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Trichloroanisole (TCA) is one of the most significant contaminants in cork stoppers. The presence of
TCA leads to an unpleasant odor known as “cork taint”, resulting in high economic losses for the cork
and wine industries. Hence, the detection, quantification, and characterization of TCA are essential to
address this concern. The present study investigates the electron-driven fragmentation pathways of TCA
through electron ionization mass spectrometry as a function of electron energy (0-100 eV), and the
results are supported by theoretical characterization of ionization potentials, dissociation thresholds, and
electron ionization cross sections. The appearance energies of ten cations were measured, including the
first experimental evaluation of the molecule’s ionization energy at 8.8 4+ 0.3 eV, in excellent agreement
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with the calculations (8.83 eV). For lower energies, around 20 eV, the parent cation accounted for more
than 60% of the total ion signal, followed by its demethylated fragment. Taken together, these ion sig-
nals could be used as fingerprints of TCA in industrial quality control by low-energy electron ionization
mass spectrometry. Fifty other fragments have been identified at higher electron energies, revealing the
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Introduction

Trichloroanisole (C,ClzHs0), particularly the isomer 2,4,6-
trichloroanisole (TCA), belongs to the family of haloanisoles,
and is a major compound in wine contamination. The presence
of TCA in wine and cork stoppers leads to sensory defects,
mostly characterized by an unpleasant musty, mouldy or earthy
odour which is known as “cork taint”.'” Its formation can
result from the microbiological methylation of chlorophenols
through the process of O-methylation of 2,4,6-trichlorophenol
(2,4,6-TCP) by filamentous fungi*” or from reaction pathways
associated with other fungi such as Penicillium species." The
molecule has a low organoleptic threshold value (~4 ng L)
and it is estimated that 70% of tainted cork is contaminated by
TCA.**° The impact of TCA contamination on the cork and
wine producers is substantial, since 1-5% of total wine bottles
may present defective cork stoppers which motivated the use of
metal and polymer closures for wine bottling.'""* The analysis
and characterization of haloanisoles can be achieved through
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very rich fragmentation pattern of TCA.

analytical procedures using accurate and highly sensitive
instrumentations, this is therefore an important area of devel-
opment for the industry. Several analytical methods have
been proposed to determine the concentration of the main
compounds responsible for tainted wine.>*"*™° Currently,
quantification of TCA for quality control is done by soaking a
few stoppers out of many thousand for 24 hours followed by
solid phase microextraction gas chromatography (SPME-GC)
analysis.">?°**> Concentrations as low as ~1 ng L ™" of TCA in
the soak are relevant for wine consumers. However, these
surveys are time-consuming and only allow a limited number
of cork stoppers to be analyzed. Thus, in the past decade the
cork industry started searching for remediation technologies as
well as analytical instruments for fast online detection.
Asfandiarov et al.’> have investigated 2,4,6-TCA and 2,4,6-
tribromoanisole through dissociative electron attachment and
electron transmission spectroscopy. TCA was also studied using
ion mobility spectrometry and different chemical ionization
schemes were presented for various produced ions.>"* A novel
method was recently reported for the online detection of TCA
based on chemical ionization mass spectrometry (CI-MS) with-
out the need to use chromatography.>® Peres et al.>* suggested
an analysis through cyclic voltammetry (CV) which yields good
results when compared with standard gas chromatography
mass spectrometry (GS-MS) methods, and provides a fast,
user-friendly and low-cost alternative for quality control. Alter-
native systems in the literature to quantify TCA in cork samples
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include biosensors based on screen printed electrodes,”
electrochemical displacement immunosensors® and cellular bio-
sensors systems based on the bioelectric recognition.”” The novel
instrument based on CI-MS is so fast and sensitive that it can
detect TCA released from corks at a concentration below 1 ng L™"
in 3 s. In fact, mass spectrometry is among the techniques with
the lowest LOD (limit of detection) and can also be very fast.
However, one of the constraints of this technique is the presence
of many volatile species not only released by cork but also present
in industrial air. To overcome this, a mass resolution of about
4000 is required.

In the present study, the application of electron ionization
mass spectrometry for TCA monitoring and identification is
discussed. Despite producing ion fragmentation, electron ioni-
zation is a powerful technique for identifying molecules. For
this purpose, it is valuable to know how the intensity of ion
fragments varies with the electron energy. We aim to contribute
to a faster TCA detection technique that allows a high number
of corks to be analysed reliably at a low cost. Positive ion
formation upon low energy electron interaction with gas-
phase TCA is characterized by using a trochoidal electron
monochromator (TEM) coupled with an orthogonal reflectron
time-of-flight mass spectrometer (OReTOFMS). The ionization
efficiency curves for the most intense cations are presented, as
well as the respective threshold energies. The energy depen-
dence of ion formation is also evaluated for energies between
20 and 100 eV through branching ratios calculations. Quantum
chemical calculations were used to help the identification of
the observed fragments. The focus of the present work is
not the identification of TCA in contaminated air in a produc-
tion environment but the characterization of its ionization
potentials, dissociation thresholds and electron ionization
branching ratios. This study aims to tackle the problem of
TCA in cork stoppers by using electron impact ionization and
mass spectrometry.

Materials and methods

The presented results have been obtained in a crossed electron-
molecule beam apparatus, described in detail elsewhere.?® In
brief, an electron beam is generated by a trochoidal electron
monochromator, with an estimated energy resolution of 190
meV. The formed ions are extracted towards the reflectron time
of flight mass spectrometer, by a low electric field (~1V em ™).
In the mass spectrometer, the ions are guided to the reflectron
by a pulsed extracting voltage of —380 V, impinging the micro-
channel plate detector. The working pressure in the collision
chamber was 5 x 107> Pa and the base pressure was 1 x 10 °
Pa. Mass spectra were recorded from ~0 eV to 100 eV in
steps of 10 meV. For the threshold energy determination, a
Wannier fitting®® procedure was applied as explained in detail
by Pereira-da-Silva et al.’® The energy scale was calibrated by
using the Ar’ threshold energy 15.763 eV, determined by
Weitzel et al®® through ZEKE-PEPICO (zero kinetic energy
photoelectrons photoions coincidence).
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The TCA sample was purchased from Sigma-Aldrich with a
minimum purity of 99% and used as delivered. The TCA sample
was degassed through repeated freeze-pump-thaw cycles, and
introduced in the chamber via a side entrance, connected
directly to the collision region of the monochromator. The
measurements were performed at room temperature (~21 °C).

Theoretical calculations were conducted in order to support
and analyse the measurements. Electron ionization of the TCA
molecule was described within Binary-Encounter-Bethe (BEB)
model.*" The binding and kinetic energies of the molecular
orbitals were obtained using the outer valence Green’s function
(OVGF) electron propagator theory,>® together with the 6-
311++G(2df,2p) basis set. The appearance energies are under-
stood to be the lowest energies to enable reactions. From a
theoretical perspective, that quantity can be investigated by
inspection of the thermodynamic thresholds, characterizations
of transition states and further aspects of potential energy
surfaces. In a general sense, calculating thermodynamic thresh-
olds is one of the best approaches, as they provide a lower
bound for the appearance energy. Since tunnelling effects make
it possible for a reaction to happen with energies between the
threshold energy and the energy barrier, characterizing transi-
tion states is more relevant for determining reaction rates
rather than appearance energies. In this work, the thermody-
namic thresholds for the formation of the most relevant
cationic fragments were determined using the composite
G4(MP2) methodology,* which is a high level procedure with
benchmark quality. All calculations were performed using the
Gaussian16 package.**

The search for transition states for some of the reactions
were conducted, but no significant differences in relation to the
thresholds, were found. In fact, the potential energy surface of
the lowest-lying cation is such that some fragmentation path-
ways follow Morse-like dynamics along the reaction coordinate,
without a transition state. That seems to be the case for the
fragment m/z 195, which is related to the O-CH; bond break.
Inspection of the potential energy surface along the C-O
stretching indicates an asymptotic Morse-like behaviour with
different dissociative limits, depending on the angle between
CH; group and the ring plane (see Fig. S3, ESIT)

Results

Fig. 1 shows the mass spectrum of TCA recorded at 70 eV
incident electron kinetic energy. The counterpart of the radical
methyl group (m/z 195) represents the most intense signal,
followed by the formation of the parent cation (m/z 210) and the
counterpart of the radical methoxy group (m/z 167). Table 1
summarizes the observed fragments with their relative inten-
sities in the 70 eV mass spectrum.

Energy scans for the ten most abundant fragments have
been recorded (Fig. 2) for determining appearance energies
(AEs). In addition, these energy scans characterise the quantum
yield near the threshold representing the appearance energies
for each reaction. As described in Section 2, a Wannier
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Fig.1 TCA (C;ClzHsO) electron ionization mass spectrum recorded at
70 eV incident electron energy. The geometry of TCA is illustrated
schematically in the top-left corner.

Table 1 List of cationic fragments with relative intensities >5% under
electron ionization at 70 eV incident electron energy

Cation m/z Relative intensity (%)
CsH'/C,CIH,* 61 5.9
CsH," 62 6.7
C,CIH," 73 5.5
C,CIH;" 74 8.5
C,CLH" 97 12.8
C,;CLH" 107 9.5
C3CLH" isotope 109 9.5
03c13H2: 143 5.1
CsCl3H, 167 39.8
CsCl3H," isotope 169 44.0
CsCl3H," isotope 171 11.6
[TCA-CH,]" 195 100
[TCA-CH;]" isotope 196 6.5
[TCA-CH;]" isotope 197 90.5
[TCA-CH,]" isotope 198 6.6
[TCA-CH,]" isotope 199 35.2
TCA" 210 97.9
TCA" isotope 211 8.4
TCA" isotope 212 88.0
TCA" isotope 213 6.4
TCA" isotope 214 30.6

method?® was applied to determine the AEs. Uncertainties have
been determined by combining the maximum deviation of the
average of three different measurements with the statistical
uncertainty of the fitting. Table 2 compares the experimental
appearance energies with theoretical calculated values showing
a good agreement between the two data sets; the uncertainly
limits of the experimental values mostly overlap with the
theoretical values (with the exception of the relatively weakly
produced ions at m/z 73, 74, and 97).

Discussion

The experimental ionization potential has been determined at
8.8 £ 0.3 eV being in good agreement with the theoretical value
obtained at 8.83 eV. Fig. S1 (ESIY) illustrates the 20 first orbitals
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Fig. 2 Experimental thresholds for the ten most abundant cations (A-1),
decreasing in m/z. The black dots represent the experimental data, and the
green line represents the Wannier-type fitting function. The values in
parentheses correspond to the experimental thresholds with the respec-
tive statistical uncertainties. Wannier-type fitting parameters are summar-
ized in Table S2 (ESI¥).

Table 2 Experimental and theoretical threshold energies for the ten most
intense cations

Cation m/z Experimental (eV) Theoretical (eV)
TCA' 210 8.8+ 0.3 8.83
[TCA-CH,]" 195 10.7 £ 0.3 10.50
CsCLH," 167 14.3 £ 0.1 14.40
C;CLH," 143 16.6 + 0.3 16.89
C;CLH" 107 15.5 + 0.5 14.72
C,CLH" 97 16.6 + 0.1 17.21
C;CIH;" 74 18.6 + 0.3 17.90
C,CIH," 73 17.7 £ 0.1 17.21
CsH," 62 20.3 £ 0.3 20.03
CsH'/C,CIH," 61 17.8 + 0.6 17.79

(HOMO to HOMO—19) along with the corresponding ionization
potentials (increasing from 8.84 eV to 17.90 eV). The total
ionization cross section for each molecular orbital is shown
individually in the ESI{ (Fig. S2). The total cross section
maximum is 82.84 a,> and occurs at 81.63 eV. The most intense
fragment ion (m/z 195), corresponding to the loss of CH; radical
from the TCA cation, has an experimental threshold energy of
10.7 £ 0.3 eV, quite close to the theoretical value of 10.50 eV.

Phys. Chem. Chem. Phys., 2023, 25, 25361-25367 | 25363
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The lower-mass fragment ions with more than 5% relative
intensity are associated with ring opening reactions. The
threshold for the formation of CsCl;H," (m/z 167) was experi-
mentally determined at 14.3 + 0.1 eV in agreement with
theoretical value at 14.40 eV. This fragment corresponds to
the loss of the radical methoxy group with an additional carbon
atom (COCHj3). Further fragmentation leading to lighter cations
such as C;CI;H," (m/z 143), C;CLLH' (m/z 107), C,CLLH" (m/z 97),
C;CIH;" (m/z 74), and C;CIH," (m/z 73) involve more complex
internal rearrangements. For those fragment cations, the
experimental energy thresholds have been determined as
16.6 + 0.3 eV, 15.5 & 0.5 eV, 16.6 + 0.1 eV, 18.7 + 0.3 eV,
17.7 £ 0.1 eV, respectively. The calculated theoretical values for
C;CLH," (m/z 143), C;CLH" (m/z 107), C,CLH" (m/z 97), were
found at 16.89 eV, 14.72 eV, 17.21 eV, respectively, in agreement
with the experiment, and are individually discussed in the
following paragraphs.

The relation between the m/z 73 and m/z 74 cations can be
inferred by considering the relative intensities of their peaks in
Fig. 1 and also their appearance energies. Their experimental
appearance energies differ by 0.9 £ 0.5 eV, which is too great to
attribute to isotopic effects. Moreover, by analyzing peak inten-
sities, we find that the isotopic contribution is negligible. We
conclude that the features arise from a combination of both
isotopic distributions and hydrogen elimination channels.
Dissociation thresholds were calculated for the formation of
C;CIH;" (m/z 74) and C5CIH," (m/z 73), with obtained values
ranging from 12.9 eV to 15 eV for the different analyzed
conformers. These are below the experimental appearance
energies of 18.6 £ 0.3 eV and 17.7 £ 0.1 eV, respectively. Even
though such disagreement could in principle be explained by
Cl elimination in the counterpart, the fact that the m/z 74
fragment has the higher appearance energy points to an orbital
selectivity instead. In fact, the HOMO—18 and HOMO—19 have
IPs of 17.21 eV and 17.90 eV, respectively, and are in a good
agreement with the experimental values. Hence, we suggest
that the process leading to the C;CIH," (m/z 73) cation may
involve an electron ejection from HOMO-—18, whereas the
process leading to the C;CIH;" (m/z 74) cation is related to an
electron ejection from the HOMO-19 orbital. It is worth
pointing out that the higher IPs lie above 21 eV, bigger than
the observed appearance energies. Since the calculated thresh-
olds for the m/z 73 and m/z 74 fragments correspond to IPs, it is
reasonable to expect a slight discrepancy between the theory
and experiment, due to the intrinsic error of the OVGF meth-
odology for higher IPs. Additionally, this could be combined-
with an underestimate of the experimental errors of these
channels.

A closer inspection at the fragment m/z 62 reveals a large
group of isomer possibilities, therefore a good description of
the energetics is useful to characterize the favoured reaction
path. The Cs;H," fragment can have at least five stable
structures,® while its neutral counterpart C,H;Cl;0 can pre-
sent itself as trichloroethanol or as ether-chloromethyl-
dichloromethyl (Reaction a). The calculated dissociation
thresholds for the proposed reaction possibilities were found

25364 | Phys. Chem. Chem. Phys., 2023, 25, 25361-25367

View Article Online

PCCP

between 13.45 eV and 16.79 eV, the latter still being 3.29 eV
below the experimental appearance energy. Since the dissocia-
tion of the C-Cl bond is about 3.6 eV, we consider for this
channel the possibility of a three-product reaction, with the
formation of two neutral radical fragments C,H;Cl, and Cl
(Reaction b). This reaction has a threshold of 20.03 eV, in very
good agreement with the experimental value, and this is the
value assigned as the theoretical prediction for the fragment 62
m/z in Table 2. The reaction is notable due to the elimination of
neutral Cl, which is not observed in the other studied channels.

/

@)

Cl

+ e — GCgHyt + CoHClo + 2e

Cl

Reaction a. Direct dissociation leading to m/z 62.

CHy

/

o

+
cl cl
+ € — @ + C]\/O\/C‘ + Cl + 2

Cl

Reaction b. Dissociation leading to m/z 62, with two neutral
counterparts.

Finally, the fragment m/z 61 was investigated in a similar
way as the fragment m/z 62. The cation was assigned to have the
molecular formula CsH', where the stable linear structure was
considered. In this case, the formation of CsH" counts with the
formation of the neutral counterpart C,H;Cl;0 plus a hydrogen
elimination. The threshold for this reaction was calculated at
17.79 eV, against the experimental value of 17.8 £ 0.6 eV.

Apart from the referred fragments, up to 50 fragments with
relative intensity <5% were identified. These fragments are
listed in Table S1 (ESIf) and a tentative assignment is
indicated.

Fig. 3 summarizes the branching ratio behaviour as a
function of the incident electron energy, between 20 and
100 eV in steps of 10 eV. Each branching ratio is determined
by dividing the area of the specific cation peak by the sum of all
the peak areas. The figure shows significantly enhanced
branching ratios for the formation of the parent cation together
with the cation formed by the loss of methyl group, in the low
energy regime (below 40 eV). Indeed at 20 eV electron ioniza-
tion, parent cation formation corresponds to >60% of the total
ion signal. The prevalence of the parent cation and demethy-
lated parent cation formation in the low energy regime, may be
a useful tool for TCA identification. This behaviour represented
by the presence of two strong peaks could be used as a
fingerprint of TCA.

This journal is © the Owner Societies 2023
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Fig. 3 Electron energy dependency of the branching ratios for m/z 210,
parent cation (triangles), m/z 195, demethylated parent cation (circles), and
the sum of all remaining fragments (squares), from 20 to 100 eV, in 10 eV
steps.

Conclusions

In this article, we have investigated positive ion formation upon
electron interactions with TCA, an important contaminant
molecule for the wine industry. The ionization energy has been
experimentally determined at 8.8 £ 0.3 eV, in very good agree-
ment with the obtained theoretical value of 8.83 eV. Threshold
energies for the fragment cations with relative intensities above
5% have been determined and compared with the obtained
theoretical values. Generally, the two sets of data are in excel-
lent agreement. The theoretical calculations support some
complex fragmentation reactions. For the m/z 62 cation, for
example, the calculations suggest the formation of two neutral
radical counterparts. Additionally, a detailed analysis of the
mass spectrum led to the identification of 50 fragment ions.

By analyzing the branching ratios as a function of the
electron energy, it was observed that fragmentation becomes
richer with the increase of the electron energy. For energies
above 40 eV the fragmentation channels are dominated by
lighter species, in contrast to energies around 20 eV, where
the mass spectrum is dominated by the parent cation and the
demethylated cation fragment. The parent cation formation in
this energy range accounts for more than 60% of the total ion
signal. The energy dependence revealed by the present results
suggests a useful procedure for identifying TCA, by means of
electron ionization. The presence of only two dominant ions in
mass spectrum at low electron energies around 20 eV, accom-
panied with a very weak contribution of smaller fragments,
represents a fingerprint of the TCA molecule.
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