International Journal of Mass Spectrometry 300 (2011) 31-38

International Journal of Mass Spectrometry

journal homepage: www.elsevier.com/locate/ijms

Contents lists available at ScienceDirect

Selected ion flow tube (SIFT) studies of the reactions of H30*, NO* and O,** with
six volatile phytogenic esters

Kristyna Sovova®P, Kseniya Dryahina?, Patrik Spané&l®*

2 J. Heyrovsky Institute of Physical Chemistry of Science, Academy of Science of the Czech Republic, DolejSkova 3, 18223 Prague 8, Czech Republic
b Department of Physical and Macromolecular Chemistry, Faculty of Science, Charles University, Albertov 2030, 12840 Prague 2, Czech Republic

ARTICLE INFO

Article history:

Received 25 October 2010
Received in revised form

29 November 2010

Accepted 30 November 2010
Available online 7 December 2010

Keywords:

SIFT-MS

lon-molecule reactions
Plant esters

Proton transfer

Charge transfer
Adduct ion formation

ABSTRACT

The selected ion flow tube (SIFT) was used to study the reactions of the three SIFT-MS precursor ions
Hs;0*, NO* and O,** with six phytogenic esters: hexyl acetate, phenethyl acetate, benzyl acetate, methyl
salicylate, methyl benzoate and benzyl benzoate. These compounds are emitted into the atmosphere by
various species of plants and play a role in communication between individual plants and also amongst
different species. Thus, it is necessary to know the rate constants and branching ratios of the different
ion products of these reactions for identification and quantification by SIFT-MS. The results of this study
show that the reactions of H30* with the esters proceed via proton transfer, which is non-dissociative for
methyl salicylate, entirely dissociative for benzyl benzoate and partly dissociative for the remaining four
esters. All protonated esters readily associate with water molecules with the notable exception of methyl
salicylate. All six NO* reactions result in formation of adduct ions in parallel with charge transfer or with
reactions leading to fragment ions. All six O,** reactions proceed by charge transfer with the production
of one or two major fragment ions; the parent molecular radical cation is formed in three reactions only.
Kinetic library entries allowing unambiguous quantification of the six esters by SIFT-MS are presented

together with their experimental validation.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The phytogenic volatile organic compounds (VOCs) are gener-
ally small molecules that play an important role in various aspects
of plant physiology including growth, development and commu-
nication between individual plants and also amongst different
species. Some VOCs are released by plants continuously under
normal physiological conditions, these include ethylene, isoprene,
terpenes, sesquiterpenes [1] methanol [2] and some esters includ-
ing benzyl acetate, phenethyl acetate, methyl benzoate and benzyl
benzoate [3]. However, plants may respond to damage or externally
induced stress by releasing specific types of molecules exempli-
fied by hexyl acetate [4], and methyl salicylate that is known to
be released by plants in response to damage caused by herbivores
[5] and actually acts as an elicitor of foraging predatory mites [6].
The objective of the present study is to obtain kinetic data on ion
molecule reactions of the six esters shown in Scheme I with the
three commonly used SIFT-MS precursor (reagent) ions H30*, NO*
and Oy*°.
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The ion chemistry of these SIFT-MS precursor ions with these
esters has not been previously studied except for methyl salicylate
which has been studied by lachetta et al. [8]. The earliest SIFT stud-
ies were concerned with a series of simpler esters [9]. SIFT-MS has
been successfully used for measurements of the concentrations of
some flavourant biogenic monoterpenes and sesquiterpenes emit-
ted by vegetation such as myrcene, ocimene, a- and 3-pinene, -
and y-terpinene, 2- and 3-carene, R- and S-limonene and camphene
[10,11]. In those studies it was observed that the H30* reactions
with the monoterpenes (M), proceeded via proton transfer and
resultin formation of the protonated molecules MH* at an m/zvalue
of 137 and partly of a fragment ion at an m/z of 81. The NO* reac-
tions proceeded via charge transfer resulting mainly in the ionized
monoterpenes C;gHig* [10]. Thus, using H30* and NO*, SIFT-MS
can be used to measure the total collective concentration of these
terpenes in air. Their reactions with O,** result in greater amount
of fragments.

VOC emissions from plants, after extraction, can be very effec-
tively studied using the well proven separation methods of gas
and liquid chromatography [12,13]. The main shortcoming of these
methods is that they cannot provide real time quantification, which
is the main practical advantage of the SIFT-MS method. Proton-
transfer reaction mass spectrometry, PTR-MS, which is in some
aspects similar to SIFT-MS, is also capable of quantification of VOCs
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Scheme I. Chemical structures (according to [7]), summary formulas and molecular weights of the six studied phytogenic esters.

in real time [14] and has been used to analyse ethyl and methyl
esters in the headspace of water and water/ethanol solutions [15].
PTR-MS has been also used to quantify total collective amounts of
mono- and sesquiterpenes both in laboratory studies and in VOC
emissions by trees [16,17].

One of the important objectives of the research of VOCs released
by plants relates to the capability of various types of plants to clean
up contaminated soil and water in the so-called phytoremediation
process. One variant of this is phytovolatilization where plants take
up contaminants from water or soil and release them into the atmo-
sphere. The question is whether or not the final gaseous products
resulting from phytovolatilization cause any secondary pollution of
the environment. Thus, the present ion chemistry study involving
plant VOCs will facilitate differentiation between the natural (base-
line) plant volatiles and the possible additional volatile products
resulting from the process of phytovolatilization.

2. Experimental methods

The SIFT technique [18] has been described many times for
determination of the rate constants (often called rate coefficients in
the field of ion chemistry) and ion product distributions of the reac-
tion of H30*, NO* and O,** with organic compounds [8-11,18,19].
Thus, only the specific detail of the present experimental procedure,
are outlined below.

2.1. Determination of the branching ratios and the rate constants
of ion-molecule reactions

In order to determine the product ions and their branching
ratios, a sample mixture of dry air and a trace amount (typically less
than 10 ppm) of vapour of a compound of interest (one of the six
esters purchased from Sigma-Aldrich with stated purity of >99%)
was introduced into the SIFT instrument (Profile 3 SIFT-MS man-
ufactured by Instrument Science Limited, Crewe, UK) via a heated
calibrated capillary and full scan mass spectra were acquired whilst
each of the three selected precursor ions were alternately injected
into the helium carrier gas. The m/z mass spectral range was chosen
as 10-250 covering the molecular weights of the six chosen esters
and allowing for possible formation of adduct ions. For each pre-
cursor ion, five mass spectra were obtained with a total integration
time of 60 s. The major ion products were identified and their count
rates were precisely determined in separate experiments using the

multi-ion monitoring (MIM) mode [18]. In order to determine the
primary product branching ratios of the reactions, it is required to
plot the percentages of the individual product ions on a linear scale
as a function of the sample mixture flow rate determined accord-
ingly to the exponential reduction of the precursor ion count rate
(see such a plot for hexyl acetate in Fig. 1). By extrapolating to zero
flow (i.e., estimating the limit at zero sample concentration) the
true primary branching ratios, excluding any secondary reactions
can be obtained. Only product ions with resulting branching ratio
greater than 5% are reported.

It is well established that proton transfer reactions of H30*
proceed at the collisional rate as described by the collisional rate
coefficient k. when these reactions are exothermic by more than
40K]J/mol [20]. Thus, the rate constants for the reactions of H30*
were calculated as collisional (k) according to Su and Chesnavich
[21] using the dipole moment and polarisability data from [22-25].
The rate constants for the reactions with NO* and O,** (k) were then
derived from their experimentally derived decay rates relatively to
that for the H30* reaction [26] by injecting all three precursors
simultaneously and allowing them to react with the sample intro-
duced at varied concentrations. The count rates of H30*, NO* and
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Fig. 1. A plot of percentages of individual product ions as a function of the flow rate
of a mixture containing trace amount of hexyl acetate in humid air introduced into
SIFT when H30* precursor ions are injected. The primary product branching ratios
are obtained by extrapolating the lines to zero flow. Note that the sample flow rate
is in relative units when flow =1 corresponds to the e-fold reduction of the count
rate of H30* due to the reaction with the studied compound.
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0,** were plotted on a semi-logarithmic scale as functions of the
sample flow rate and the rate constants (k) for the NO* and O,**
reactions were determined from the relative slopes of these plots.

2.2. Kinetics of the ion chemistry involving water molecules:
determination of three-body association rate constants

The reactions of most molecules M with H30* precursor ions
generally result in the formation of nascent MH* ions. In the pres-
ence of water molecules, the H30" ions are partially converted to
hydrated hydronium ions H30*(H20);23. These cluster ions can
act as additional precursors and produce additional ion products
like MH*(H,0); 2,3 via ligand switching reactions. The MH* product
ions of proton transfer can also directly associate with H,O simi-
larly forming ions MH*(H,0); 3 3. Thus, the ion chemistry, which is
important for real time and accurate quantification by SIFT-MS, is
influenced by the presence of water vapour and it is necessary to
account for this [27].

In SIFT-MS measurements using H3O* precursor ions it is usually
the case that both MH* and its hydrates MH*(H,0); 2 3 are formed.
The ratio of the count rates of these ions change with the sample
flow rate and the sample humidity and by recording these relative
count rates the efficiency of clustering as a fundamental parameter,
related to elementary rate constants, can be obtained. The objective
of this section is to indicate the kinetic principles and the procedure
adopted to analyse the experimental data.

Three-body rate constants for the association reactions of MH*
ions with H,O molecules in helium, ky;;+ describe the rate of hydra-
tion of the protonated molecules in the gas phase:

MH* +H,0 + He — MH*(H,0) + He (1)

In order to obtain these rate constants experimentally it is impor-
tant to consider the role of H30*(H,0) ions formed in the following
three-body reaction described by the rate constant kH30+

H30* + H,0 + He — H30%(H,0) + He (2)

The three body-rate constant for reaction (2) has been previously
determined to be ky, o+ =6 x 1072% cm®s~! [27]. The cluster ions
formed in reaction (2) contribute to the formation of MH*(H,0)
ions via ligand switching with M:

H30%(H,0) + M — MH*(H,0) + H,0 (3)

So these hydrated protonated molecules MH*(H,0) can be pro-
duced by two parallel routes, viz reactions (1) and (3). The separate
contribution of reaction (3) can be quantified by a parameter S,
representing the contribution of the switching reactions to their
formation taken relatively to the formation of hydrated hydronium
ions [27]:

_ In([MH*] + [MH*(H,0); 5 3], /[MH"])
= In([H30%]o/[H307])

Here, [MH*] and [H30%*] (or [19]) are the count rates of MH* and
H5;O* ions detected by the downstream mass spectrometer, tac-
itly assumed to be proportional to the concentrations of the ions
at the end of the flow tube. [H30%]y is the count rate observed in
the absence of water vapour, which is also equivalent to the sum
of count rates of H30*(H;0)g 1 2,3. The subscript s denotes the the-
oretical count rates of the MH*(H,0); » 3 ions formed in switching
reactions only, as calculated from the linearised kinetic equation
(see [27]):

(4)

where t is reaction time, k37, ks5 and k73 are the rate constants for
the switching reactions of the respective hydrated hydronium ions
with M and [37], [55], and [73] are the actual count rates of the

H30%(H,0); 2,3 ions as observed in the experiments. The divisors 2
in Eq. (5) describe the fact that due to their continuous formation
in the flow tube [27], reaction times of the H30*(H,0); » 3 ions are
approximately half the reaction time of H30*. Thus:

_ In(1 + (IM]e([371(ks7/2) + [551(kss /2) + [73](ks3/2))/(IM]¢ - [19] 19)))

Sef In( + ((137] + [55] + [73))/119]))

(6)

By simplification of this expression the S, parameter can be

calculated from the known rate constants and the experimental
data as follows:

_ In(1 + (([371(ks7/2) + [551(kss /2) + [73](k73/2))/([19]k19)))

S In(1 +(([37] + [55] + [73])/[19]))

(7)

Similarly, the total contribution of both parallel routes of for-
mation of the protonated hydrated ions, i.e., via the association
reaction (1) and via the above switching reactions relative to that
for the reaction of H30* with H, 0O, can be described by a coefficient

Aeﬂrl
_ 2In(([MH*]+ [MH*(H,0), 5 3],)/(IMH"]))
7 In([H307 ]o/[H30"])

(8)

Again, the subscript 0 indicates the respective ion count rate in the
absence of water vapour in the helium carrier gas. Thus, the [MH" ]
can be acquired during analysis as the sum of the [MH*] and [MH*
(H30),] count rates (same as the procedure to determine [H30%]p).
The factor 2 in Eq. (8) is again a compensation of the reaction time
for continuously formed MH* ions, which is half of that for H30".
Because A is expressed in the terms of ion count rates only, it
can be directly obtained from the experimental data such as mass
spectra. An important test is that the experimental value of A is
invariant with [M] and also invariant with [H,0]. The value of Ay
has a very simple interpretation as it describes how much faster
clustering of MH* is compared to clustering of H30*. Mathemat-
ically Af so defined and expressed by Eq. (8) agrees with Agy as
used in [27] however the verbal definition of A,y in the previous
paper [27] was not strictly speaking correct because it incorrectly
neglected the contribution of switching.

Now the true contribution of association without switching is
simply described as A,g — Ser and the value of three-body associa-
tion rate constant can be calculated as:

kMH'*’ = (Aeff - Seﬂr) . kH30+ . (9)

So kyyy+ obtained from Eq. (9) is a fundamental three body associa-
tionrate constant anchored to the known value of ky, o+ . Numerical
examples of calculations of Agy and S, are given in Appendix A.

3. Results and discussion
3.1. Rate constants for the H30*, NO* and O,** reactions

The calculated rate constants, ke, for the reactions of H3O0* with
the esters and the experimentally determined rate constants, k, for
the NO* and O,** are summarized in Table 1. As can be seen, all
experimental rate constants are within the experimental uncer-
tainty +20% equivalent to the theoretical collisional k. values. The
only exceptions are benzyl acetate where the NO* reaction pro-
ceeds only at 60% of k. and methyl benzoate for which O,** reaction
apparently proceeds faster than k.. A possible explanation for this
is that the H30" rate constant is slower than k. by about 20% or
that the Su and Chesnavich theory is not precise for interactions of
ions with geometrically large molecules. Unfortunately the current
experimental method does not allow absolute determinations of
the concentrations of volatile compounds such as methyl benzoate
to accuracy better than 20%.
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Table 1

Rate constants for the reactions of H30*, NO* and O,** with the six esters indicated, given in the units of 1072 cm?s~'. Also given are the molecular weights (MW),

polarisabilities, , and the dipole moments, ;, of these esters.

Molecule MW o (1072 cm3) i (D) H30* [kc] NO* k [kc] 0% k [ke]
Hexyl acetate CsHi1602 144 16.20 1.86 [3.2] 2.6[2.6] 2.3[2.6]
Benzyl acetate CoHi00, 150 16.90 2.00 [3.4] 1.9[2.8] 2.5[2.7]
Phenethyl acetate C10H120; 164 18.56 2.04 [3.5] 2.9[2.8] 3.0[2.8]
Methyl salicylate CsHs03 152 15.82 2.53 [3.8] 321[3.1] 3.5[3.0]
Methyl benzoate CgHsO; 136 15.07 2.01 [3.3] 241[2.7] 3.5[2.7]
Benzyl benzoate C14H120; 212 24.78 2.08 [3.7] 2.5[3.1] 2.8[3.0]

2 Values of & and p, are taken from the literature [22-25].

3.2. Ion products of the H30* reactions

The reactions of five of the six esters with H3O* proceed via the
formation of a protonated molecule, MH*, which is the only ion
product for the methyl salicylate reaction (in agreement with the
previous study [8]) and the major ion product for the hexyl acetate
and methyl benzoate. Benzyl benzoate reaction is an exception to
this rule as it results only in formation of fragment product ions.

Partial fragmentation of the nascent MH* ions occurs in the
hexyl acetate reaction leading to the formation of C;Hs50,* (m/z
61) and CgH3* (m/z 85):

H30+ +CgH1602, — C8H1502H+ +H,0 77% (a)
— C2H50;+C6H12+H20 16% (b) (10)
— CGHB + CyH40, +H,O 7% (c)

Note the likely release of a hexene molecule in reaction (10b) and
an acetic acid molecule in reaction (10c).
The major product ion of benzyl acetate is C;H;* (m/z 91):

H30+ +CH190, — C7H;— + CH3COOH + H,0 86% (a)

— C9H1002H++H20 14% (b) an

The C;H* fragment is usually observed for electron ionisation (EI)
mass spectra of aromatic compounds and is called the tropylium
ion [28]. It is a heptagonal and planar, cyclic ion with 6 mr-electrons.
Note the parallel release of an acetic acid molecule. The minority
product (11b) is the protonated parent molecule MH*.

The tropylium ion is also formed in the benzyl benzoate reac-
tion. Note that MH" is not produced at observable intensity in this
reaction, which leads to two ion products with m/z identical to the
products of the benzyl acetate reaction (m/z 151 and m/z91). How-
ever the most plausible structure of the m/z 151 ion is CgH;03*
implying that the water molecule from H30" is incorporated into
the ion product:

H30++C14H1202 — C3H70;+(C6H5+H2) 60% (a)

— C7H;+C7H602+H20 40% (b) (12)

Note that formation of CgH;10," ion after proton transfer would
require a very unlikely neutral product CsHy,

The H30* reaction with phenethyl acetate produces the CgHg*
ion (80%) and, again, an acetic acid molecule and the protonated

Table 2

molecular ion C10H120; H* (20%).

The rate constants of the three-body association reactions of
the MH* ions with water molecules (1), as determined accord-
ing Section 2.2 (see also examples in Appendix A) are given in
Table 2. The three protonated acetates form water clusters very
efficiently (A 6.6-21; note that A, for protonated acetone is 3.1),
the ky+ being fastest for hexyl acetate, presumably because of the
aliphatic chain has many vibrational degrees of freedom. Proto-
nated methyl benzoate and the m/z product of the benzyl benzoate
reaction (CgH;03") associate relatively slowly (A 2.2 to 2.6) even
though the proton affinity of methyl benzoate is very similar to that
of hexyl acetate and thus any difference cannot be simply related
to the energetics of a proton bound structures. A possible expla-
nation why association of the protonated benzoates is slower than
association of protonated acetates can be that it is due to steric hin-
drance when the charge is located in the inner parts of the ion and
not on an accessible functional group, but this would have to be
substantiated by quantum chemical modelling. Protonated methyl
salicylate represents a very unusual exception in that, according to
the value of ky;y+, this ion does not associate with H,O (see also
the mass spectrum in Fig. 2 demonstrating the absence of an asso-
ciation product). Note that the PA of methyl salicylate is somewhat
greater than that of the other esters; however, the difference is only
5-10KkJ/mol, but still much greater than the PA of H, 0 at 690 kJ/mol.
Again, we can only hypothesise that the reason for this observed
anomaly is steric hindrance and that the charge is not located on
an accessible functional group.

3.3. Ion products of the NO* reactions

The reactions of NO* with the esters proceed via three-body
association reactions forming M-NO* adduct ions or via charge
transfer that in some cases results in fragmentation products
[18]. The reaction with methyl salicylate proceeds as simple non-
dissociative charge transfer in agreement with the previous study
[8]. The benzyl benzoate reaction leads to several fragment ions
including the tropylium ion. The reaction of NO* with hexyl acetate
is an example of straightforward simple three-body association:

NO++C3H]502 +He —» C8H1602-N0++HE 100% (13)

Kinetic data for the formation of hydrates of the protonated esters indicated, as formed by ligand switching and three-body association.

Compound P.A. (k]/mol)? Se® Aef© kyp+ (10727 cmBs—1)d
Hexyl acetate 845 0.4 21.0 124
Benzyl acetate n.a 0.4 10.7 6.2
Phenethyl acetate n.a. 0.4 6.6 3.7
Methyl salicylate 855 0.4 0.3 <0.1
Methyl benzoate 850 0.4 2.6 13
CgH;03*¢ na. 0.4 22 1.1

2 Proton affinities as taken from [7] are given where available; n.a. means that the P.A. is not known.

b Ligand switching efficiencies calculated from Eq. (7).

¢ Association efficiencies obtained from experimental data using Eq. (8).
4 Three body association rate constants calculated from Eq. (9).

¢ Protonated benzyl benzoate was not observed, reported values refer to the fragment ion indicated.
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The benzyl acetate reaction:

NO* + CoHig0, 5 CoH100; - NO™ 27% (a)
- CoH1003" + NO* 66% (b) (14)

—  C7HgO* +(CoH,0+NO*) 7% (c)

is an example of the three-body association reaction occurring in
parallel with charge transfer producing the parent radical cation
M**. Unfortunately no values of ionisation potentials are available
in the current literature for any of the six esters. However, on the
basis of the present data we can conclude, that the ionisation poten-
tials of benzyl acetate and methyl salicylate are less than ionisation
potential of NO, 9.25 eV, because otherwise charge transfer would
be endothermic and could not occur at room temperature.

The minor channel (14c) can be seen as a dissociative charge
transfer or as a transfer of C;H,0~ ion forming a neutral product
C,H,0ONOe.

3.4. Ion products of the O,** reactions

Reactions with the O,** precursor ion mostly proceed either
via non-dissociative charge transfer producing the parent radical
cation M** or via dissociative charge transfer reactions resulting in
several fragment ions [18]. The methyl salicylate reactions exem-
plifies both of these processes:

0;' + CgHgO3 — C8H3(23+. +0, 57% (a)
—~  (/HgOI"+CH,+0,  38% (b) (15)
— C7H405" +CH30H+0, 5% (c)

Note that our experimental data indicate that two fragment ions
are produced (15b) and (15c¢) in addition to non-dissociative charge
transfer that was previously reported by Iachetta et al. [8] to be the
only reaction channel. It is worthy of note that all products of the
0,** reactions given in Table 3 are also present on the EI spectra
[7] with the exception of benzyl benzoate, which on reaction with
0,** forms fragments that are not seen on EI spectra.

3.5. Avoiding m/z overlaps and optimised kinetic library entries
for SIFT-MS

The SIFT-MS method of determination of absolute concentra-
tions inreal time is based on obtaining the ratio of the sum of several

product ion count rates to the sum of the precursor ion count rates
weighted by their reaction rate constants. Additional coefficients
can be also applied to account for special circumstances such as
overlaps of contributions from different characteristic ions at the
same m/z value [29]. In analysis, these calculations are carried out
by the SIFT-MS analytic software on-line taking the rate constants
and other coefficients from the kinetic library [29]. Our objec-
tive was to construct entries for this kinetics library (i.e., define
the sets of m/z values of product ions needed for quantification
of the six esters together with the appropriate rate constants and
with coefficients to be applied in order to minimise cross sensitiv-
ity between different compounds. These library entries will thus
allow selective measurement of the concentrations of these six
esters.

In the course of this work we initially simply chose to sum
the count rates of all product ions of the H30* reactions given
in Table 3 together with their hydrates. This was done by listing
the product ions in the kinetic library with all f,, coefficients (used
to multiply the corresponding ion count rates) set as 1.0. Valida-
tions of this initial kinetic library using reference mixtures of the
six esters in air at approximately 10 ppm concentrations indicated
m/z overlaps between hexyl acetate and phenethyl acetate and then
amongst the group of benzoates (see Fig. 3a). Only methyl salicy-
late was quantified without any signs of overlap. The m/z overlaps
between hexyl acetate and phenethyl acetate was caused due to
the m/z 61 and 79 ions. The product branching ratios of m/z 61 and
its hydrate 79 was less than 5% for phenethyl acetate (and this it
does not even appear in Table 3) and 16% for hexyl acetate (see
Table 3). To avoid this overlap problem we have excluded these
m/z values from the final kinetic library entry (given in Table 4) for
phenethyl acetate. Other overlaps amongst benzoates were caused
by the same m/z values of the ion products of the benzyl acetate
and benzyl benzoate reactions (91, 151, and 169). The methyl
benzoate reaction leads to a small m/z 91 product (less than 2%)
and thus we excluded this product ion from the methyl benzoate
entry.

Somewhat more challenging was to resolve the m/z overlaps
between benzyl acetate and benzyl benzoate. The three main ion
products (including one hydrate) of the reactions of these two
esters are the same (m/z 91, 151 and 169); however the percent-
ages of product branching ratios are significantly different (Table 3).
Thus, we have exploited this difference in order to distinguish these
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Table 3
The product ions and the corresponding branching ratios for the reactions of H;0*, NO* and O,** with the six esters in helium carrier gas at 300 K.
Compound MW Formula H;0* m(z? NO* mfz 0yt m(z?
Hexyl acetate 144 CgH1602 77% CgH160,H* 145 (163) 100% CsH160,NO* 174 73% CeHio* 84
16% CH3COOH,* 61 (79) 27% C,H50,* 61 (79)
7% CeHiz* 85
Benzyl acetate 150 CgH100, 86% C;H;* 91 66% CoH1902** 150 88% C;HgO** 108 (126)
14% CoH190,H* 151 (169) 27% CoH1900,NO* 180 12% CoH1002** 150
7% C;HgO** 108
Phenethyl acetate 164 CioH1202 80% CgHo™" 105 84% CgHg™* 104 100% CgHs** 104
20% CioH120,H* 165 (183) 16% C10H1202NO* 194
Methyl salicylate 152 CgHgO3 100% CgHgO3H* 153 (171) 100% CgHgO3** 152 57% CgHgO3** 152
38% C7HgO3** 138
5% C7H40,** 120
Methyl benzoate 136 CgHgO, 93% CgHg O, H* 137 (155) 41% CgHo* 105 62% CgHgO,** 136
7% CgHo™* 105 53% CgHgO,NO* 166 38% C;H50* 105
6% CgHsO,** 136
Benzyl benzoate 212 Ci4H120; 60% CgH703* 151 (169) 45% CoH1902NO* 180 46% C7HgO** 108
40% C7H7* 91 25% C;H,0* 107 23% C7HgO2** 122
18% C7H50* 105 10% CoH1002** 150
12% C7H7* 91 16% CsH7* 79

3 m|z of the primary products with branching ratios >5% only are given (m/z of hydrated product ions are given in parentheses).

two compounds. The main idea in constructing the final kinetic
library entries for these compounds is to find linear combinations
of ion product count rates that would allow selective quantification
of different compounds. Note that for this purpose the ion count

rates of hydrated ions (when these are formed) should be added
to the ion count rates of the corresponding primary product ions
in order to ensure that the results will be valid for any concentra-
tion of H, O in sample. Such linear combination can be found by the
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Fig. 3. (a) Time profile of the concentration of the six esters calculated (in ppb) simply from the sum of the characteristic product ions in a validation experiment when
diluted samples of reference compounds are introduced sequentially. Note that overlaps between m/z values of products cause cross-sensitivity between hexyl acetate and
phenethyl acetate and amongst the group of benzoates. (b) The same raw experimental data evaluated using the optimised kinetic library as given in Table 4; note that cross

sensitivity has been dramatically reduced.
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SIFT-MS kinetics library in the format required by the SIFT-MS software for on-line calculations of the concentrations of the six esters, optimised for minimum cross sensitivity
(see the text for further discussion).

Hexyl acetate

Phenethyl

Methyl salicylate

Methyl benzoate

Benzyl benzoate

(H;0%) acetate (H;0%) (H50%) (H;0%) (H30%)
4 Precursors 4 Precursors 4 Precursors 4 Precursors 4 Precursors
19 3.2e-9 1.0 19 3.5e-9 1.0 19 3.8e-9 1.0 19 3.3e-9 1.0 19 3.7e-9 1.0
37 2.4e-9 1.0 37 2.6e-9 1.0 37 2.9e-9 1.0 37 2.5e-9 1.0 37 2.8e-9 1.0
55 2.1e-9 1.0 55 2.2e-9 1.0 55 2.5e-9 1.0 55 2.2e-9 1.0 55 2.4e-9 1.0
73 1.9e-9 1.0 73 2.0e-9 1.0 73 2.2e-9 1.0 73 2.0e-9 1.0 73 2.1e-9 1.0
Hexyl acetate Benzyl acetate Phenethyl Methyl salicylate Methyl benzoate Benzyl benzoate
(H;0%) (H;0%) acetate (H;0%) (H;0%) (H;0%) (H30%)
5 Products 3 Products 6 Products 3 Products 3 Products 3 Products
61 1.0 91 1.38 105 1.088 121 1.077 137 1.236 91 -0.30
79 1.0 151 —0.86 137 —0.06 153 1.088 155 1.088 151 1.96
85 1.066 169 —0.86 155 —0.06 171 1.088 153 -0.16 169 1.96
145 1.088 163 —0.01
163 1.088 165 1.1
183 1.1
simple solution of a set of the linear equations: that allow selective quantification of these esters in spite of some
overlaps between the m/z values of characteristic product ions.
A=fa91]p +8a[151+169], (a) (16)

B=/fs[91]g +g8[151+169]z (b)

Here A represents the linear combination used to quantify benzyl
acetate and B represents the linear combination to quantify benzyl
benzoate. The square brackets indicate the product ion count rates
registered when the compound indicated by subscripts A (benzyl
acetate) and B (benzyl benzoate) is introduced into SIFT-MS. The
constraints on the coefficients f and g (treated as the unknowns in
the set of equations) are given by the requirement of calculating
zero concentration of A when only B is introduced and vice versa:

0=fa[91]g+8a[151+169]5 (a)

0=/fa[91]x+gs[151 +169]5 (b) (17)

Now it is possible to calculate f and g coefficients from the exper-
imental data of ion count rates using the pure compounds. For
the case of benzyl acetate and benzyl benzoate the results are:
fa=1.38, ga=-0.86, fg=—0.30 and gg = 1.96. Details of calculation
for these two compounds are given in Appendix B. Similar exper-
iments and calculations were used to resolve other m/z overlaps.
The final kinetics library entries as given in Table 4 were then used
to calculate concentrations of all these six esters in the H3O* vali-
dation experiment and, as can bee seen in Fig. 3b, cross sensitivity
has been successfully minimised using this kinetic library. Finally,
itis worthy of a note that the m/z 91 product of benzyl acetate over-
laps with the H30*(H,0)4 water cluster and thus NO* that leads to
m/z 150 and 180 characteristic product ions is a more suitable pre-
cursor ion for this compound, however m/z 180 is a main product
of benzyl benzoate and thus only m/z 150 should be used with an
appropriate coefficient.

4. Concluding remarks

The data obtained in this study allow SIFT-MS analyses of phy-
togenic esters in the presence of water vapour. On the basis of these
dataitis now possible to use SIFT-MS to study ester emissions from
plants and possibly also from other organisms such as bacteria. The
combination of the three different precursor ions used for SIFT-MS
provides a tool to diminish ambiguity and to positive identify the
esters in mixtures of volatile compounds in air. Protonated esters
have a propensity to form cluster ions with water molecules and
the rate constants for such reactions have been also obtained in
this study. As a practical outcome, in addition to fundamental ion
kinetics data, SIFT-MS kinetic library entries have been constructed
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Appendix A. Numerical examples of the calculations of the
parameters S, A and kyy+ for hexyl acetate and methyl
salicylate

The experimental precursor and product ion count rates (cor-
rected for mass discrimination and differential diffusion) for H30*
reactions of hexyl acetate and methyl salicylate are given in
Table A.1. The data were acquired in the MIM mode, as described
in Section 2.1. The symbols kqg, k37, k55 and k3 indicate the rate
constants for the proton transfer reaction and for the switching
reactions of the respective hydrated hydronium ions with M and
are calculated according Su and Chesnavich [21]. Square brack-
ets [19], [37], [55], and [73] indicate the actual count rates of the
H30%(H,0); 2,3 ionsand [MH*] and [MH*(H,0)] are the actual count
rates of the protonated molecule of a sample and its hydrate.

Assigning these numerical values for hexyl acetate to Eq. (7)
gives the value Se5=0.4. Using the values from Table A.1 in Eq. (8)
gives.

e 21In((([198802 + 337378],)/[198802]))
o = In(([1108200 + 96514 + 12455 + 1018],)/[1108200])

Finally combining these two numbers with the known rate con-
stant gives kyyy+ = (21.0 —0.4)-6.0- 10728 =12.4.107% cm6 s,

Analogical calculation for methyl salicylate provides according
to Eq. (7) the same result for S,;=0.4 however the value of Ay
according to Eq. (8) is much smaller:

B 21n(([135510 + 2029],)/[135510])
o = In(([1856555 + 177350 + 14608 + 703],/[1856555]))

The fact that Aey is very close to S (actually somewhat smaller
in this example) means that within the experimental error asso-
ciation does not measurably contribute to the formation of the
hydrated protonated ions.

=21.0 (A1)

A =03 (A2)
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Table A.1
Experimental count rates and rate constants used in this example.
M /s k(102 cm3s-1) ¢/s[MH*(H,0)]
[19] [37] [55] [73] k1o k37 kss k73 [MH*]
Hexyl acetate 1108200 96514 12455 1018 3.2 24 2.1 1.9 198802 337379
Methyl salicylate 1856555 177350 14608 733 3.8 29 2.5 2.2 135510 2029

Appendix B. Numerical examples illustrating optimisation
of the kinetic library entries for minimisation of the effect
of overlaps.

This appendix illustrate the numerical calculations used in
obtaining the f, coefficients for benzyl acetate and benzyl ben-
zoate accounting for the overlaps of the ion products at m/z 91,
151 and 169 according to the procedure explained in Section 3.5.
The experimental count rates (in c/s after correction for mass dis-
crimination and differential diffusion) were obtained when benzyl
acetate (symbol A) was introduced as [91]5 =8606, [151]4 =609,
[169]4 =746 and when benzyl benzoate (symbol B) was introduced
as [91]3=8822,[151]3=11088, [169] =3318.

The solution to a set of linear equations (17a) and (17b) for these
count rates is

[151 + 169],

fa= 8oy}, = EA 1.63 (B.1)
[151+169]a
fo = & oqy, — 80157 (B:2)

The coefficients ga, gg, fa and fg can now be calculated by solving
the following set of equations obtained from (16a) and (16b):

9961 = —ga - 12698
23228 = —gg - 13017

as fa=1.28,g4=-0.78, fg=—0.28, gg = 1.78.

Finally in order to produce practically applicable accurate kinet-
ics library it is important to account for the isotopic abundance of
13C by multiplying these coefficient by 1.077 for m/z 91 and 1.099
for m/z 151 and 169.

(B.3)
(B.4)
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