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Volatile sulfur compounds play a crucial role in the aroma profile of food and fermented beverages. We explore
chemical-ionization mass spectrometry (CI-MS) ion-molecule reaction kinetics of commonly used reagent ions to
a list of volatile organic sulfur compounds (VOSCs). We compute the rate coefficients of ion-molecule reactions,
useful for the accurate identification and quantification of trace gases, using capture collision models based on
the electric dipole moment and polarizability of the neutral VOSCs. To this aim, we evaluate molecular proper-
ties, such as the electric dipole moment, polarizability, proton affinity (PA), and ionization energy (IE) for each
VOSC, by means of hybrid density functional theory (DFT) simulations. The PA and IE values are useful in the se-
lection of appropriate reagent ions to be used in CI-MS. We thoroughly investigate collision rate coefficients at ef-
fective temperatures and internal energies, as relevant for highly energetic proton transfer reaction mass spec-
trometry (PTR-MS) drift tube conditions. The data provided will be valuable for the rapid quantification of

VOSCs in food and fermented beverages.

© 20XX

1. Introduction

Volatile organic sulfur compounds (VOSCs) critical to aroma in food
and beverages, especially those with reduced form of sulfur, are attrib-
uted to microbiological degradation, processing, packaging, and stor-
age conditions of ingredients and finished products [1-4]. An excessive
concentration of compounds containing sulfur, which originate from
natural sources, typically contributes to off-flavor in many food prod-
ucts, particularly those involving fermentation, and leads to consumer
dislike and eventually to the rejection of the products. Sulfur being a
larger and active hetero atom with smaller electronegativity than oxy-
gen, its presence greatly influences the relative reactivity of the com-
pounds carrying sulfur, compared to their oxygen equivalent. A range
of VOSCs can be present in food and beverages, with some contributing
positive ‘fruity’ character at low concentration, and others imparting
unwanted ‘reductive’ aromas similar to “rotten eggs”, “natural gas”,
and “onion” at high concentration. VOSCs contribute to food aroma and
flavor in a complex way, as their sensory thresholds are typically low,
often a few parts per trillion by volume (pptv). The low concentration
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of flavor compounds in food and beverages has made their isolation,
separation, and analysis problematic. Commonly present sulfur com-
pounds, with their characteristic flavor and threshold, include hydro-
gen sulfide (rotten egg [1000 ng/L]), methanethiol (putrefaction,
onion, rubber [2000 ng/L]), dimethylsulfide (cabbage, asparagus
[25000 ng/L]); polyfunctional thiols, such as 4-mercapto-4-
methylpentan-2-one (box tree, guava [3 ng/L]); S-heterocycle com-
pounds like benzothiazole (rubber [50 ng/L]), and aryl thiols, such as
2-furanmethanethiol (roasted coffee [0.4 ng/L]) [5,6].

The chemical complexity and low concentration of VOSCs in foods
put an analytic challenge in their detection and quantification. Due to
the high activity of VOSCs, rapid and accurate analytic methods are re-
quired in order to minimize artifacts during sample handling, storage,
and pre-treatment prior to analysis. Direct-injection mass spectrometry
(DIMS) techniques, such as proton-transfer reaction mass spectrometry
(PTR-MS) [7] and selected ion flow mass spectrometry (SIFT-MS) [8]
have been powerful tools in VOSCs identification and quantification,
especially for flavor analysis. In particular, PTR-MS is mostly used in
sensory predictions and aroma release or quality control in food sci-
ence, specifically in the analysis of fermented food products. PTR-MS is
an ideal technique for VOSCs analysis since it eliminates time-
consuming and artifact-prone sample preparation. Moreover, PTR-MS
provides fast analysis time, high detection sensitivity, and real-time
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analysis of trace-level compounds, thus a preferred technique in envi-
ronmental, food science, medical, and biological science [9-12].

PTR-MS has been extensively used for the characterization of VOSCs
in various fields including food aroma analysis. Schuhfried et al. stud-
ied chemical ionization based fragmentation of sulfides using PTR-MS
[13]. VOSCs have been analyzed in Swiss cheese using PTR-MS by
Harper and co-workers [14]. Other similar studies devoted to sulfur
compounds adopted the PTR-MS technique [11,15]. In parallel, the the-
oretical computation of rate coefficients has also been carried out, e.g.
by Cappellin et al. [16]. In the PTR-MS instrument, the H;0* ions ion-
ize the sample gas through a proton transfer reaction occurring in a
drift tube chamber. The electric field is applied in the drift tube cham-
ber, which escalates the ion kinetic energy, and as a result, water clus-
ter formation is greatly reduced. The sample gas with higher proton
affinity (PA) than H,O readily acquires a proton from H;O* ion via
exothermic proton-transfer reaction. The resulting protonated VOC.H"
ions are detected by a mass analyzer, see Fig. 1. Then the concentration
of a neutral volatile organic compound (VOC) is determined by cali-
brating the instrument with a standard of known concentration and
protonated ion signals. For the most accurate results, the PTR-MS in-
strument should be calibrated for every single VOC in a complex gas
mixture. However, this procedure is laborious, time-consuming, and in
practice, it is not possible to have accurate standards for every VOCs de-
tected by PTR-MS. Alternatively, the PTR-MS concentration of VOCs
can be determined by measuring the protonated VOC.H* and reagent
ion H3;O* counts. Given the rate coefficient of the proton-transfer reac-
tion, which depends on the reaction kinetics occurring in the drift tube
[17], concentrations can be estimated.

Su and co-workers provided several theoretical or numerical ap-
proaches aiming at ion-molecule collision reactions taking place in drift
tube chamber. These approaches include the average dipole orientation
(ADO) [18,19], classical trajectory calculations [20], and the parame-
trized classical trajectory method [21] to evaluate collision rate coeffi-
cients, k.. These methods take the molecular polarizability and the elec-
tric dipole moment of the VOCs as input parameters. In particular, the
parameterized trajectory model estimates collision rate coefficients as a
function of the center-of-mass energy and temperature under PTR-MS
drift tube conditions. Strongly exothermic ion-molecule reactions are
expected to proceed at collision rates, therefore the reaction rate coeffi-
cients (k) are given by the collision rates (k.). Previous studies of H;0 ™,
NO* and O} reactions with several organosulfur molecules have estab-
lished that most of the reactions occur at or close to their collision rates
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Fig. 1. A basic schematic of PTR-MS instrument, where H;O* ion, commonly
used reagent ion, transfers proton to neutral molecule M.

k ~ k. [22,23]. However, there are molecules for which the reactions
with some primary ions do not proceed at collision rates [24].

2. Overview
2.1. PTR/CI-MS mass spectrometry

Conventional PTR-MS instrument uses H;O* reagent ion as a pri-
mary proton donor to ionize many types of volatile compounds. How-
ever, modern chemical ionization mass spectrometry (CI-MS) instru-
ments allow the operator to switch between different reagent ions
[25-27], being capable of exploiting reagent ions other than H;0™,
simply by passing a different reagent gas through the ion source. Fre-
quently used ions in such CI-MS include NHZ, NO+, and O;’, which
have been applied efficiently for the ionization of the VOSCs [6,14,22].
These chemical-ionization methods are more or less selective to a cer-
tain class of VOCs or have functional-group-dependent ionization
mechanisms. As a result, the functional group of a specific detected
VOC.H* ion can be determined. Molecules such as ethylene, acetylene,
halocarbons and common small-molecular weight gases, such as SO,
cannot be ionized by the H;O* ion. However, all of these substances
can be detected and quantified with CI-MS instrument by adopting an
appropriate reagent ion through fast switching among several reagent
ions, in usually less than 10 s. The adoption of NH}, NO*, and O;’
reagent ions results in procuring VOC sensitivities in the same order as
with the H;O* ion. Other advantages of CI-MS include isobaric separa-
tion and a higher level of selectivity in VOC identification and quantifi-
cation.

2.2. Proton-transfer reactions in CI/PTR-MS

The measurement of ion signals, preferably the ion signal ratio (pro-
ton acceptor/proton donor) by mass spectrometer, allows scientists to
measure the absolute concentration of a specific constituent of a gas
mixture. In PTR-MS, the reaction between H;O* and an analyte sam-
pled species M,

H;0" + M — MH' + H,0, @

represents proton transfer from the hydroniumion to the analyte M, by a first-order
pseudo reaction. Such a reaction is effective when the PA of the acceptor madecule, M,
exceeds that of the H,O mdecule (166.7 kcal/mdl), which makes the proton transfer
thermodynamically feasible. The absolute concentration [M] of the analyte in reaction
[1] can be determined by measuring the respective ion signals of protonated analyte, M,
and the reagent ion H;0* as in equation [2] below,

[RH*] i(RHY)

[M,0°] = 00 = k[M]t, (2)
and finally,
_ 1 [RH*]

M] = E[H3—0+] 3)

Here k is the reaction-rate coefficient and t represents the reaction time, usually
~ 100 us in a typical PTR-MS instrument. The concentration [M] in principle can be
determined without calibration simply by recording the ratio of the MH* ion counts to
those of the H;O*, provided reaction rate coefficient k is known already. It is worth-
while to mention that dissociation and fragmentation may occur upon reaction between
compounds, especially alcohols and H;O*. Thereby, the product ion counts could differ
from as assumed in the above equations.

Su, Bowers and Chesnavich provided many theoretical methods for
estimating rate coefficients of exothermic ion-molecule reactions of
type [1]. The most successful method which predicts the rate coeffi-
cients consistent with (mostly room-temperature) experiments is the
average dipole orientation (ADO) [18,19]. At elevated internal energies
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the classical trajectory method, dependent on center-of-mass energy
given by Su and co-workers [21] is to be preferred. Usually, room-
temperature rate coefficients are employed for quantitative analysis in
PTR-MS. This is however not strictly true, since ion-molecule collisions
inside the drift tube are often far more energetic than at room-
temperature ion-molecule collisions. Due to the applied electric field,
the translational energy of the colliding ions leads to the center-of-mass
energy largely exceeding the energy typical of thermal collisions. A
quantitative description of total mean ion kinetic energy of the ions in
the drift tube is given by Wannier [28,29] and McFarland [30]. They
showed that the total kinetic energy of an ion can be written as
3 1

1
kBT + Emionvi + Embv2, (4)

K Eion = 5

where my, is mass of the ion, v, is drift velocity of the ion, and m, is mass of the
buffer gas. kg is the Boltzmann's constant. The center-of-mass kinetic energy for an ion-
neutral malecule collision is then obtained by the following expression:

3 m, 3
Ko = 5kaT + ( ——— (KE,von - EkBT>, 5)
n

ion

In the above equation, m, represents the mass of the neutral molecule. These highly

energetic conditions inside the drift tube give rise to a higher effective temperature, T.g,

for ion-mdlecule collisions in PTR-MS. T4 can be obtained by equating an effective ion

thermal energy with the mean center-of-mass collision energy between the ion and the
buffer gas [17]. The expression for the effective temperature T, results in

2
v m, (Mo, +m
Tu=T+| =% 1ty (Mion + 1) . (6)
3k My, +m,,

Here T'is the drift-tube temperature, and the remaining terms are as defined earlier.
For normal PTR-MS conditions, i.e. v; = 906 ms~!, E/N =120 Td (where E/N is the ra-
tio of electric field to gas number density and Td = Towrmsend = 102 V m?) and
T = 300 and 380 K, the predicted value of T, for H;O" reagent ion is typically much
higher than 1000 K. The T for the hydrogen sulfide at T = 300 and 380 K is found to
be 1316 and 1396 K, respectively. These figures indicate that room-temperature rates
are not suitable for the highly energetic ion-madlecule collisions inside the PTR-MS drift
tube.

2.3. Switchable reagent ions in CI-MS

The key advantages of using H;O* as a proton donor are: (i) It does
not react with main air constituents, as their PA value is lower than the
H,0 molecule; (ii) most common VOCs have higher PAs than H,O such
that proton transfer occurs exothermally on every collision. However,
dealing with the analytes that possess higher PA than H,O and separat-
ing isomers are major concerns with H;O* reagent ions. These issues
pave the way for other reagent ions to be used in CI-MS. Reagent ions,
such as NH;, NO*, and O} have been applied efficiently for the ioniza-
tion of the VOSCs, Fig. 2 [6,14,22].

Ionization via NH ions, typically called NH; -CEMS, offers high VOC selectivity
due to the higher PA of NH; (204.0 kcal/mal) compared to H;O* ion. This higher selec-
tivity has been recognized as an efficient way in the identification of isobaric com-
pounds. NO* ions ionize the VOCs by electron transfer when the ionization energy (IE)
of the analyte is less than that of NO molecule, i.e. 9.3 eV. The NO* reagent ion, upon
reacting with an analyte molecule, can be helpful to support isomeric compounds sepa-
ration in CI-MS analysis [31,32]. For primary ions such as NH4’r and NO* reactions
other than charge transfer and proton transfer are possible for VOCs [33-35]. For in-
stance, cluster ion chemistry in NH} -CI-MSmay take place. In order to get insights into
this reaction channel, PA alone may not be sufficient, bond energies (BE, in enthalpy) of
cluster ions and reaction enthalpies AH, of reaction (NHJ A - AH* + NH) should be
used instead [33]. Furthermare, study of hydride abstraction and cluster formation may
provide even mare insights into NO*-CEFMS reactions other than electron transfer. Fu-
ture work could be undertaken to investigate reaction modes of VOSGCs in CI-MS other
than proton transfer and electron transfer.

& +

+ H30* or NHg*
Proton transfer
3 reaction
+ NO* or Oo*
ﬁ Charge transfer
+ reaction

Fig. 2. Common reactions of primary reagent ions with VOSCs. However, it is
worthwhile to note that other modes of reactions are possible with the selected
reagent ions based on the PA and IE difference between reagent ion and neu-
tral molecule.

Similarly, the OF reagent ion reacts through electron transfer if the analyte mde-
cule possesses lower IE than the O, mdecule (12.1 eV) thus ionizing malecules that
cannot be ionized by the H;O* and NO* ions. Due to the large available energy com-
patible with the IE of the analyte and the electron affinity of the selected reagent ion,
the mdecule may fragment into many products.

3. Computational method

To evaluate the following molecular properties: electric dipole mo-
ment, polarizability, PA, and IE of several VOSCs, we perform elec-
tronic-structure simulations using the Gaussianl6 software suite [36].
We opt for the BsLYP [37] exchange and correlation functional, a stan-
dard approach for gas-phase systems. We expand the Kohn-Sham wave
functions on an Aug-cc-PVTZ basis set for the evaluation of molecular
properties of VOSCs. Presently, the Aug-cc-PVTZ is regarded as an opti-
mal basis set for high-accuracy computations, with the only disadvan-
tage of being computationally rather expensive. The Aug-cc-PVTZ basis
set has the advantage of being correlation consistent, i.e. this basis set is
optimized using correlated methods. Overall, the adopted DFT method
provides a good combination of cost vs accuracy.

We retrieved all initial molecular structures from standard data-
bases, such as NIST [38] and PubChem [39]. Starting from these struc-
tures, we perform structural optimizations, minimizing the total DFT
energy. In the resulting optimized geometry of the neutral VOSCs, we
evaluate the electric dipole moment, polarizability, PA, and IE values.
As we target ambient conditions inside SRI/PTR-MS drift tube, gas-
phase properties are considered, and no environmental effects, such as,
e.g., due to a solution, are included. Based on the obtained electric-
dipole moment and polarizability, we compute the rate coefficients of
ion-molecule reactions using capture collision models.

4. Results and discussion

Table 1 reports the computed molecular properties. The listed elec-
tric dipole moment and polarizability values are in close agreement
with literature values, where available. Tables 2 and 3 compares our
simulated results with the few available experimental and numerical
results. The proton transfer from H;O* or NH} ions in PTR-MS drift
tube is exothermic when the PA of the analyte molecule exceeds the PA
of H,O or NH3; molecules, respectively. All the molecules under explo-
ration possess higher PAs than H,0, thus indicating their propensity to-
wards exothermic proton-transfer reactions. Hydrogen sulfide has a PA
only slightly higher than water; when H;0* is used as primary ion,
there is a strong humidity dependence of the PTR-MS measurements
[40]. When proton transfer is relatively exothermic by more than ap-
proximately 23 kcal/mol, then dissociative proton transfer is likely to
occur from [MH*]"* and leads to fragmentation and more complicated
mass spectra [41]. When investigating certain VOSCs such as, e.g, di-
ethyl sulfide, 4-mercapto-4-methylpentan-2-ol, benzothiazole, 2-
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Table 1

Computed molecular data, namely: electric dipole moment; dielectric polarizability; proton
affinity (PA); and ionization energy (IE), for sulfur compounds of which traces may contaminate
food and beverages. DFT results obtained with a B;LYP functional and Aug-cc-PVTZ basis, using
the Gaussian suite [36].

Modlecule name (Formula) CAS Number  Dipole Moment  Polarizability =~ PA 1IE

Molar mass Hip a/(4neg)

(atomic units) (Debye) (A3) kal/md eV
Hydrogen Sulfide 7783-06-4 0.99 371 169.1 10.4
(H,S)

34.08

Methanethiol 74931 156 5.55 186.1 9.4
(CH,S)

4811

Ethanethiol 75081 1.68 743 190.6 9.2
(GHgS)

6214

Dimethyl Sulfide 75183 1.60 7.46 19.3 8.6
(GHgS)

6214

Diethyl Sulfide
(GH; )

90.19

Dimethyl Disulfide
(GHgSy)

94.20

Diethyl Disulfide
(G5

123

Methyl Thicacetate
(GHgOS)

90.15
3-Mercaptohexan-1-ol
(GeHy1,08)

134.24
4-Mercapto-4-
methylpentan-2-one
(GH,08)

132.23
4-Mercapto-4-
methylpentan-2-ol
(GeHy,408)

134.24
Benzothiazole 95169 1.34 1591 2207 8.6
(GHsNS)

135.19

2-Furanmethanethiol 98022 1.94 12.81 19.1 8.1
(GHg0S)

11417

2-Mercaptoethanol 60-24-2 250 8.14 193.4 9.0
(GHgOS)

7814
Benzenemethanethiol
(GHsS)

124.21

2-Mercaptoethyl acetate
(CHg0,5)

120.17
3-mercaptopropyl acetate
(GsH,0,5)

134.20
Cis-3,6-dimethyl-
1,2,4,5-tetrathiane
(GHgSy)

184.40
Prenyl-mercaptan
(GHyS)

102.20
Trans-3,6-dimethyl-
1,2,4,5-tetrathiane
(GHgS)

352-93-2 1.64 11.34 206.3 83

624-92-0 2.03 10.79 193.7 8.1

110-81-6 215 14.67 197.8 79

1534083 1.36 9.64 1985 91

51755-83-0 1.68 1543 19%.6 86

19872-72-7 227 14.86 198.2 85

255391-652  2.53 1534 204.7 85

100-53-8 148 1574 1953 83

5862-40-8 183 1191 199.2 91

26473-61-0 1.61 13.97 1996 9.0

75100-46-8 0 19.83 1%.1 8.0

5287-456 1.78 1335 198.2 8.1

75100-47-9 0 1911 1953 83

Table 1 (continued)
Madecule name (Formula)

CAS Number  Dipole Moment  Polarizability =~ PA IE

184.80
2-Methyl-3-furanthiol
(GHg08)

114.17
2-Methylthiolane-3-ol
(GH,09)

118.20

3-Mercapto-3-
methylbutan-1-o0l
(GH;209)

120.22

Ethyl-3- 5466-06-08 276 13.91 19%6.7 89
mercaptopropionate
(GsH;0,5)

134.20
5-2-hydroxyethyl-
4-methylthiazole
(GHoNOS)

14321
2-Methyltetrahydro
thiophen-3-one
(GH0S)

116.18
3-Methylsulfanyl
propan-1-ol

(GH;09)

106.19
3-Mercaptohexylacatate
(GgH;60,5)

176.28

Ethylthioacetate
(CHg09)

104.17

28588-74-1 0.90 1247 190.3 7.7

149834435 212 1271 207.5 82

34300-94-2 1.84 13.52 197.7 8.6

137-00-8 279 15.29 229.7 81

13679-85-1 172 1214 1%.1 8.6

05051002 3.06 1203 203.1 8.4

136954206 147 19.32 1949 838

625-60-5 141 1157 201.2 9.0

Table 2

Comparison of the computed electric dipole moment and polarizability values of volatile sulfur
compounds using B;LYP DFT functional and Aug-cc-PVI'Z basis set combination with the avail-
able experimental /theoretical results.

Molecule Hp a/(4mey)

(Debye) @)

This work Literature This work Literature
Hydrogen Sulfide 0.99 0.98 [46] 371 -
(H5) 0.97 [47]
Methanethiol 1.56 1.52 [46] 5.55 -
(CH,S)
Ethanethiol 1.68 1.61 [46] 743 7.41 [46]
(GHeS)
Dimethyl Sulfide 1.60 1.55 [46] 7.46 6.80 [48]
(CHeS) 1.72 [48]
Diethyl Sulfide 1.64 1.65 [46] 11.34 -
(GHy0S)
Dimethyl Disulfide 203 1.85 [46] 10.79 -
(CHeSy)

methylthiolane-3-ol, and 5-2-hydroxyethyl-4-methylthiazole character-
ized by much higher PAs than the water molecule, it is worthwhile to
analyze these compounds with NHI ions, thereby obtaining cleaner
spectra. However, CI-MS-NHI reactions can proceed by association
when the PA of the analyte is close to that of NHj.

Similarly, electron transfer in CI-MS from NO* or O reagent ions
occurs exothermally when the IE of the analytic compound is lower
than the IE of the NO or O, molecule. From the IE data reported in
Table 1, it is expected that NO* ion will efficiently transfer electron to
all the VOSCs with exothermal reactions at every collision, except for
the molecules that possess higher IEs than NO, for example hydrogen
sulfide and methanethiol. In such cases, however, other reaction path-
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Table 3
Comparison of the computed proton affinity (PA) and ionization energy (IE)
values with the available experimental/theoretical results.

Molecule PA IE
(kcal/mol) (eV)
This work Literature This work Literature
Hydrogen Sulfide 169.1 - 10.4 -
(H,S)
Methanethiol 186.1 184.9 [46] 9.4 -
(CH,S)
Ethanethiol 190.6 188.7 [46] 9.2 9.3 [46]
(C2HeS)
Dimethyl Sulfide 199.3 198.6 [46] 8.6 8.7 [46]
(CoHeS) 198.6 [48]
Diethyl Sulfide 206.3 204.7 [46] 8.3 8.4 [46]
(C4Hy05)
Dimethyl Disulfide 193.7 - 8.1 7.4 [46]
(C2HeS3)
Diethyl Disulfide 197.8 - 7.9 8.3 [46]
(C4Hi0S2)

ways such as hydride abstraction may occur. For these large-IE com-
pounds, OF ions can be used instead.

The molecular data reported in Table 1 are essential for the calcula-
tion of the rate coefficients for ion-molecule collision reactions that
commonly occur in PTR/CI-MS drift tubes. Collision-based models are
often used for the determination of rate coefficients, since a direct ex-
perimental determination of rate coefficients is often laborious, time-
consuming, and even problematic, leading to errors up to * 30%
[42-44]. In the ion-nonpolar molecule, long-range ion-induced-dipole
interactions dominate. The long-range potential in the ion-induced-
dipole is given by

1 ag?

V= ey 2

)

where q = z q, is the charge of the ion (q. is the elementary charge in Coulomb); «
is the polarizability of the neutral species, r is the distance between the centers of mass
of the ion and neutral molecule. The rate coefficient (capture) is given by the Langevin
theory, and the expression reads as

2
[ mag
klang = e . ®

Here u is the reduced mass of the reactants, and ¢, is the permittivity of free space.
The rates obtained from the Langevin model, equation [8], seriously underestimate the
observed rate coefficients, and are not suitable for reactions involving polar malecules.
For polar malecules, a more refined model includes ion-dipole forces in addition to the
ion-induced-dipole forces. In this case, the interaction potential takes the form

1 ag®> 1 qup

Vo) = ——_2 _
(r.6) drey 2r* dmey 2r2 &

s 6. ©

Here yp, is the dipole moment of the neutral mdecule and 0 is the angle the dipole
makes with the line of centers of the collision. The long range forces, ion-induced dipole
and ion-permanent dipole forces contribute toward increasing rate coefficients. How-
ever, the extent of their contribution largely depends on the electric dipole moment.

Considering the energetic environment inside CI-MS drift tube, rates
obtained at thermal conditions cannot be applicable as such in practical
applications. Under the PTR/CI-MS highly energetic conditions, the
rate coefficients can be obtained by parameterized trajectory calcula-
tions as given by Su [21] appropriate at center-of-mass kinetic energy
and higher effective temperature. The parametrized rates are expressed
by the following equations

k
— =K (1.€). (10)
kLang
where
= HD 11
faT an
and
fo M
oKE. a2)

com

Su and co-workers simulated over 100 systems, processing 6000 tra-
jectories. The following parametric equation was proposed to fit the
simulation data:

14c7%%2S +c(1-5)
xsin[c3 {4 + In(7)}]17%04/(e — 0.5),

where ¢; = 0.727143, ¢, = 3.71823, c3 = 0.586920 and
¢4 = 4.97894. The quantity

K. (z,€) = (13)

1 fore < 1.5 a4

nd {exp[—2(e —1.5)] fore>15

The results obtained from the parametrized trajectory model are
collected in Table 4. The rate coefficients k,, dependent on center-of-
mass energy are computed at standard PTR-MS working temperatures:
300 and 380 K, and reduced electric field E/N = 120 Td, under air as a
buffer gas. However, the E/N values may vary from 80 to 155 Td for
typical PTR-MS instruments.

The obtained rate coefficients decrease marginally with tempera-
ture, adherent to the theory, as well as observed in a few available ex-
periments [45]. ke, is also found to vary with the applied electric field
or reduced electric field, which, in turn, increases the center-of-mass ki-
netic energy in the collision between the ion and the molecule. The
variation of the reagent-ion temperature and ion translational energy
(through E/N) provides a degree of control of the overall center-of-mass
collision energy. The computed rate coefficients decrease with the cen-
ter-of-mass kinetic energy due to the faster collision.

Importantly, the computed rates, as in Table 4 increase significantly with both the
permanent dipole moment and the polarizability of the neutral species. VOSGs, such as
3-methylsulfanylpropan-1-ol and 5-2-hydroxyethyl-4-methylthiazole, possess relatively
large dipole moments (greater than 2.5 Debye) resulting in rather large rate coeffi-
cients. In contrast, the smaller dipole moments (<1 Debye) of hydrogen sulfide and 2-
methyl-3-furanthiol lead to smaller rate coefficients for these mdlecules. Cis-3,6-
dimethyl-1,2,4,5-tetrathiane and trans-3,6-dimethyl-1,2,4,5-tetrathiane have exactly
vanishing dipole moments. The rate coefficient for these species is essentially given by
the Langevin rates due to the lack of an ion-dipole interaction (e yp) contribution, as in
equation [7] rather than [9].

When compared with experimental observations, the results of the
rate coefficients from equation [13] were in good agreement (5% error)
for ion-molecule collisions with center-of-mass energies ranging from
thermal to several eV and over a temperature range 50-1000 K [21].
This reassures us that the rate coefficients obtained by means of the pa-
rameterized-trajectory method are reliable even at elevated tempera-
ture and internal-energy conditions.

Additionally, we compute the effective temperature, T,g, from equation [6] under
the standard working temperatures 300 and 380 K, considered in the present work.
Also, collision rates at different E/N values in the 80-180 Td range are obtained for the
reported reagent ions. The results are collected as supplementary material. At higher
T4, the rates vary marginally, and in many cases, we obtain practically the same rate
coefficients at two different temperatures. Thus, even in the case of a significant uncer-
tainty about the actual temperature of the colliding species, the final reaction rates
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Table 4

Predicted rate coefficients (k) at center-of-mass energy under ambient PTR/SRI-MS drift tube
settings from parametrized classical trajectory method for sulfur compounds commonly present
in food and beverages. Computed rates are expressed in unit of 10~ ¢’ s™L

Molecule name T Keap
(Formula) K H,0* NH: NO* O;
Hydrogen Sulfide 300 165 167 143 141
(HS) 380 161 1.64 1.39 1.38
Methanethiol 300 218 2.23 1.85 1.80
(CH,S) 380 212 216 1.80 175
Ethanethiol 300 229 2.34 1.90 1.86
(CHeS) 380 223 2.28 1.86 181
Dimethyl Sulfide 300 222 2.26 1.86 1.82
(GHgS) 380 217 221 1.82 178
Diethyl Sulfide 300 237 244 195 191
(CH,;S) 380 2.34 2.40 1.92 1.88
Dimethyl Disulfide 300 261 267 212 2.06
(CHeSy) 380 2.54 2.60 2.08 2.02
Diethyl Disulfide 300 279 2.86 2.26 219
(GyHySy) 380 274 281 222 215
Methyl Thioacetate 300 211 216 175 1.70
(GH,09) 380 2.09 213 173 1.68
3-Mercaptohexan-1-ol 300 255 262 2.08 2.02
(GH,,09) 380 252 2,59 2.06 2,00
4-Mercapto-4- 300 2.86 295 231 2.24
methylpentan-2-one 380 2.80 2.88 227 220
(GH1209
4-Mercapto-4- 300 3.08 316 2.45 2.39
methylpentan-2-ol 380 3.00 3.08 240 2.34
(GeHh409)
Benzothiazole 300 246 251 201 1.95
(GH5NS) 380 244 2.50 2.00 1.94
2-Furanmethanethiol 300 259 2.65 2.09 2.04
(GH409) 380 2.54 261 2.06 2.01
2-Mercaptoethanol 300 297 3.04 245 2.40
(GH0S) 380 2.85 292 2.36 230
Benzenemethanethiol 300 251 2.57 2.05 1.99
(CHgS) 380 249 2.55 2.04 198
2-Mercaptoethyl 300 246 251 1.99 193
acetate 380 242 247 1.96 1.90
(GH0,9)
3-mercaptopropyl 300 244 2.50 198 192
acetate 380 242 247 1.96 1.90
(GH,;0,5)
Cis-3,6-dimethyl- 300 250 2.56 2.04 1.99
1,2,4,5-tetrathiane 380 2.50 2.56 2.04 1.99
(GHgSy)
Prenyl-mercaptan 300 255 261 208 203
(GH;S) 380 251 2.57 2.02 201
Trans-3,6-dimethyl- 300 245 2.52 201 1.95
1,2,4,5-tetrathiane 380 245 2.52 201 1.95
(GHgS)
2-Methyl-3-furanthiol 300 212 218 175 1.71
(GH409) 380 212 217 1.75 1.70
2-Methylthiolane-3-ol 300 2.69 2.76 217 212
(GH,,09) 380 263 270 213 208
3-Mercapto-3- 300 255 262 207 2.02
methylbutan-1-ol 380 252 2.58 2.04 1.99
(GH;209)
Ethyl-3- 300 3.23 3.32 257 249
mercaptopropionate 380 313 321 2.50 242
(GH0,5)
5-2-hydroxyethyl- 300 327 3.37 2.60 251
4-methylthiazole 380 317 327 253 2.45
(GHoNOS)
2-Methyltetrahydro 300 241 247 1.96 191
thiophen-3-one 380 237 2.44 193 1.88
(GH;509)
3-Methylsulfanyl 300 3.50 3.59 284 2.76

propan-1-ol 380 3.36 345 273 2.65

Table 4 (continued)

Malecule name T Keap
(G4H,08)
3 300 2,66 273 215 210
Mercaptohexylacatate 380 264 272 214 2.09
(GsH160,5)
Ethylthioacetate 300 224 229 184 179
(CHgO9) 380 222 227 1.82 1.77

would be affected only marginally, with the result that the quantification of the VOSCs
by this method remains reliable.

5. Concluding remarks

We evaluate and report CI-MS rate coefficients for ion-molecule re-
actions associated with a number of reagent ions (H;0™, NHf{, NO+,
and O3) to a comprehensive list of VOSCs related to spoiled food and
beverages. The electric dipole moment and polarizability of the neutral
VOSCs are the input ingredients for the rate-coefficient calculations. We
compute these parameters by DFT simulations. The computed parame-
ters are in good agreement with the available experimental/theoretical
values. We additionally provide molecular properties such as the PA
and IE, useful in the determination of the exothermal nature of a given
reaction, and correspondingly for the selection of appropriate reagent
ions in CI-MS techniques. For example, one could decide that ionization
via NH;-CI-MS is advantageous for the quantification of such species
where jonization with H;O+ produces multiple fragments. We evaluate
these rate coefficients applying state-of-the-art capture collision model,
frequently used for highly energetic PTR-MS conditions, using parame-
trized trajectory method at commonly exploited experimental condi-
tions. Generally, rates obtained by parametrized trajectory method at
center-of-mass energy are best suited for the high effective temperature
of PTR-MS drift tube.

The PTR/SRI-MS reaction kinetics data reported in the present work
make available a useful resource for determining the concentrations of
VOSCs. They can thus find a broad application in the quality assessment
of several food products.
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