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A new photoelectron spectroscopic method permitting a quanti-
tative analysis of the volatile headspace of several essential oils is
presented and discussed. In particular, we focus on the monoter-
pene compounds, which are known to be the dominant volatile
components in many such oils. The photoelectron spectra of the
monoterpene constituents may be effectively isolated by accepting
for analysis only those electrons that accompany the production
of m/z = 136 ions, and by using low photon energies that restrict
cation fragmentation. The monoterpene isomers are then ident-
ified and quantified by regression modelling using a library of
terpene standard spectra. An advantage of this approach is that
pre-concentration of the volatile vapour is not required, and all
steps are performed at ambient temperature, avoiding the possible
deleterious effects (such as isomerisation/decomposition) that
may sometimes arise in gas chromatographic (GC) procedures. As
a proof-of-principle demonstration, three citrus oils (lemon, lime,
bergamot) are analysed with this approach and the results are
compared with reported GC composition profiles obtained for
these oils. Potential advantages of the methodology that include
multiplex detection and real-time, in situ analysis are identified
and discussed. Alternative and faster experimental implemen-
tations concerning laboratory-based ionization and detection
schemes are proposed and considered, as is the possibility of a
straightforward extension towards simultaneous determination of
enantiomeric excesses.
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Analysis of the volatile monoterpene composition
of citrus essential oils by photoelectron
spectroscopy employing continuously monitored
dynamic headspace samplingf¥
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1. Introduction

Essential oils (EOs) extracted from aromatic plants find a
variety of applications in pharmacology, the cosmetics and
food industries' ® and this creates requirements for their com-
position to be fully characterized for purposes of authentica-
tion, identifying geographical origin, method of extraction,
and quality of the oils, as well as revealing possible adultera-
tion or contamination.”*® The major components of the EOs
are volatiles, providing the often-prized scents, odours and
tastes of these natural extracts. Chemically, these volatile com-
pounds include various terpene hydrocarbons, their oxyge-
nated derivatives, as well as aliphatic aldehydes, alcohols, and
esters. Among these, monoterpene (C;0H;¢) isomers are easily
the dominant class, for example constituting 88% to 98% of
the total volatile components in citrus oils.”"™

Currently, the most common approaches for characterising
the volatile composition of the EOs use some variant of gas
chromatography (GC)*'*™* in combination with a volatile
headspace sampling method.>"'® Headspace (HS) sampling is
generally preferred over direct injection of the whole EO
sample matrix, as it simplifies sample preparation, and avoids
the potentially deleterious loading of the column with the
non-volatile residue of the oil. Nevertheless, sensitivity con-
siderations usually require pre-concentration of the volatile
headspace sample, e.g. by means of cryogenic trapping or,
more frequently, by an absorption/desorption process. Solid
phase microextraction (SPME) using absorption on a coated
fibre has come to be widely used for this purpose.’”

Non-specific eluate detection can be achieved by flame-
ionization detection (FID). Equipment for more selective mass
spectrometry detection (GC-MS) is widely available but, it may
be noted, provides little advantage with monoterpene eluates
as these are isomers and so possess the same parent mass,
and similar principal fragments and fragmentation patterns.
Tandem mass spectrometry detection (GC-MS/MS)'*2° and
ion mobility detection (GC-IMS)*"?* offer increased selectivity
and with it improved signal-to noise levels. A recent detector
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development that does, however, provide discrimination for
isomers of the monoterpenes (and others) is the coupling of
compact vacuum ultraviolet (VUV) absorption spectrometer to
a column output (GC-VUV).>

Faster analyses, appropriate for quality control purposes,
have used Raman®**** and NIR®**” vibrational spectroscopy,
applying chemometric methods to provide EO “fingerprints”.
Regression modelling using a library of standard spectra
allows determination of relative composition of the principal
components in an EO sample.

In this article we demonstrate a somewhat related approach
using a sensitive, universal, and background-free photoioniza-
tion-based spectroscopy technique and that could, in principle,
be similarly adapted for continuous real-time monitoring of a
process sample stream. Spectra of the monoterpene (C,oHy — m/z
= 136) constituents from a volatile headspace sampled citrus oil
are first isolated by recording mass-tagged photoelectron spectra.
Regression modelling is then used to predict the EO spectrum
from a library basis of standard spectra, selected to comprise the
major terpenes encountered in these oils. The present results
constitute a proof of principle determination of terpene compo-
sition, but photoelectron spectroscopy does offer additional pro-
spects of rapid and precise enantioselective analysis*®*>' for
exploitation in future developments.

Generally, analysis of monoterpenes needs to guard against
their isomerization caused by derivatization procedures or applied
heating which would clearly have adverse consequences for the
accuracy of measured isomer ratios. Kinetic studies®*** have exam-
ined thermal isomerization of, for example, the pinenes at temp-
eratures above 350° C. In the context of GC analysis, it has been
speculated that with surface catalyzed assistance this may poten-
tially pose problems in heated metal traps and transfer lines, or
during thermal desorption from adsorbent sampling traps.**~®
While volatile headspace sampling eliminates the strongly heated
injector required to volatilize a complete liquid EO sample, typical
injector temperatures around 250 °C (ref. 35, 36 and 39) are never-
theless required for SPME desorption from traps. Aggressive
column temperature ramping, used particularly with so-called fast
and very fast GC,'* can extend beyond this to 300° C.*® In contrast,
the sensitivity of the method to be described here is sufficient to
allow the dynamically sampled headspace vapour to be streamed
directly into the photoionization spectrometer in real time, never
exceeding ambient temperature.

Below we present results for the relative headspace compo-
sitions of the principal monoterpene constituents of lemon,
lime, and bergamot citrus oils. Specifically for this first dem-
onstration, slow-photoelectron spectra (SPES) and ion time-of-
flight (ToF) mass spectra are recorded for photon energies
within a few eV of the terpene ionization thresholds (~8 eV)
using identical conditions for both the oils and the monoter-
pene standards. In the following sections we describe the
experimental method, the theoretical model for the oil
spectra, and data analysis, and then the results for the citrus
oils we examined. Finally, we conclude and present a perspec-
tive for the further development and improvement of this
approach.
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2. Methods

2.1. Experimental

Commercial samples of citrus oils - Californian lemon oil
(cold-pressed), Argentinian lemon oil (rectified), Mexican lime
oil (distilled), Italian bergamot oil - were obtained from Sigma
Aldrich. The terpene standards of 1R,5R-(+)-a-pinene, 15,55-
(-)-B-pinene,  1S,6R-(+)-3-carene,  4R-(+)-limonene,  5R-
(-)-o-phellandrene, and y-terpinene were obtained from
Sigma-Aldrich and used without further purification. Pure
sabinene samples were not commercially available so we
obtained a natural extract of sabinene of stated purity >75%
(Sigma-Aldrich). The method for estimation of the pure
Sabinene standard spectrum from this sample, whose precise
composition is known from two dimensional GC measure-
ments, has been given in a previous paper.*!

Measurements were made using the DELICIOUS 3 double
imaging (i*PEPICO) spectrometer*” mounted in the SAPHIRS
molecular beam source®® at the DESIRS undulator-based vari-
able-polarization vacuum ultraviolet (VUV) beamline®* at
Synchrotron SOLEIL. This provides velocity map imaging
(VMI) of the electrons, and simultaneous time-of-flight mass
determination of coincident ions. The individual electron-ion
pair temporal correlation makes it possible to accept only elec-
trons associated with specific ion masses and thus generate
mass-tagged photoelectron images and, ultimately, mass-
tagged photoelectron spectra. Further experimental infor-
mation, including an explanation of the Slow Photoelectron
scanning technique (SPES) used to obtain the high-resolution
photoelectron spectra used for this current study, are provided
in ESL¥

The liquid sample was contained in a glass bubbler at room
temperature (regulated at 21 °C). Helium gas was passed
through at 0.5 bar pressure, providing a continuous gentle agi-
tation of the liquid sample, and the He/vapour mix flowed
directly to the spectrometer where it was admitted into
vacuum by expansion through a 70 pm nozzle to form a
seeded molecular beam. This was passed via a double
skimmer arrangement into the spectrometer chamber, where
it was intersected in the DELICIOUS 3 source region by the
ionizing synchrotron radiation beam.

For these experiments the very mild nozzle expansion con-
ditions (0.5 bar backing pressure) were adopted since it was
assessed by considering previous temperature dependent
spectra and simulations for the photoelectron spectrum of
limonene®® that there was little benefit from strong vibrational
cooling in the molecular beam, which might also increase the
possibility of unwanted dimer formation.

2.2. Data analysis

The EO and terpene standard scanned spectra were recorded
under standardised conditions and processed identically,
applying the SPES technique’®!” to optimise the trade-off
between resolution and S/N in the spectra. The effective resolu-
tion of all reported spectra was thus set during this processing
to be ~20 meV.
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The EO spectra, Sgo, were then fit using a robust linear
regression model with the terpene standard spectra, SJ, as
predictors:

Spo = > _ %Sy, (1)
a

with the normalised fitting coefficient for each standard, a,
providing the composition factors, x,, for that component.
Eqn (1) may be compared with eqn (S6) in the ESL{ where a
fuller justification and derivation for this fitting model is
provided.

In practice, a constant term was added into the right side of
eqn (1) to allow fitting to any residual background in the oil
spectrum. Following an initial pass, the model was refined by
removing those standards reported to have unphysical negative
coefficients (in practice never >2% in magnitude) before being
rerun. As an alternative for later comparison, the citrus oil
spectra were re-analysed without applying any m/z = 136 mass
filtering—effectively non-coincidence mode recordings of the
SPES.

3. Results

3.1. Photoionization mass spectra

In Fig. 1 we present, as an example of the citrus oil photoioni-
zation mass spectra, that of lime oil recorded using 9.5 eV
photon energy. This is above the ionization thresholds of likely
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Fig. 1 Time-of-flight ion mass spectrum of lime oil headspace
recorded with 9.5 eV photon energy. The red trace is a x50 expansion to
better show the minor peaks. The insets (a) and (b) offer expanded
views, with horizontal and vertical zoom, of the base regions of,
respectively, the m/z = 136 and m/z = 154 peaks. Note that the m/z 137,
138 peaks (inset (a)) are 3C isotopic substituted terpenes at natural
abundance. Likewise, the m/z 155 (156) peaks (inset (b)) are attributed to
13C substituted monoterpenoid compounds. Inset (c) shows a section of
the m/z 94 region of the hv = 9.0 eV ToF spectrum with vertical scale
commensurate to the magnified trace in the 9.5 eV ToF spectrum (see
text).
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Table 1 Ionization energies and first fragment appearance energies for
the seven monoterpenes in this study

Adiabatic Vertical Observed AE (eV)
Sample IE (eV) IE (eV) mjz =93/94
a-Pinene 8.16“ 8.98¢
B-Pinene 8.45° 8.73° 9.34°
Sabinene 8.00-8.39“ 9.38“
Limonene 8.505¢ 8.53° 9.33¢
3-Carene 8.38“ 9.05“
y-Terpinene 8.32°¢ 8.30¢ 9.24¢
a-Phellandrene 7.91° 9.31°

“ Supplementary information for ref. 41.  From ref. 73.  From ref. 48.
4 From ref. 45.  Estimated values, this work.

constituent monoterpenes (see Table 1) but precedes the onset
of significant fragmentation of the parent ions (see sup-
plementary information for ref. 41). Monoterpenes have been
reported'’ to constitute 88-98% of the volatile fraction of
citrus oils, and the principal peak (m/z = 136) is clearly that of
unfragmented monoterpene ions. All other peaks observed
have relative intensities of 2% or much less. Some of the more
prominent of these are examined in the insets (a) and (b) of
Fig. 1. These insets show expanded views around the bases of
the m/z = 136 and m/z = 154 peaks. All these time-of-flight
peak shapes are narrow, with no evidence of broadening by
kinetic energy release in dissociative ionization. We thus
assume that these are parent ions, indicating molecular
weights of corresponding neutrals present in the oil vapour.
The m/z = 154 peak we attribute to C;,H;30" ions. Examples of
these monoterpenoids, including terpineols, citronellal, lina-
lool etc., are commonly reported in the literature on essential
oils. The very much weaker m/z = 152 peak might then suggest
C10H160" ions. Plausible examples for this mass include neral,
citral or limonene oxide. Perhaps surprisingly, there is no
corresponding sharp peak at m/z = 204 to indicate the expected
presence of sesquiterpenes (CysH,,') such as caryophyllene.
Typical ionization energies of terpenoids*® and sesquiter-
penes*® are reported to fall in the range 8.3-8.7 eV (but to our
knowledge no information exists on the ion fragmentation
energies of these compounds) so their ionization may be
expected at 9.5 eV photon energy. Of course, the relative peak
intensities observed depend not just upon composition but
also ionization cross-sections and fragmentation thresholds,
and so need not reflect accurately the vapour composition
ratios.

The m/z = 137, 138 peaks in inset (a) are ">C isotopologues
of the principal m/z = 136 terpene peak at natural abundance
and appear identically in the mass spectra of the pure terpene
standards. However, the small m/z = 134 peak is only seen in
the more complex oil samples, indicating that it is unrelated
to the C;oH;¢ terpenes. Isomers of cymene (C,,H;,4) have some-
times been noted at levels up to a few % in certain lime oil
samples® and so may account for this m/z = 134 peak.

The cluster around m/z = 94 corresponds to previously
observed fragmentation channels of monoterpene cations,*'

This journal is © The Royal Society of Chemistry 2023
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with the ToF peak shapes clearly now broadened by dissocia-
tive kinetic energy release. However, we cannot rule out the
possibility that the m/z = 94 cluster also contains contributions
from fragmentation of the heavier volatile species.

Superficially, the ToF mass spectra of the other citrus oils
studied appear very similar, dominated by an intense m/z =
136 peak, but all other observed peaks have an intensity «<1%
of the principal m/z = 136 terpene peak. Thus, the m/z = 154
peak is much weaker in bergamot oil, while the whole 140-270
amu range of the lemon oil spectra is essentially featureless.
Conversely, bergamot displays a sharp, distinct m/z = 196 peak,
and both bergamot and lemon ToF spectra show a rather more
pronounced sharp peak than does lime oil at m/z = 271,
perhaps some dimer formation. No m/z = 134 peak is observed
in the lemon oil ToF spectra.

3.2. Mass-filtered slow photoelectron spectra

While it might be considered that the apparently low photoio-
nization intensities of species with mass greater than the
monoterpenes would render their presence negligible for an
analysis focussed on the monoterpene composition, we never-
theless exploit the advantages of our electron-ion coincidence
detection to select electrons originating solely from these ter-
penes. This is achieved by filtering out electrons not coinci-
dent with the sharp m/z = 136 peak noted in the mass spectra.
As well as rejecting all electrons correlated with heavier mass
species (and the m/z = 134 peak), this also removes contri-
butions associated with lighter fragment ions, since we cannot
be sure that these originate solely from terpene ion
fragmentation.

The terpene standards for our study were selected as those
frequently reported as major volatile oil constituents.””®'* The
full, non-filtered SPES of a- and f-pinenes, 3-carene, sabinene,
and limonene have been published previously with accompa-
nying simulations of their vibrational structure.*™**> (More
extensive vibrational analyses have been reported for the
ground state cations of limonene®® and 3-carene.’®) For the
present work the raw data of these published SPES have been
re-analysed, applying m/z = 136 mass filtering, and with the
SPES electron bandwidth increased to 100 meV to trade off
resolution for better statistics. These standards have been
extended with new recordings, similarly processed, of another
bicyclic chiral terpene, a-phellandrene, and the achiral
y-terpinene. An overview of these mass-filtered SPES is pro-
vided in Fig. 2. These do not constitute a fully comprehensive
set of all plausible terpene constituents that have been
reported in the literature on citrus oils, for example camphene
and thujene, but those omitted all have typical reported abun-
dances «1%.° The only exception, which we were unable to
include, is p-myrcene, that has been reported with a typical
abundance ~1.5%.%'" As will be seen, the evidence from the
oil analyses here is that these omissions have little
significance.

In Fig. 3-5 we show the SPES recorded for the citrus oils.
There are clear similarities in their appearance and referring
to the terpene standards in Fig. 2 it is easy to identify the four

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Overview of the m/z = 136 mass filtered SPES monoterpenes
selected for this study. Top to bottom: (a) sabinene; (b) p-pinene; (c)
limonene; (d) 3-carene; (e) y-terpinene; (f) a-pinene; (g) a-phellandrene.
The SPES are shown normalized for experimental conditions, but with
relative intensities expressed in arbitrary units.

distinct peaks of the limonene spectrum, between 8.5 and 9. 2
eV, immediately suggesting that limonene may be a major
component of all three. At the same time there are less intense
but nevertheless distinct features visible in the 8.0-8.5 eV
regions of the three citrus spectra that hint at the presence of
other molecules with distinctive structure in this lower ioniza-
tion energy region, specifically a-pinene, y-terpinene, or poss-
ibly a-phellandrene. The lemon oil spectrum is nevertheless
visually distinguishable, having shallower valleys between the
limonene peaks; perhaps this may result from broad under-
lying spectral contributions from sabinene or fB-pinene. Just
how well these intuitive empirical analyses fare will be dis-
cussed in the following section.

Analyst, 2023, 148, 6228-6240 | 6231
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Fig. 3 Monoterpene parent mass filtered (m/z = 136) SPES of lemon oil
and the best fit obtained using the m/z = 136 mass-tagged terpene
standard spectra. The SPES region above 9.3 eV was excluded from the
fitting process, but the extrapolation beyond this cut-off, using the
derived population coefficients, is included in the plot. The lower panel
shows the residuals from the simulation fitted to the experimental
lemon oil SPES.

Considering the m/z = 136 filtered terpene standard SPES
appearing in Fig. 2, it can be seen that the intensity
diminishes rapidly above 9.1 eV, and nearly all distinguishing
spectral features lie below this energy. In consequence, little
additional information can be expected from fitting with the
higher energy regions of these spectra. We have therefore
applied an upper energy cut-off to exclude higher energies
from the regression analysis, trialling a number of values
between 9.0 and 9.5 eV. It was found that going beyond a 9.3
eV cut-off, for example to 9.5 eV, produced negligible changes
either in the statistical quality of the achieved fit or the
deduced composition. The simulated SPES obtained by
regression analysis of the essential oil spectra with an applied
9.3 €V cut-off are included in Fig. 3-5, and the normalised
regression coefficients are presented in Tables 2-4
accompanied by their standard error estimates.

4. Discussion

A primary objective for many essential oil headspace analyses
is the creation of a sample profile, which identifies the com-
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Table 2 Lemon oil: comparison of monoterpene percentage composition by SPES and GC analyses

SPES analysis™” GC analyses

Pressed Non-mass-filtered Cold pressed Cold pressed Algerian

lemon (California) lemon (Ca.) lemon oil° lemon oil? varieties’
o-Pinene 5.2+0.4 5.2+0.7 1.9-2.4 1.4-2.9 1.1-1.9
B-Pinene 18.4 £ 0.5 22.2+0.8 11.8-19.4 9.1-15.6 7.9-16.7
Sabinene 3.9+0.7 4.8+1.1 0.0-2.1 0.0-2.7 —
Limonene 67.0+0.8 61.1+1.5 64.3-73.6 65.6-79.4 71.0-81.2
§-3-Carene — 0.0-0.0 0.0-0.3 0.1-0.2
y-Terpinene 5.2+0.5 6.4 +£0.8 7.7-11.2 6.7-12.0 7.5-9.6
o-Phellandrene 0.2 +£0.1 0.30 + 0.16 0.0-0.1 0.0-1.7 —
Myrcene — — 1.4-1.8 0.0-2.3 1.4-1.7
o-Thujene — — 0.0-0.5 0.0-0.4 —
Camphene — — 0.0-0.1 0.0-0.1 —
(E)-p-Ocimene — — 0.0-0.1 0.0-0.1 —
(2)-p-Ocimene — . 0.1-0.2 0.0-tr. —
a-Terpinene — — 0.1-0.2 0.0-0.2 —
Terpinolene — — 0.2-0.4 0.3-0.7 —
Tricyclene 0-tr. — —

“Where necessary, the data have been renormalized to express composition as % of the total reported C;,H;6 monoterpene content in a sample.
Entries appearing as - were not reported. ” This work. ¢ Terpene composition ranges derive for industrial cold-pressed lemon oils appearing in
columns 1, 2(a-d), 3, 4, 5(a,b), 6, 7 of Table 1.20 in ref. 8. ¢ Composition ranges derived for samples of cultivars of varied (non-Italian) geographic
origin appearing in columns 2(d,e), 7(a—c), 8, 9a of Table 1.21 in ref. 8. * Ranges spanned by samples of two Algerian varieties and comparing
three different extraction procedures. Data reported in ref. 11.

Table 3 Bergamot oil: comparison of monoterpene percentage composition by SPES and GC analyses

SPES analysis™” GC analyses”

Static headspace sampling®

m/z 136 filtered Non-mass-filtered Cold pressed” Cold extracted? 22°C 40° C
a-Pinene 3.4+04 3.0+£0.6 1.3-2.9 1.4-3.4 6.26 + 0.12 2.21 +0.05
B-Pinene 7.7+0.6 7.6 £1.3 6.4-16.2 8.8-19.8 22.89 +£0.36 12.17 £ 0.09
Sabinene 1.1+0.7 0.7+1.1 0.0-2.2 1.9-3.3 — —
Limonene 78.7+1.1 78.1+2.3 60.1-79.8 56.5-71.5 54.96 + 0.33 63.69 + 0.50
§-3-Carene — 1.5+0.7 — — — —
y-Terpinene 8.8+ 0.6 8.8+ 0.8 7.6-16.3 12.7-14.1 15.27 £ 0.34 20.95 +0.17
a-Phellandrene 0.30 + 0.04 0.3+0.1 0.0-0.2 0.0-0.1 0.31 + 0.02 0.67 + 0.03
Myrcene — — 1.5-7.5 1.5-2.7 — —
a-Thujene — — 0.0-0.8 — — —
Camphene — — 0.0-0.1 0.0-0.1 — —
(E)-B-Ocimene — — 0.0-4.0 0.0-0.1 — —
(Z2)-p-Ocimene — — 0.0-2.2 — — —
a-Terpinene — — 0.0-0.4 0.2-0.3 0.31+0.01 0.31+0.03
Terpinolene — — 0.0-0.9 0.5-0.6 — —

“Where necessary data have been renormalized to express composition as % of the total reported C;,H;¢ monoterpene content in a sample.
Entries appearing as — were not reported. ? This work. ¢ Ranges appearing in columns 2, 3, 5, 6, 10-14 of Table 1.17 in ref. 8.  Ranges appearing
in columns 1a, 1b, 6b of Table 1.18 in ref. 8. * Data for single extract of Citrus bergamia taken from Table 4, ref. 51. Analysis was performed by
static headspace sampling at different regulated temperatures.

ponent species and characterises them as major, minor, trace
(or possibly absent) constituents, but often stopping short of

may introduce additional selectivity in the transfer
stages."”*** It is not then uncommon for relevant experi-

achieving full quantification. For complex plant-derived
matrices there may be significant matrix-effects in the liquid/
vapour partitioning, and precise equilibrium ratios can be
expected to be temperature dependent.” Likewise, when head-
space pre-concentration procedures are adopted prior to pres-
entation of the vapour for analysis, the adsorption and desorp-
tion temperatures will influence the vapour/adsorbate equili-
bria, and the choice and preparation of adsorbent material

This journal is © The Royal Society of Chemistry 2023

mental conditions to be empirically optimised to improve the
resolution (reduce co-elution) of the components at the
expense of quantitative precision. Preparation for fully quanti-
tative analysis can be an onerous procedure,'® and the com-
plete calibration factors are unlikely to be directly transferable
to other studies.

With these caveats about reported quantitative accuracy, a
natural step at this proof-of-principle stage of our photo-
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Table 4 Lime oil: comparison of monoterpene percentage composition by SPES and GC analyses
GC analyses”
SPES analysis”*b Key lime Persian lime
Distilled Cold pressed

mj/z 136 Non-mass- —_— Pressed Various Distilled Industrial ——
Terpene filtered filtered ¢ a ¢ ! s h ! J
a-Pinene 4.5%0.5 3.9 2.0 2.0-4.0 2.9 2.0 1.9-2.4 2.0-2.3 3.6 2.4
B-Pinene 54+0.7 3.8 39.1 19.9-27.3 27.4 14.1 12.4-15.8 11.6-12.2 14.5 14.6
Sabinene* 0.3+0.8 2.1 — 0.0-2.1 — — 0.0-2.0 1.6-2.0 2.2 —
Limonene 79.1+1.1 77.3 53.9 43.8-66.6 57.9 70.5 60.7-66.5 64.2-65.9 58.1 64.1
§-3-Carene — 0.0 0.7 — tr. — — — tr. tr.
y-Terpinene 10.8 £ 0.5 9.1 1.1 5.2-21.1 9.1 11.8 15.7-16.6 15.9-16.2 18.9 15.3
a-Phellandrene 0 +0.001 3.7 0.1 0.0-0.7 tr. — — 0.0-0.1 tr. tr.
Myrcene — — 1.4 0.4-3.3 1.5 1.6 1.5-1.8 1.4-1.7 1.4 1.6
a-Thujene — — 0.1 0.0-0.3 0.5 — 0.0-0.6 0.6-0.7 0.1 0.6
Camphene — — 0.2 0.1-0.7 0.1 — 0.0-0.1 0.0-0.1 0.1 0.1
(E)-p-Ocimene — — — 0.0-0.5 — — 0.0-0.1 0.0-0.1 tr. 0.1
(2)-p-Ocimene — — — 0.0-1.3 — — — — tr. 0.1
a-Terpinene — — 1.5 0.0-1.9 0.6 — 0.0-0.3 0.0-0.3 0.3 0.3

“Where necessary data have been renormalized to express composition as % of the total reported C;oH;s monoterpene content in a sample.
Entries appearing as - were not reported. ” This work. The non-mass-filtered SPES was analysed using a nonnegative constrained least squares
procedure; statistical error estimates are not then available. ° Data from Jantan et al. ref. 74. “ Summary of data from columns 10a & 13(a,b) in
Table 1.6 ref. 8. ¢ Average reported in Table 4 ref. 75.f Avera%e derived from data reported for three different Key lime extraction methods in ref.
11. £ Summary of data from columns 7-9 of Table 1.7 ref. 8. * Values from 2, 3 of Table 1.7 ref. 8. ‘ Values from laboratory cold-pressed extraction
reported in Table 1.5 ref. 8.7 Averaged value reported in Table 5 ref. 75. *Sabinene and B-pinene are commonly reported to co-elute. Where no
value is reported for Sabinene it was most likely was not resolved. In such cases it may be reasonable to expect that sabinene constitutes a few %

of the reported abundance for p-pinene.

electron method is to make comparison with composition pro-
files obtained by representative GC analyses taken from the
literature.

4.1. Lemon oil

Our lemon oil sample (citrus limon) was stated to be cold-
pressed and of Californian origin but no more specific infor-
mation on cultivar was provided. Table 2 lists the composition
deduced from the regression analysis. As anticipated from
visual examination the dominant component is limonene, fol-
lowed by p-pinene. y-Terpinene and o-pinene contribute
around 5% each. The table also summarises various profiles of
lemon oil samples obtained by GC analysis that have been
reported in the literature. As already noted, fully quantitative
agreement is not to be expected. Measured profiles should
also, of course, show purely sample-dependent variations: the
region of growth, species and cultivar, and method of extrac-
tion will be crucial factors.® These uncertainties and vari-
ations are fully evident in the composition ranges evident in
the summarised GC results.

The semi-quantitative match of the GC composition pro-
files shown in Table 2 and the present SPES results for the
seven selected terpene standards, is however, very good. A
potential error may arise from the failure to include myrcene
in our library of SPES standards. As seen in Table 2 GC ana-
lysis generally suggests ~1.5% abundance for this species.
Little information on ionization/fragmentation thresholds is
available for myrcene, although a low resolution He I photo-
electron spectrum has been reported, with a vertical ionization

6234 | Analyst, 2023, 148, 6228-6240

energy of ~8.68 eV.*® The pertinent region of this spectrum
has been replotted and can be seen in ESI, Fig. S1.} This offers
some approximate indication of how the high-resolution mass-
tagged SPES might look. The position and overall HOMO band
envelope appear, as best can be judged, to quite closely map
the p-pinene profile. We see no evidence for systematic errors
in the corresponding central region of the essential oil SPES
fits that could be attributed to myrcene. It may then be
expected that any small missing myrcene SPES contribution
may be partially disguised by a slight raise in the apparent
abundance of f-pinene, but we conclude that the exclusion of
this minor component from the fitting procedure does not for
now result in significant overall error.

In light of the preceding comments on variability of associ-
ated instrumental factors in the GC literature, and the omis-
sion of myrcene from the fitting process, the SPES for a second
lemon oil sample stated to be a rectified extract of Argentinian
origin was recorded and analysed. The instrumental factors
and methods are maintained constant, and only the lemon oil
sample varies. The low energy region of this Argentinian
lemon is expanded in Fig. 6. The overall quality of the fit
obtained by the regression analysis is again good. A small sys-
tematic deviation can just be observed around 8.45 eV, poss-
ibly attributable to the missing standards in the regression
model. Of greater significance, a clear discrimination between
the two lemon extracts can be seen from the increase in rela-
intensity of the 8.3 eV structure (attributable to
y-terpinene) in the Argentinian lemon oil when a comparison

tive

is made under our identical experimental conditions.

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 Lemon oil (distilled) of argentinian origin. Expanded view of low
energy region. Other detail as Fig. 3.

4.2. Bergamot oil

The composition determined by the present SPES analysis is
compared with selected GC results from the literature in
Table 3. Again, we caution against expecting an exact match
between these methods due to the number of sample and
instrumental variables, and once again these limitations are
implicit in the ranges evident in the GC results alone. Of par-
ticular note, the final columns in Table 3 contain a study of a
single sample that used a static headspace sampling, with
direct injection via a gas syringe onto the GC column.’’ A
different selectivity is evident between the 22° and 40° C equi-
librated sampling. No value was reported for sabinene in these
studies. Difficulties in resolving sabinene and f-pinene due to
their co-eluting are commonly noted, and it may be inferred
that the “B-pinene” abundance here may represent the sum of
B-pinene and sabinene components.

With the foregoing caveats, the concentration profile
obtained from the fit shown in Fig. 4 matches that of the GC
studies from the literature that have been included in Table 3,
with all seven of our terpene standard concentrations falling
within the quoted ranges established by GC, albeit the SPES
value for limonene is at the upper limit. As was the case with
lemon oil, the omission of a myrcene component from the
SPES regression model is, in principle, a source of error given
an expected abundance of a few % indicated by Table 3. The
small discrepancy between the bergamot SPES and its fit seen

This journal is © The Royal Society of Chemistry 2023
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above 9.3 eV (Fig. 4) seems unlikely to be attributable to
myrcene given that the intensity of the myrcene He I PES
(Fig. S1 ESIY) intensity is already low and rapidly falling
further in this energetic region. However, no other explanation
can be advanced at present. None of the other oils (Fig. 3, 5
and 6) evidence the same difficulty in this region.

4.3. Lime oil

Uniquely among the samples studied here, the lime oil SPES
has weak structure apparent below 8.15 eV. This region has
been replotted with a x10 vertical scale expansion in Fig. 5.
Peaks appear at 8.12, 7.97, and 7.92 eV. Unfortunately, our
scans do not extend below 7.8 eV as such low ionization
thresholds had not been anticipated, but a further relatively
strong peak looks to be emerging at or below this cut-off. The
lowest ionized of our terpene standards, a-phellandrene, has
structure in this region, but not closely matching these lime
oil features (see e.g., Fig. S2 ESI}). There is little data concern-
ing ionization energetics of many other terpenes. To our
knowledge, the only other terpene, known to have even lower
ionization thresholds is a-terpinene, for which an adiabatic
ionization energy of 7.47 eV (ref. 56) and vertical energies of
7.57-7.67 eV (ref. 48 and 57) have been reported. We can thus
make this a speculative attribution for these low energy fea-
tures in the lime oil spectrum.

Because the low energy lime SPES structure is not matched
in our current library of terpene standard SPES, the regression
analysis tends, in consequence, to visibly overestimate the
base-line at the extremes of the spectrum (Fig. 5). This will in
turn induce some minor inaccuracies in the remaining
regression coefficients that determine the composition. With
this caveat, the lime oil composition result is shown in
Table 4. The bergamot and lime SPES spectra (Fig. 4 and 5)
have a similar overall appearance, and so it is no surprise that
the composition profiles are also quite similar.

An initial comparison with typical results obtained in pre-
vious GC measurements of lime, appearing alongside in
Table 4, is not helped by the high variability these exhibit.
Even so, the SPES value for p-pinene lies significantly below,
and the limonene result slightly above, the ranges quoted in
Table 4. Myrcene once again seems to be the major component
excluded from our SPES regression model but, again, with our
limited knowledge of the photoionization of this molecule we
do not detect any significant perturbation that might obviously
be attributed to this omission. Many studies also identify
a-terpinene as a minor (sub 1%) component of lime oils,
making our speculative visual identification of this molecule
in the SPES more plausible.

The lime sample supplied for this study was stated to orig-
inate from Mexico, but its botanical origin was not specified.
There are two main varieties of lime, Key lime (citrus aurantifo-
lia) and Persian lime (citrus latifolia). “Mexican lime” is often
understood to be synonymous with Key lime, but paradoxically
Mexico is also the largest grower of Persian limes. The categor-
ization of our sample is thus ambiguous.
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In a comprehensive review of the published studies of
citrus oil composition, Dugo et al.® remark on the many
different lime cultivars and geographical growth areas that
lead to wide variation in reported composition and so may
cloud detailed comparisons. Nevertheless, it is suggested that
useful distinguishing characteristics of Persian limes are a
lower concentration of p-pinene and higher concentration of
y-terpinene and limonene than found in Key limes. The
columns headed Key and Persian lime types in Table 4 clearly
exemplify such differences. While quantitatively imperfect, the
SPES composition profile, in particular for these three dis-
tinguishing components, follows more closely the Persian lime
examples in that table. One may therefore deduce that our pro-
vided sample extract was most likely Persian lime.

4.4. Non-mass-filtered SPES analyses

From the ToF mass spectra (e.g. Fig. 1) it is clear that in the
photon energy range that has been considered (<9.5 eV) the
citrus oil photoionization yields are very strongly dominated
by parent monoterpene (m/z = 136) cations. It is consequently
of interest to examine the benefits achieved by applying the
m/z mass filtering to explicitly reject the other minor species.
Such filtering requires the spectra to have been recorded in
electron-ion coincidence mode, and this imposes additional
experimental complexity and constraints, a critical one being
the need of continuous or very high repetition rate photon
sources, another one imposing a lowering of the photon flux
to limit, even with a pseudo-continuous source as synchrotron
radiation, the amount of false coincidences. There would,
therefore, be potential advantages in speed and cost if the
mass filtering could be dispensed with. Accordingly, the
regression analyses were repeated, but using the essential oil
spectra with no mass-filtering, by simply disregarding the
coincident ion data.

Regression modelling results for the three citrus oils are
included in the relevant Tables 2-4 and plots of the unfiltered
SPES and best fit simulations are available in ESI (Fig. S3-S57).
One general observation from the figures is that without apply-
ing mass-filtering the SPES S/N is typically worsened above
~8.7 eV. Not only does the mass filtering reject electrons
associated with specific ToF peaks, it also rejects all of the
uncorrelated electrons found in the SPES baseline, and hence
helps eliminate random noise in the spectrum. This may par-
tially account for an approximate doubling of the statistical
error estimates accompanying the un-filtered regression coeffi-
cients in the tables.

The Californian lemon oil results (Table 2) maintain a very
similar composition profile with or without the coincident
mode mass filtering, the biggest change being a drop of 6% in
the reported abundance of the major component limonene.
Better yet, the reported composition of the bergamot oil
(Table 3) is virtually unchanged by the removal of the m/z =
136 mass filtering.

The unfiltered lime oil SPES presents its own challenge.
Fully evident visually, the unfiltered lime SPES (Fig. S5 ESIY)
unexpectedly reveals intense new structure (~25% as intense
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as the limonene peaks) in the low energy region around 8 eV.
No corresponding features are found in spectra of any of the
terpene standards or other oil samples. On closer examination
of the data, this feature is associated very specifically with the
m/z = 94 mass channel. Fig. 1 shows the m/z = 94 eV region of
the lime oil ToF spectrum. While fragmentation is evident in
the broad m/z = 93-95 cluster with 9.5 eV photoionization, the
9 eV ToF spectrum (inset (c)) consists of a single, sharp mass
94 peak. From its width we conclude that at 9 eV, and presum-
ably down to an ionization threshold, this is an undissociated
parent ion, and the coincident SPES is that of a m/z = 94
neutral species.

The first two peak positions in the m/z = 94 filtered SPES we
measure at 7.96 and 8.14 eV. Close examination (see e.g
Fig. S2 ESIt) shows a poor correspondence with the low energy
structure noted in the m/z = 136 mass-selected lime SPES (pro-
visionally identified as a-terpinene) re-affirming their indepen-
dence and helping corroborate that at such low ionization
energies the m/z = 94 feature is not a fragmentation channel. A
search for C;H;, species with known first ionization energies
in this region returns trans-1,3,5 heptatriene as the only candi-
date, and indeed its reported ionization energy of 7.96 eV and
He I PES®® convincingly match the m/z = 94 channel SPES. We
are not aware of heptatriene being a reported constituent in
other studies.

A consequence of such an intense unaccounted feature in
the unfiltered SPES is that the quality of the achievable fit
using the preselected standard monoterpenes is degraded. The
composition figures appearing in Table 4 were obtained using
a non-negative constrained least squares procedure. While an
imperfect fit necessarily results (see Fig. S5 ESI{), a compari-
son of the filtered- and non-filtered composition figures in the
table shows rather remarkable agreement with differences in
the percentage compositions less than +2%.

5. Conclusions and perspective

We have shown a new approach for the analysis of the volatile
terpene content using high resolution photoelectron spec-
troscopy. By recording electrons in coincidence with their
mass-selected cations, the electron spectra can be mass-
tagged, allowing the ionization yield to be selectively filtered to
represent, in this case, just the monoterpene (m/z = 136) com-
ponents. Using dynamic headspace sampling to feed the vola-
tiles directly to the photoionization spectrometer, slow-photo-
electron spectra (SPES) of four essential oil samples—lemon
(x2), bergamot, and lime—were recorded and the volatile
monoterpene content of each determined by regression model-
ling with a small library of seven pure terpene standard
spectra. Examination of the standards’ SPES shows that five
have very strongly structured spectra between 7.8 and 8.5 eV,
sufficiently distinct to allow a qualitative visual identification
in the essential oil spectra; a quantitative regression analysis is
shown to identify these down to the sub 1% abundance level,
with typical statistical error bars at most in the % range. With

This journal is © The Royal Society of Chemistry 2023
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fragmentation channels of the terpene cations slowly opening
from ~9 eV photon energy, it has furthermore been estab-
lished that little to no additional information would be pro-
vided by extending the SPES measurement and analysis to
energies beyond 9.3 eV.

The terpene concentration profiles determined in this
proof-of-principle demonstration match well previously
measured composition profiles obtained by GC, with the
caveat that these themselves have a wide scatter in the litera-
ture that can be attributed to: (i) differences between cultivars
of a given species; (ii) natural variability between individual
samples of a cultivar, differences due to geographic origin,
growth history, ripeness; (iii) sample extraction methods and
matrix pre-processing; (iv) choice of sample injection pro-
cedures, injection temperature and column temperature pro-
gramming, co-elution (resolution of components), detector
efficiency and response functions, methods used to prepare
reports from the chromatograms; (v) (in the case of headspace
sampling) selectivity exhibited by pre-concentration stages due
to of adsorbent material, its pre-treatment, adsorption and de-
sorption temperatures. As has been noted by other authors,
the enormous variability in instrumental factors (iii) - (v) may
impede cross-comparisons for the more interesting variations
arising from (i) and (ii). The present results do successfully
demonstrate a clear discrimination between the two distinct
lemon oil samples investigated.

The headspace sample handling described in this study
offers an easy approach to standardisation of many of these
instrumental variables. The dynamic headspace sampling
requires no sample preparation steps beyond the extraction
process. No pre-concentration process is required as the photo-
ionization efficiency and sensitivity permit the vapour stream
to be fed directly and continuously to the spectrometer
without compromising sensitivity, and ambient temperature is
maintained throughout, avoiding any risks of temperature
induced degradation.

It is not contended that the technique as described here
represents a viable alternative to existing analytical
approaches, despite the simplicity and advantages of this
headspace sampling arrangement, not least because of the
restricted availability of synchrotron beamtime, and relatively
slow SPES scan rates. Rather, our purpose was to prove and
demonstrate the potential of photoelectron spectroscopy to
filter out and then distinguish the monoterpene components
of such analytes. This approach to isomeric/isobaric discrimi-
nation in complex media has been well established in other
contexts®® including combustion,®® pyrolysis,®! and catalytic®
studies and including also atmospheric chemistry.®

Looking beyond this, photoelectron spectroscopy has the
ability simultaneously to determine enantiomeric excess of the
individual chiral components. Enantioselective determination
of the levels of chiral volatile species in essential oils is recog-
nised as an extremely sensitive, informative tool when seeking
to establish authenticity or prove adulteration of essential
0ils®***%*" and hence would be a desirable additional
capability.

This journal is © The Royal Society of Chemistry 2023
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Photoelectron circular dichroism (PECD) measures, as an
adjunct to their kinetic energy, the angular distribution of the
photoelectrons. With circularly polarized radiation, PECD
angular distributions become chiral enantiomer sensitive.®® A
proof of principle demonstration of this chiral analytical capa-
bility made use of coincident ion-electron detection, just as
here, to distinguish by mass two terpenoid compounds in a
mixture and measure, simultaneously, the enantiomeric excess
(ee) of each by PECD.®® An alternative analysis of ee in a two
component mixture, accomplished without using coincidence
methods, has recently been reported using a pulsed laser
source.” Subsequent to the earlier report, several authors have
demonstrated that PECD ee determinations can be made to
sub 1% precision with measurement times of as little as a few
minutes.”®"

Consequently, further work is underway to develop and
extend the technique presented here, in the first instance by
concurrent measurement of abundance and ee. The use of an
imaging electron detector for the combined measurement of
photoelectron angle and energy distributions in a fully multi-
plex manner will allow, as a secondary benefit, upgrading the
relatively inefficient threshold electron spectroscopic method
used here. Indeed, rather than slowly scanning the photon
energy, a complete photoelectron spectrum covering the few
eV above threshold can be acquired using a single, fixed
energy photon beam, with much reduced data acquisition
times, albeit with a reduced electron kinetic energy resolution.

Viable alternatives to synchrotron radiation for such appli-
cations are already established with laboratory-scale lasers
systems able to provide more convenient and accessible
sources of the required photons. Multiphoton ionization with
UV lasers brings its own advantages in an analytical context;*®
alternatively harmonic generation of VUV photons at multi
kHz repetition rates has been demonstrated to permit efficient
electron-ion coincidence modes of data recording.®™®’
Efficient harmonic generation methods can now also generate
VUV photons with a high degree of circular polarization,”®
including the 9-10 eV range’ convenient for these terpene
studies. Taken with recent advances in high repetition rate
fibre laser technology the rapid, precise enantioselective
measurement of terpene mixtures in mass-filtering coinci-
dence detection modes is now fully feasible.®® On the other
hand, dispensing with coincidence mode data recording offers
the prospect, in carefully selected cases, of data acquisition
with significant further speed improvements, or allows the use
of low repetition rate photoionization sources, at the expense
of a moderate reduction in accuracy.

The DELICIOUS/SAPHIRS photoionization spectrometer®>*?
employed in this study is a provided end-station at the DESIRS
beamline and as such it is configured to support the varied
requirements of a multitude of user experiments. In conse-
quence it may sometimes exceed the requirements of a particu-
lar experiment. The rather mild nozzle expansion conditions
adopted for the current study generate a relatively low gas load,
making SAPHIRS’ second skimmer stage strictly unnecessary.
Equally, a switch from synchrotron radiation to a multi-photon
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laser ionization source could render both the skimmer stages
redundant since, apart from differential pumping, they are
intended to provide a well collimated molecular beam in order
to limit the spatial extent of the interaction region along the
light beam direction. The small size of the effective focal
volume of a tightly focussed non-linear laser interaction auto-
matically imposes this spatial restriction without necessitating
mechanical collimation. As an illustration of the minimal
instrumental requirements for making laser PES and PECD
measurements, Kriiger et al.”> have recently presented details of
a compact table top electron or ion VMI spectrometer along
with an example PECD measurement. Using an unskimmed
15pm diameter gas inlet jet the vacuum pumping requirements
have been reduced to two, 300 + 700 1 s, turbo pumps (com-
pared to the 5900 1 s™* total pumping speed of SAPHIRS).

Accordingly, all the required elements are in place to envi-
sage how enantioselective photoelectron analysis for volatile
components of natural products could become a routinely
viable method.
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