similarity between mass spectral 

information of two components that are like globulol but are not globulol. This confirms 

the importance of another tool for compound identification. 

The next discriminating tool is retention time. However, because retention time will 

be different between the different instruments and methods used, the retention time is 

standardised by creating a relative retention time calculation, or index. This is calculated 

with the help of a homologous series of n-alkanes (Figure 19, C15 not included). The series 

of n-alkanes are injected onto the GC-MS column using the exact same operating 

conditions as for the essential oil. This makes them comparable. The equation for AI 

determination is given below. 

�� = 100 × �� +
��� − ���

��� − ���
 �  

RT is retention time, i.e., RTa is retention time of n-alkane eluting before z, 

z is the essential oil component, 

a is the carbon number of the n-alkane eluting before z, 

b is the carbon number of the n-alkane eluting after z. 



Plants 2022, 11, 789 27 of 37 
 

 

 

Figure 18. Examples of two different mirror matches between globulol and ledol (upper panel) and 

globulol and viridiflorol (lower panel). 
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Figure 19. A series of n-alkanes used for calculation of arithmetic indices. This series goes from C8 

to C23 but is missing C15. 

The AI is calculated for every component in an essential oil. The retention time of 

each component is between the retention time of two n-alkanes, i.e., limonene elutes after 

decane (C10) but before undecane (C11), so limonene elutes between C10 and C11. If 

limonene is denoted as z in the formula above, and a = 10, b = 11, then the retention times 

(RT) are as follows, according to Figure 20, RTa = 8.08 min, and RTb = 10.74 min. If the 

retention time of limonene is 8.93 min, then the calculations are as follows, 100 × (10 + (8.93 

− 8.08)/(10.74 − 8.08)) = 100 × (10 + 0.32) = 1032. If the GC-MS has a non-polar column 

installed, this value can be compared to the value given in the book by Adams [79], which 

is 1024 for limonene. Because this value is within 10 points it may be considered a tentative 

match. Alternatively, values for both polar and non-polar columns can be found on the 

NIST Chemistry WebBook website [81]. 

It is a daunting task to calculate arithmetic indices for all components in a mixture, 

particularly if multiple essential oils are injected. However, a useful calculation on an excel 

spreadsheet can make the process fast and simple (Figure 20). The excel formula for each 

of the cells in Figure 20, is given in Table 2. These formulas enable automatic arithmetic 

index calculation. Because modern GC-MS operating software can export a spreadsheet 

of retention times and suggested NIST library matches, with probability of the match, then 

the retention times can be cut and pasted into this excel spreadsheet in Figure 20, and the 

cells copied an infinite number of times down the page to cater to hundreds of retention 

times in a single step. 
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Figure 20. Excel spreadsheet for automatic calculation of arithmetic index by cutting and pasting of 

RT values (cells A2–A13). RTz is the retention time of the essential oil component, RTa is the 

retention time of the n-alkane that elutes before RTz, RTb is the retention time of the n-alkane that 

elutes after RTz, a is the carbon number of the n-alkane that elutes before RTz, AI is the calculated 

arithmetic index. Rows G–I are information of the retention times of the homologous series of n-

alkanes. 

Table 2. Calculations used on the excel spreadsheet in Figure 20 for automatic calculation of 

arithmetic index. 

Symbol Cell ID Excel Formula 

RTz A2–A13 
Retention time value obtained experimentally from GC-MS 

chromatogram 

RTa B2–B13 

=@IF(A2 > H$13,H$13,IF(A2 > H$12,H$12,IF(A2 > H$11,H$11,IF(A2 

> H$10,H$10,IF(A2 > H$9,H$9,IF(A2 > H$8,H$8,IF(A2 > 

H$7,H$7,IF(A2 > H$6,H$6,IF(A2 > H$5,H$5,IF(A2 > H$4,H$4,IF(A2 

> H$3,H$3,IF(A2 > H$2,H$2,error)))))))))))) 

RTb C2–C13 

=IF(B2 = H$2,H$3,IF(B2 = H$3,H$4,IF(B2 = H$4,H$5,IF(B2 = 

H$5,H$6,IF(B2 = H$6,H$7,IF(B2 = H$7,H$8,IF(B2 = H$8,H$9,IF(B2 = 

H$9,H$10,IF(B2 = H$10,H$11,IF(B2 = H$11,H$12,IF(B2 = 

H$12,H$13,IF(B2 = H$13,H$14)))))))))))) 

a D2–D13 

=IF(B3 = H$2,8,IF(B3 = H$3,9,IF(B3 = H$4,10,IF(B3 = H$5,11,IF(B3 = 

H$6,12,IF(B3 = H$7,13,IF(B3 = H$8,14,IF(B3 = H$9,15,IF(B3 = 

H$10,16,IF(B3 = H$11,17,IF(B3 = H$12,18,IF(B3 = H$13,19)))))))))))) 

AI E2–E13 =100*(D4 + (A4-B4)/(C4-B4)) 

No. G2–G13 Carbon number of alkane from homologous series of n-alkanes 

RT H2–H13 Retention time of alkane from homologous series of n-alkanes 

RTz is the retention time of the essential oil component, RTa is the retention time of the n-alkane 

that elutes before RTz, RTb is the retention time of the n-alkane that elutes after RTz, a is the 

carbon number of the n-alkane that elutes before RTz, AI is the calculated arithmetic index. Rows 

G–I are information of the retention times of the homologous series of n-alkanes. 

4.6. Other Techniques in Chromatographic Analysis 

Quantitation of essential oil components in GC-MS is not regarded as absolute, it is 

merely for qualitative comparison. Mass spectral data is not useful for accurate 

quantitation because it is not comparable between the different types of compounds [82]. 
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Salient inconsistencies are evident between monoterpenes and sesquiterpenes, or terpenes 

and phenylpropanoids when GC-MS quantitation is compared to actual values by 

quantitative NMR or by using authentic reference standards. 

The major challenge to quantitative analysis from GC-MS is the inaccuracy of the 

mass spectral data itself. To resolve this, authentic standards are used at known 

concentrations to quantify absolutely or semi-quantitively, which are injected using the 

same method as the essential oil. Furthermore, flame ionisation detection (FID) is 

regarded as more accurate in quantitative measurement. In this technique, the essential 

oil component that is eluting from the column is directed into an ignited hydrogen gas 

flame. The intensity of the flame is measured using two electrodes that detect the ion 

cloud, which gives the value used to represent the chromatographic intensity. Generally, 

GC-FID is only used when the identity of the components is known, either for quantitative 

comparison between species or chemotypes, and to obtain more accurate information of 

the accurate quantity of components. 

A less sophisticated technique that is often used in perfumery is olfactometry. This 

method of detection uses the human nose in a process called GC-olfactometry [83]. It 

creates a subjective record associated with the odour of individual components. 

Olfactometry is also commonly used with a chromatographic technique called ‘two-

dimensional gas chromatography’ [83], which connects two columns with different 

stationary phases, i.e., polar, and non-polar. This helps when components are not 

separating well. Nevertheless, while there are many methods used in essential oil analysis, 

GC-MS is by far the more common tool. 

5. Authentication of Essential Oils 

Counterfeiting and adulteration of essential oils is dishonest, a breach of ethics, and 

may be unsafe to the consumer [84]. However, if consumers become aware of the tell-tale 

signs of dishonest marketing, the demand for counterfeited items reduces and the 

incentive to counterfeit is reduced [5,85]. 

5.1. Analytical Methods Used for Authentication of Essential Oils and Natural Volatiles 

In the authentication of essential oils, it is common for mere chemical characterisation 

to be performed. However, adulterators have learned to defeat these ‘first pass’ chemical 

checks by crafting essential oils that are prima facie chemically identical, or by using 

closely related species to produce essential oils. It is sometimes possible to detect when 

there is counterfeiting by examination of the enantiomeric ratios of components [86]. With 

reasonable variation the enantiomeric ratios of components are consistent for the naturally 

occurring ‘enantiotypes’ in species. 

The type of column used for enantiomeric analysis is a chiral column. Chiral 

chromatography uses a chiral-selective cyclodextrin incorporated into the stationary 

phase, which interacts differently with enantiomers. One of the applications is to help 

differentiate two similar essential oils according to their ‘enantiotype’. For example, this 

was done to distinguish between two frankincense essential oils, one from Boswellia carteri 

Birdw and the other from Boswellia sacra Roxb ex Colebr. They were chemically very 

similar, but the α-pinene of B. carteri was almost a raceme (equal mixture of both 

enantiomers) whilst that of B. sacra was overwhelmingly dominated by the positive 

enantiomer [87]. As previously mentioned, a study of enantiotypes can reveal if the 

essential oil was adulterated with a synthetic version of a component, because cheap 

synthetics are often racemes that interfere with the natural enantiomeric ratios defined in 

earlier studies [86]. Researchers should also be aware of naturally occurring enantiotypes 

in essential oils, such as the enantioenriched and enantiopure types of Phebalium 

verrucosum I.Telford and J.J.Bruhl [73,88]. 

A summary of the enantiomeric ratios of citrus essential oils has been provided by 

Do et al. [89]. If the requirement for enantiomeric purity is that one enantiomer is >94% of 

the other, then by comparison with α-pinene, the components β-pinene and limonene are 



Plants 2022, 11, 789 31 of 37 
 

 

more often enantiopure. In citrus essential oils, β-pinene is enantiopure in six out of nine 

samples, while limonene is enantiopure in 9 out of 11. This is in contrast with natural α-

pinene, which is more commonly enantioenriched across species of citrus, with only 4 out 

of 11 specimens demonstrating enantiopurity. 

Another chemical test that can help to determine if essential oils are adulterated is 

carbon isotope ratios. Where isotopic analysis is used to authenticate an essential oil, a 

specialised mass spectrometer is required. The type of column used for isotope ratio 

analysis is generic, however, the MS detector is not; it is dedicated to isotopic analysis and 

is denoted isotope ratio mass spectrometry (IRMS). There are two factors influencing 

isotopic ratios, with one being the addition of synthetic components that were made from 

fossil fuel-derived scaffolds. In this case the natural process of radioactive decay 

substantially reduces the amount of 13C in fossil fuels over time, which reduces the 13C/12C 

ratio. However, it is more common for IRMS to be applied where multiple essential oils 

of natural origin are combined to counterfeit a more expensive essential oil. In this case, 

the difference in isotopic ratios is a consequence of the different classes of photosynthesis 

utilised by the plant. Generally, CO2 capture during photosynthesis is biased toward 

heavier carbon atoms, i.e., 13C in preference to 12C, however, plants that follow C3 

photosynthesis (Calvin cycle) do not accumulate as much 13C as C4 plants (Hatch–Slack 

cycle). Hence, when lemon essential oil from a C3 plant (Citrus x limon) is adulterated with 

citral from a C4 grass species (Cymbopogon citratus (DC.) Stapf) the isotopic ratio is biased 

toward higher 13C [90]. A third type of photosynthesis follows the Crassulacean cycle, 

which utilises both the Calvin and Hatch–Slack cycles, creating an isotopic ratio in 

between that of C3 and C4 plants. Hence, for IRMS to be truly effective the technical 

knowledge of the authenticator must be well developed. 

Other techniques that have proven useful in the authentication of essential oils 

include spectroscopic techniques, such as middle infrared spectroscopy [91], nuclear 

magnetic resonance spectroscopy [92], and even UV-fluorescence coupled to 

transmittance, which was used for the authentication of patchouli oil [93]. However, 

spectroscopic methods will not provide evidence prima facie, to dispute sophisticated 

adulteration. 

5.2. Simplistic Methods for Authentication of Essential Oils 

A comprehensive review published in 2015 provided a significant summary of 

adulteration tactics that commonly occur in the industry for essential oils [89]. What is 

conveyed is that there is no detailed protocol to follow that is generic for all the kinds of 

adulteration. Each of the natural products that can be adulterated have tell-tale signs that 

are determined on a case-by-case basis, and the analytical methods are also context 

specific. For example, adulteration with synthetic linalool will contaminate the essential 

oil with artefacts of the synthetic process, which are dihydro- and dehydrolinalool. 

There are several non-sophisticated methods for the authentication of essential oils, 

where the vendors or merchants have not used a ‘sophistication’ to hide their attempts to 

cheapen their products [5]. In such cases, only simplistic methods are necessary to 

determine if the product is a counterfeit item. Although simplistic, basic laboratory 

equipment is necessary in most cases (except in evaporation tests). Much information can 

be harnessed from infrared determination, ultraviolet absorbance (UV 

spectrophotometry), or thin layer chromatography. Because these items are the most basic 

laboratory techniques, they are considered non-sophisticated. 

5.2.1. UV Absorbance Determination Using Spectrophotometry 

In another example, dilution of citrus pressed oils with cottonseed oil will dilute the 

UV active components, the coumarins. The concentration difference can be determined by 

UV spectrophotometry. Similarly, when any essential oil containing phenylpropanoids is 

diluted with a carrier oil, the concentration difference can be measured using a UV 

spectrophotometer. Any component with delocalised electrons will have a UV maximum 
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(peak absorbing wavelength, λmax) that can be utilised. Essential oil components that 

have a benzene moiety can be examined in this way, such as the terpenoid components, 

p-cymene, thymol, carvacrol, cumin aldehyde, or α-turmerone. The UV absorption value 

should be many orders of magnitude different compared to the natural authentic 

equivalent essential oil, because small differences can be related to natural variation in 

relative abundance of components. 

Common phenylpropanoids include anethole, eugenol, safrole, elemicin, or 

cinnamaldehyde and all of these have UV chromophores that absorb at wavelengths (i.e., 

eugenol = 280.9 nm) that are similar by comparison with most of the aromatic terpenes 

(i.e., thymol = 275 nm). Alternatively, when essential oils are not expected to have a UV 

chromophore, the spectrophotometer can be used to determine if the oil includes fixed 

components, such as flavonoids or coumarins, which will indicate that the product is not 

an essential oil but an absolute or pressed oil. 

5.2.2. Evaporation Ability 

Another way to determine if a product that claims to be an essential oil is not an 

essential oil is by testing for evaporation ability. For example, a carrier oil combined with 

an essential oil, a pressed oil, or an absolute, will not completely evaporate. This is because 

there will be non-volatile components if the product is not an essential oil, so by placing 

a few drops of the product onto paper and heating it with a hair drier for 5 min, the 

authenticity can be revealed. If some of the oil remains on the paper, then some of it is not 

volatile, so it is either not an essential oil, or it is adulterated. However, according to the 

international standards organisation, if a pressed oil is produced from citrus rinds, such 

as bergamot, it is called an essential oil, even if it was not hydrodistilled. Thus, if bergamot 

turns out to be a pressed oil, it is still authentic, just not hydrodistilled. 

5.2.3. Thin Layer Chromatography 

As an alternative to spectrophotometry, thin layer chromatography can be used 

(TLC) can be used to authenticate essential oils. Crude extracts often contain components 

that are more polar than essential oil components, so TLC can be used to reveal these. Any 

component that stays at the baseline of a TLC plate using 10% ethyl acetate in 90% hexane, 

is too polar to be an essential oil component, and must, therefore, be from extraction, not 

hydrodistillation. If the TLC mobile phase is changed to 20% ethyl acetate, 80% hexane, 

then components below an Rf value of 0.4 are impossible in an essential oil. 

However, common authentication techniques will also detect components that are 

either volatile, or relatively apolar but with a vapour pressure that is too low to be volatile. 

In such cases, the authenticator needs to know what to look for to detect such cases of 

adulteration. This relies on familiarity with the adulteration techniques that are used by 

counterfeiters [5]. For example, if the authenticator knows that lavender essential oil is 

often adulterated with grapefruit skin pressed oil, then TLC can be used to determine if 

coumarins are present. The coumarin auraptene can be determined by use of a UV 

indicator in the TLC plate (F254). Alternatively, ammonia gas can be fumigated over the 

normal silica gel plate, and this will make the component fluoresce under UV light. If the 

authenticator has a sample of auraptene it can be used as an authentic standard to 

compare, using TLC migration (Rf value), then the outcome is more credible. 

6. Suggestions and Concluding Remarks 

Because the field of essential oil research is inclusive of diverse science backgrounds, 

a comprehensive and concise introduction to the chemistry and analysis is timely. The 

student, or researcher, will benefit from an understanding of how to interpret and use 

data from analytical instruments, and how to differentiate between different types of 

molecules considering their molecular formula, structures, parent group, enantiomer or 

diastereomer, and so forth. Additionally, of importance is the empowerment of 
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individuals to recognise and avoid counterfeited, adulterated, or misrepresented products 

in the marketplace. In this regard, authentication of essential oils and natural volatiles has 

become an industry of its own. 

Currently the published literature that describes essential oils is populated by works 

that fail to present the data with calculated retention indices (syn. arithmetic index). This 

is the first indicator that the data has not been interpreted and corrected, but rather, 

reported without modification from the library search report. Authors need to be 

reminded that NIST library matches are merely suggestions that need to be confirmed or 

nullified by comparing calculated retention indices against published values. A valuable 

resource is provided by Adams for making this comparison [79]. Authors should also 

avoid using the enantiomeric descriptors (R, S, +, −, D, L) that are suggested in NIST 

library searches. These values need to be removed from the compound identities unless 

further work is done to determine their respective enantiomer identity. 

In the published literature there is also some misunderstanding over the relative 

quantities of components in essential oil mixtures. The values determined by integration 

of a chromatogram, generated from mass spectral detection, are not absolute; they are 

merely qualitative and are used as a general guide on the quality of an essential oil. The 

values are also affected by the integration parameters used, which can be adjusted to select 

peaks above a specified quantitative value. Minor components that are not recognised by 

the integrator will not be included in the quantitative analysis. Thus, authors should avoid 

reporting their quantitative values to several decimal places. A single decimal place is 

used for convention, but in reality, the quantitative value is only useful as a whole integer. 

Significant natural variation of essential oil component quantities is expected. Even 

if the same essential oil is analysed two times, the values of component quantities might 

change by several integers. More significant differences will be evident between two 

specimens of the same species. Even when plant material is harvested from the same plant 

specimen to make essential oil for a second time in succession, the respective essential oil 

will be different to the first. Thus, authentic essential oils do not need to adhere to exact 

quantities specified in the published literature. 

Conversely, authentication scientists should be aware that confirming a single 

known component in an essential oil does not automatically qualify it as authentic. For 

example, it is impossible to count the number of essential oils that contain 1,8-cineole, 

limonene, α-pinene, and so forth. However, detection of uncommon or rare components 

that belong to the essential oil increases the likelihood of authenticity. 

Author Contributions: Conceptualisation, N.J.S.; writing—original draft preparation, N.J.S. M.P., 

& G.F.P.-G.; writing—review and editing. All authors have read and agreed to the published version 

of the manuscript. 

Funding: This research received no external funding. 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: Not applicable. 

Acknowledgments: The authors would like to acknowledge their institutions and affiliations. 

Conflicts of Interest: The authors declare no conflict of interest. 

  



Plants 2022, 11, 789 34 of 37 
 

 

References 

1. Scragg, A.H. The production of flavours by plant cell cultures. Fragrance and Flavours: Chemistry, Bioprocessing and Sustainability, 

1st ed.; Berger, R.G., Ed.; Springer: Leipzig, Germany, 2007. 

2. Sadgrove, N.J. The new paradigm for androgenetic alopecia and plant-based folk remedies: 5α-reductase inhibition, reversal of 

secondary microinflammation and improving insulin resistance. J. Ethnopharmacol. 2018, 227, 206–236. 

https://doi.org/10.1016/j.jep.2018.09.009. 

3. Sadgrove, N.J.; Simmonds, M.S.J. Topical and nutricosmetic products for healthy hair and dermal antiaging using “dual-acting” (2 for 

1) plant-based peptides, hormones, and cannabinoids. FASEB Bioadv. 2021, 3, 601–610. https://doi.org/10.1096/fba.2021-00022. 

4. Sadgrove, N.J.; Padilla-Gonzalez, G.F.; Leuner, O.; Melnikovova, I.; Fernandez-Cusimamani, E. Pharmacology of natural 

volatiles and essential oils in food, therapy, and disease prophylaxis. Front. Pharmacol. 2021, 12, 740302. 

https://doi.org/10.3389/fphar.2021.740302. 

5. Sadgrove, N.J. Honest nutraceuticals, cosmetics, therapies, and foods (NCTFs): Standardization and safety of natural products. 

Crit. Rev. Food Sci. Nutr. 2021, 1–16. https://doi.org/10.1080/10408398.2021.1874286. 

6. Carsanba, E.; Pintado, M.; Oliveira, C. Fermentation strategies for production of pharmaceutical terpenoids in engineered yeast. 

Pharmaceuticals 2021, 14, 295. https://doi.org/10.3390/ph14040295. 

7. Ochoa-Villarreal, M.; Howat, S.; Hong, S.; Jang, M.O.; Jin, Y.W.; Lee, E.K.; Loake, G.J. Plant cell culture strategies for the 

production of natural products. BMB Rep. 2016, 49, 149–158. https://doi.org/10.5483/bmbrep.2016.49.3.264. 

8. Sadgrove, N.J. Southern Africa as a ‘cradle of incense’ in wider African aromatherapy. Sci. Afr. 2020, 9, e00502. 

https://doi.org/10.1016/j.sciaf.2020.e00502. 

9. Sadgrove, N.J.; Jones, G.L. A contemporary introduction to essential oils: Chemistry, bioactivity and prospects for Australian 

agriculture. Agriculture 2015, 5, 48–102. 

10. ISO. International Standards Organisation—Home Page. Available online: http://www.iso.org/iso/home.htm (accessed on 12 
Sept 2021). 

11. Nsangou, M.F.; Happi, E.N.; Fannang, S.V.; Atangana, A.F.; Waffo, A.F.K.; Wansi, J.D.; Isyaka, S.M.; Sadgrove, N.J.; Sewald, N.; 

Langat, M.K. Chemical composition and synergistic antimicrobial effects of a vegetatively propagated cameroonian lemon, 

Citrus x limon (L.) osbeck. ACS Food Sci. Technol. 2021, 1, 354–361. https://doi.org/10.1021/acsfoodscitech.0c00071. 

12. Hulley, I.M.; Van Vuuren, S.F.; Sadgrove, N.J.; Van Wyk, B.-E. Antimicrobial activity of Elytropappus rhinocerotis (Asteraceae) 

against micro-organisms associated with foot odour and skin ailments. J. Ethnopharmacol. 2019, 228, 92–98. 

https://doi.org/10.1016/j.jep.2018.09.014. . 

13. Langat, M.K.; Mayowa, Y.; Sadgrove, N.; Danyaal, M.; Prescott, T.A.K.; Kami, T.; Schwikkard, S.; Barker, J.; Cheek, M. Multi-

layered antimicrobial synergism of (E)-caryophyllene with minor compounds, tecleanatalensine B and normelicopine, from the 

leaves of Vepris gossweileri (I. Verd.) Mziray. Nat. Prod. Res. 2021, 1–11. https://doi.org/10.1080/14786419.2021.1899176. 

14. Sadgrove, N.J.; Gonçalves-Martins, M.; Jones, G.L. Chemogeography and antimicrobial activity of essential oils from Geijera 

parviflora and Geijera salicifolia (Rutaceae): Two traditional Australian medicinal plants. Phytochemistry 2014, 104, 60–71. 

15. Sadgrove, N.J.; Telford, I.R.H.; Greatrex, B.W.; Jones, G.L. Composition and antimicrobial activity of essential oils from the 

Phebalium squamulosum species complex (Rutaceae) in New South Wales, Australia. Phytochemistry 2014, 97, 38–45. 

16. Southwell, I.A. A new occurrence of hedycaryol, the precursor of elemol, in Phebalium ozothamnoides (Rutaceae). Phytochemistry 

1970, 9, 2243–2245. 

17. Collins, T.L.; Andrew, R.L.; Greatrex, B.W.; Bruhl, J.J. Reliable analysis of volatile compounds from small samples of Eucalyptus 

magnificata (Myrtaceae). Aust. Syst. Bot. 2018, 31, 232–240. 

18. Sadgrove, N.J.; Padilla-Gonzalez, G.F.; Green, A.; Langat, M.K.; Mas-Claret, E.; Lyddiard, D.; Klepp, J.; Legendre, S.V.A.; 

Greatrex, B.W.; Jones, G.L.; et al. The diversity of volatile compounds in Australia’s semi-desert genus Eremophila 

(Scrophulariaceae). Plants 2021, 10, 785. https://doi.org/10.3390/plants10040785. 

19. Sell, C. Chapter 5. Chemistry of essential oils. Handbook of Essential Oils: Science, Technology, and Applications; Başer, K.H.C., 

Buchbauer, G., Eds.; CRC Press: Taylor and Francis Group: London, UK, 2010. 

20. Zhao, L.; Chang, W.-c.; Xiao, Y.; Liu, H.-w.; Liu, P. Methylerythritol phosphate pathway of isoprenoid biosynthesis. Annu. Rev. 

Biochem. 2013, 82, 497–530. https://doi.org/10.1146/annurev-biochem-052010-100934. 

21. Santos-Sánchez, N.F.; Salas-Coronado, R.; Hernández-Carlos, B.; Villanueva-Cañongo, C. Shikimic acid pathway in biosynthesis 

of phenolic compounds. Plant Physiological Aspects of Phenolic Compounds; Soto-Hernández, M., García-Mateos, R., Palma-

Tenango, M., Eds.; InTech Open: London, UK, 2019; Volume 1. 

22. Malka, S.K.; Cheng, Y. Possible interactions between the biosynthetic pathways of indole glucosinolate and auxin. Front. Plant 

Sci. 2017, 8, 2131. https://doi.org/10.3389/fpls.2017.02131. 

23. Bergman, M.E.; Davis, B.; Phillips, M.A. Medically useful plant terpenoids: Biosynthesis, occurrence, and mechanism of action. 

Molecules 2019, 24, 3961. https://doi.org/10.3390/molecules24213961. 

24. Sadgrove, N.J.; Telford, I.R.H.; Padilla-González, G.F.; Greatrex, B.W.; Bruhl, J.J. GC–MS ‘chemophenetics’ on Australian pink-

flowered Phebalium (Rutaceae) using herbarium leaf material demonstrates phenetic agreement with putative new species. 

Phytochem. Lett. 2020, 38, 112–120. https://doi.org/10.1016/j.phytol.2020.05.014. 



Plants 2022, 11, 789 35 of 37 
 

 

25. Sadgrove, N.J. Comparing essential oils from Australia’s ‘Victorian Christmas Bush’ (Prostanthera lasianthos Labill., Lamiaceae) 

to closely allied new species: Phenotypic plasticity and taxonomic variability. Phytochemistry 2020, 176, 112403. 

https://doi.org/10.1016/j.phytochem.2020.112403. 

26. Sadgrove, N.J.; Madeley, L.G.; Van Wyk, B.-E. Volatiles from African species of Croton (Euphorbiaceae), including new 

diterpenes in essential oil from Croton gratissimus. Heliyon 2019, 5, e02677. https://doi.org/10.1016/j.heliyon.2019.e02677. 

27. Sadgrove, N.J.; Senbill, H.; Van Wyk, B.-E.; Greatrex, B.W. New labdanes with antimicrobial and acaricidal activity: Terpenes 

of Callitris and Widdringtonia (Cupressaceae). Antibiotics 2020, 9, 173. https://doi.org/10.3390/antibiotics9040173. 

28. Cisowski, W.; Sawicka, U.; Mardarowicz, M.; Asztemborska, M.; Łuczkiewiczd, M. Essential oil from herb and rhizome of Peucedanum 

ostruthium (L. Koch.) ex DC. Zeitzchrift fur Naturforschung C 2001, 56, 930–932. https://doi.org/10.1515/znc-2001-11-1202. 

29. Salazar, K.J.M.; Lago, J.H.G.; Guimarães, E.F.; Kato, M.J. Meroterpenes from Peperomia oreophila Hensch. and Peperomia arifolia 

Miq. J. Braz. Chem. Soc. 2012, 23, 782–785. https://doi.org/10.1590/S0103-50532012000400025. 

30. Chaudhuri, R.K.; Bojanowski, K. Bakuchiol: A retinol-like functional compound revealed by gene expression profiling and 

clinically proven to have anti-aging effects. Int. J. Cosmet. Sci. 2014, 36, 221–230. 

31. Vogt, T. Phenylpropanoid biosynthesis. Mol. Plant 2010, 3, 2–20. https://doi.org/10.1093/mp/ssp106. 

32. Aprotosoaie, A.C.; Costache, I.I.; Miron, A. Anethole and its role in chronic diseases. Adv. Exp. Med. Biol. 2016, 929, 247–267. 

https://doi.org/10.1007/978-3-319-41342-6_11. 

33. Homburger, F.; Kelley, T.; Friedler, G.; Rusfield, A.B. Toxic and possible carcinogenic effects of 4-allyl-1,2-methylene-

dioxybenzene (safrole) in rats on deficient diets. Med. Exp. Int. J. Exp. Med. 1961, 4, 1–11. 

34. Benedetti, M.S.; Malnoë, A.; Broillet, A.L. Absorption, metabolism and excretion of safrole in the rat and man. Toxicology 1977, 

7, 69–83. 

35. Farag, S.E.; Abo-Zeid, M. Degradation of the natural mutagenic compound safrole in spices by cooking and irradiation. Nahrung 

1997, 41, 359–361. https://doi.org/10.1002/food.19970410609. 

36. Kalbhen, D.A. Nutmeg as a narcotic. A contribution to the chemistry of pharmacology of nutmeg (Myristica fragrans). Angew. 

Chem. Int. 1971, 10, 370–374. 

37. Beyer, J.; Ehlers, D.; Maurer, H.H. Abuse of nutmeg (Myristica fragrans Houtt.): Studies on the metabolism and the toxicologic 

detection of its ingredients elemicin, myristicin, and safrole in rat and human urine using gas chromagrography/mass 

spectrometery. Ther. Drug Monit. 2006, 28, 568–575. 

38. Buckingham, J. Dictionary of Natural Products; Taylor & Francis Group: Oxford, UK, 2000. 

39. Sorokina, M.; Steinbeck, C. Review on natural products databases: Where to find data in 2020. J. Cheminform. 2020, 12, 20. 

https://doi.org/10.1186/s13321-020-00424-9. 

40. Joulain, D.; König, W.A. The Atlas of Spectral Data of Sesquiterpene Hydrocarbons; EB-Verlag: Hamburg, Germany, 1998. 

41. Goel, D.; Mallavarupa, G.R.; Kumar, S.; Singh, V.; Ali, M. Volatile metabolite compositions of the essential oil from aerial parts 

of ornamental and artemisinin rich cultivars of Artemisia annua. J. Essent. Oil Res. 2008, 20, 147–152. 

https://doi.org/10.1080/10412905.2008.9699976. 

42. Szmant, H.H.; Halpern, A. Ascaridole in oil of Chenopodium. III. The characterisation of ascaridole. J. Am. Chem. Soc. 1949, 71, 

1133–1134. https://doi.org/10.1021/ja01171a527. 

43. Bowles, J.E. The Chemistry of Aromatherapeutic Oils; Allen and Unwin: Crows Nest, NSW, Australia, 2003. 

44. Sadgrove, N.J.; Jones, G.L. Medicinal compounds, chemically and biologically characterised from extracts of Australian Callitris 

endlicheri and C. glaucophylla (Cupressaceae): Used traditionally in Aboriginal and colonial pharmacopoeia. J. Ethnopharmacol. 

2014, 153, 872–883. 

45. Sadgrove, N.J. Purely australian essential oils past and present: Chemical diversity, authenticity, bioactivity, and commercial 

Value. Diversity 2022, 14, 124. https://doi.org/10.3390/d14020124. 

46. Sobiyi, O.K.; Sadgrove, N.J.; Magee, A.R.; Van Wyk, B.-E. The ethnobotany and major essential oil compounds of anise root 

(Annesorhiza species, Apiaceae). S. Afr. J. Bot. 2019, 126, 309–316. https://doi.org/10.1016/j.sajb.2019.07.014. 

47. Sadgrove, N.; Jones, G.L. Characterisation and bioactivity of essential oils from Geijera parviflora (Rutaceae): A native bush 

medicine from Australia. Nat. Prod. Commun. 2013, 8, 747–751. 

48. Sadgrove, N.J.; Lyddiard, D.; Jones, G.L. Bioactive volatiles from Geijera parviflora Lindl. (Rutaceae): Evidence for coumarin 

chemotypes. In Proceedings of the XXIX International Horticultural Congress on Horticulture: Sustaining Lives, Livelihoods 

and Landscapes (IHC2014): V World Congress on Medicinal and Aromatic Plants and International Symposium on Plants, as 

Factories of Natural Substances, Edible and Essential Oils, Brisbane, Australia, 17–22 August 2014; Volume 1125, pp. 145–150. 

https://doi.org/10.17660/ActaHortic.2016.1125.18. 

49. Nigg, H.N.; Nordby, H.E.; Beier, R.C.; Dillman, A.; Macias, C.; Hansen, R.C. Phototoxic coumarins in limes. Food Chem. Toxicol. 

1993, 31, 331–335. https://doi.org/10.1016/0278-6915(93)90187-4. 

50. Mondello, L.; d’Alcontres, I.S.; Duce, R.D.; Crispo, F. On the genuineness of citrus essential oils. Part XL. The composition of 

the coumarins and psoralens of Calabrian bergamot essential oil (Citrus bergamia Risso). Flavour Fragr. J. 1993, 8, 17–24. 

https://doi.org/10.1002/ffj.2730080105. 

51. Romeo, L.; Iori, R.; Rollin, P.; Bramanti, P.; Mazzon, E. Isothiocyanates: An overview of their antimicrobial activity against 

human infections. Molecules 2018, 23, 624. https://doi.org/10.3390/molecules23030624. 

52. Başer, K.H.C.; Demirci, F. Chemistry of essential oils. Fragrance and Flavours: Chemistr, Bioprocessing and Sustainability, 1st ed.; 

Berger, R.G., Ed.; Springer: Leipzig, Germany, 2007. 



Plants 2022, 11, 789 36 of 37 
 

 

53. Brophy, J.J.; Goldsack, R.J.; Bean, A.R.; Forster, P.I.; Lepschi, B.J. Leaf essential oils of the genus Leptospermum (Myrtaceae) in 

eastern Australia. Part 5. Leptospermum continentale and allies. Flavour Fragr. J. 1999, 14, 98–104. 

https://doi.org/10.1002/(SICI)1099-1026(199903/04)14:2<98::AID-FFJ797>3.0.CO;2-V. 

54. Brophy, J.J.; Lassak, E.V.; Boland, D.J. The leaf essential oils of eucalyptus nova-anglica deane & maiden. J. Essent. Oil Res. 1992, 

4, 29–32. https://doi.org/10.1080/10412905.1992.9698006. 

55. Sadgrove, N.J.; Padilla-González, G.F.; Telford, I.R.H.; Greatrex, B.W.; Jones, G.L.; Andrew, R.; Bruhl, J.J.; Langat, M.K.; 

Melnikovova, I.; Fernandez-Cusimamani, E. Prostanthera (Lamiaceae) as a ‘cradle of incense’: Chemophenetics of rare essential 

oils from both new and forgotten Australian ‘mint bush’ species. Plants 2020, 9, 1570. https://doi.org/10.3390/plants9111570. 

56. Sadgrove, N.J.; Lyddiard, D.; Collins, T.L.; Greatrex, B.W.; Jones, G.L. Genifuranal and other derivatives: Smoking desert plants. 

Acta Hortic. 2016, 1125, 181–188. 

57. Sadgrove, N.; Jones, G.L.; Greatrex, B.W. Isolation and characterisation of (-)-genifuranal: The principal antimicrobial 

component in traditional smoking applications of Eremophila longifolia (Scrophulariaceae) by Australian Aboriginal peoples. J. 

Ethnopharmacol. 2014, 154, 758–766. 

58. Sandasi, M.; Kamatou, G.P.P.; Viljoen, A.M. Chemotaxonomic evidence suggests that Eriocephalus tenuifolius is the source of 

Cape chamomile oil and not Eriocephalus punctulatus. Biochem. Syst. Ecol. 2011, 39, 328–338. 

https://doi.org/10.1016/j.bse.2011.04.003. 

59. Flemming, M.; Kraus, B.; Rascle, A.; Jürgenliemk, G.; Fuchs, S.; Fürst, R.; Heilmann, J. Revisited anti-inflammatory activity of 

matricine in vitro: Comparison with chamazulene Fitoterapia 2015, 106, 122–128. https://doi.org/10.1016/j.fitote.2015.08.010. 

60. Newall, C.A.; Anderson, L.A.; Phillipson, J.D. Herbal Medicine: A Guide for Health Care Professionals; Pharmaceutical Press: 

London, UK, 1996; Volume 296, p. 996. 

61. Phumthum, M.; Sadgrove, N.J. High-value plant species used for the treatment of “fever” by the Karen hill tribe people. 

Antibiotics 2020, 9, 220. https://doi.org/10.3390/antibiotics9050220. 

62. Hulley, I.M.; Ozekg, O.; Sadgrove, N.J.; Tilney, P.M.; Ozekt, O.; Başer, H.C.K. Essential oil composition of a medicinally 

important Cape species: Pentzia punctata (Asteraceae). S. Afr. J. Bot. 2019, 127, 208–212. https://doi.org/10.1016/j.sajb.2019.08.042. 

63. Hulley, I.M.; Sadgrove, N.J.; Tilney, P.M.; Özek, G.; Yur, S.; Özek, T.; Başer, K.H.C.; van Wyk, B.-E. Essential oil composition of 

Pentzia incana (Asteraceae), an important natural pasture plant in the Karoo region of South Africa. Afr. J. Range Forage Sci. 2018, 

35, 137–145. https://doi.org/10.2989/10220119.2018.1495265. 

64. Russo, A.; Bruno, M.; Avola, R.; Cardile, V.; Rigano, D. Chamazulene-rich artemisia arborescens essential oils affect the cell 

growth of human melanoma cells. Plants 2020, 9, 1000. https://doi.org/10.3390/plants9081000. 

65. Doimo, L. Azulenes, costols and γ-lactones from cypress-pines (Callitris columellaris, C. glaucophylla and C. intratropica) distilled 

oils and methanol extracts. J. Essent. Oil Res. 2001, 13, 25–29. 

66. Sadgrove, N.J.; Van Wyk, B.-E. Major volatile compounds in the essential oil of the aromatic culinary herb Pelargonium crispum 

(Geraniaceae). Nat. Volatiles Essent. Oils 2018, 5, 23–28. 

67. Stanley, W.L.; Lindwall, R.C.; Vannier, S.H. Specific quantitative colorimetric method of analysis for citral in lemon oil. Agric. 

Food Chem. 1958, 6, 858–860. 

68. Guenther, E. The Essential Oils—Vol 1: History—Origin in Plants—Production—Analysis; Van Nostrand: New York, NY, USA, 1948. 

69. Guenther, E. The Essential Oils—Vol 1–6; D. Van Nostrand Company, Inc: New York, NY, USA, 1948. 

70. Venuto, P.B.; Day, A.R. The preparation of allylic alcohols from citral a and citral b. A study of their dehydration reactions. J. 

Org. Chem. 1964, 23, 2735–2739. 

71. Brooks, W.H.; Guida, W.C.; Daniel, K.G. The significance of chirality in drug design and development. Curr. Top. Med. Chem. 

2011, 11, 760–770. 

72. Leitereg, T.J.; Guadagni, D.G.; Harris, J.; Mon, T.R.; Teranishi, R. Chemical and sensory data supporting the difference between 

the odors of the enantiomeric carvones. J. Agric. Food Chem. 1971, 19, 785–787. 

73. Sadgrove, N.; Telford, I.R.H.; Greatrex, B.W.; Dowell, A.; Jones, G.L. Dihydrotagetone, an unusual fruity ketone, is found in 

enantiopure and enantioenriched forms in additional Australian native taxa of Phebalium (Rutaceae: Boronieae). Nat. Prod. 

Commun. 2013, 8, 737–740. 

74. Usuki, Y.; Deguchi, T.; Iio, H. A new concise synthesis of (+)-ipomeamarone, (−)-ngaione, and their stereoisomers. Chem. Lett. 

2014, 43, 1882–1884. https://doi.org/10.1246/cl.140811. 

75. Collins, T.L.; Jones, G.L.; Sadgrove, N. Volatiles from the rare Australian desert plant Prostanthera centralis B.J.Conn (Lamiaceae): 

Chemical composition and antimicrobial activity. Agriculture 2014, 4, 308–316. https://doi.org/10.3390/agriculture4040308. 

76. Sadgrove, N.J.; Greatrex, B.W.; Jones, G.L. α-Cyclodextrin encapsulation enhances antimicrobial activity of cineole-rich essential 

oils from Australian species of Prostanthera (Lamiaceae). Nat. Volatiles Essent. Oils 2015, 2, 30–38. 

77. Dellar, J.E.; Cole, M.D.; Gray, A.I.; Gibbons, S.; Waterman, P.G. Antimicrobial sesquiterpenes from Prostanthera aff. melissifolia 

and P. rotundifolia. Phytochemistry 1994, 36, 957–960. 

78. Hively, R.A.; Hinton, R.E. Variation of the retention index with temperature on squalane substrates. J. Chromatogr. Sci. 1968, 6, 

203–217. 

79. Adams, R.P. Identification of Essential Oil Components by Gas Chromatography/Mass Spectrometry, 4th ed.; Allured Publishing 

Corporation: Carol Stream, IL, USA, 2007; ISBN 978-1-932633-21-4. 



Plants 2022, 11, 789 37 of 37 
 

 

80. Sadgrove, N.J.; Collins, T.L.; Legendre, S.V.A.-M.; Klepp, J.; Jones, G.L.; Greatrex, B.W. The iridoid myodesert-1-ene and 

elemol/eudesmol are found in distinct chemotypes of the Australian aboriginal medicinal plant eremophila dalyana 

(Scrophulariaceae). Nat. Prod. Commun. 2016, 11, 1934578X1601100902. https://doi.org/10.1177/1934578X1601100902. 

81. NIST. NIST Chemistry WebBook: Nist Standard Reference Database Number 69. Available online: 

https://webbook.nist.gov/chemistry/ (accessed on 10 February 2022). 

82. Bicchi, C.; Liberto, E.; Matteodo, M.; Sgorbini, B.; Mondello, L.; Zellner, B.d.A.; Costa, R.; Rubiolo, P. Quantitative analysis of 

essential oils: A complex task. Flavour Fragr. J. 2008, 23, 382–391. https://doi.org/10.1002/ffj.1905. 

83. Eyres, G.; Marriott, P.J.; Dufour, J.-P. The combination of gas chromatography–olfactometry and multidimensional gas 

chromatography for the characterisation of essential oils. J. Chromatogr. A 2007, 1150, 70–77. 

https://doi.org/10.1016/j.chroma.2006.07.019. 

84. Capetti, F.; Marengo, A.; Cagliero, C.; Liberto, E.; Bicchi, C.; Rubiolo, P.; Sgorbini, B. Adulteration of essential oils: A multitask 

issue for quality control. Three case studies: Lavandula angustifolia Mill., Citrus limon (L.) Osbeck and Melaleuca alternifolia 

(Maiden & Betche) cheel. Molecules 2021, 26, 5610. https://doi.org/10.3390/molecules26185610. 

85. Schmidt, E.; Wanner, J. Adulteration of essential oils. Handbook of Essential Oils, 3rd ed.; Başer, K.H.C., Buchbauer, G., Eds.; CRC 

Press: Boca Raton, FL, USA, 2020. 

86. Mosandl, A. Enantioselective capillary gas chromatography and stable isotope ratio mass spectrometry in the authenticity 

control of flavors and essential oils. Foods Rev. Int. 1995, 11, 597–664. https://doi.org/10.1080/87559129509541063. 

87. Woolley, C.L.; Suhail, M.M.; Smith, B.L.; Boren, K.E.; Taylor, L.C.; Schreuder, M.F.; Chai, J.K.; Cassabianca, H.; Haq, S.; Lin, H.-

K.; et al. Chemical differentiation of Boswellia sacra and Boswellia carterii essential oils by gas chromatography and chiral gas 

chromatography–mass spectrometry. J. Chromatogr. A 2012, 1261, 152–163. https://doi.org/10.1016/j.chroma.2012.06.073. 

88. Telford, I.R.H.; Bruhl, J.J. Phebalium verrucosum (Rutaceae: Boronieae), new status for a taxon excluded from P. squamulosum on 

morphological and phytochemical evidence. Telopea 2014, 16, 127–132. 

89. Do, T.K.T.; Hadji-Minaglou, F.; Antoniotti, S.; Fernandez, X. Authenticity of essential oils. TrAC Trends Anal. Chem. 2015, 66, 

146–157. https://doi.org/10.1016/j.trac.2014.10.007. 

90. Schipilliti, L.; Bonaccorsi, I.L.; Occhiuto, C.; Dugo, P.; Mondello, L. Authentication of citrus volatiles based on carbon isotope 

ratios. J. Essent. Oil Res. 2018, 30, 1–15. https://doi.org/10.1080/10412905.2017.1377123. 

91. Bounaas, K.; Bouzidi, N.; Daghbouche, Y.; Garrigues, S.; de la Guardia, M.; El Hattab, M. Essential oil counterfeit identification 

through middle infrared spectroscopy. Microchem. J. 2018, 139, 347–356. https://doi.org/10.1016/j.microc.2018.03.008. 

92. Martin, G.; Remaud, G.; Martin, G. Authentication of natural flavours using SNIF-NMR® new developments on mustard oil 

and safron. Dev. Food Sci. 1995, 37, 355–378. 

93. Al Riza, D.F.; Widodo, S.; Purwanto, Y.A.; Kondo, N. Combined fluorescence-transmittance imaging system for geographical 

authentication of patchouli oil. Spectrochim. Acta A Mol. Biomol. Spectrosc. 2019, 218, 155–160. 

https://doi.org/10.1016/j.saa.2019.04.009. 


