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Selected ion flow tube mass spectrometry (SHMS) has been employed to study the-tomolecule reactions

of 17 alkyl esters reacting with the common SHWIS reagent ions, kD*, H;O™-nH,O (n =1, 2, 3), NO,

and Q". The majority of reactions were observed to proceed at or near collision rate, with the exception of
H3O0"-3H,0, which was found to be slow for 8 of 17 alkyl esters. Unexpected product ions in the form of the
parent carboxylic acid cation were observed to arise from #@"Fnd NO" reactions of some alkyl esters.

The observed reactions have been probed by the ab initio CBS-4M and G2(MP2,SVP) methods. The postulated
reaction pathway involves a 1,5 H atom migration froni-aarbon onto the carbonyl oxygen.

Introduction majority of synthesized isobutyl acetate is used as a solvent in
artificial cellulose, while only a small percentage is consumed
as flavorings and fragrances.

SIFT—MS is an ideal technique for all of these applications
due to its rapid screening ability, low limit of detection, and
wide quantitation range (parts per trillion up to parts per
million).3

Selected ion flow tube mass spectrometry (SHVS) is an
analytical technique based on the iemolecule chemistry
taking place in a flow tube reactor. First introduced by Smith
and Spanel, SIFT-MS is now an established technique that
has advantages over many other analytical approaches—SIFT
MS provides a quantitative measure of analytes in air mixtures
in real time at sensitivities in the low parts per billion level for
most analyte$,and more recently the parts per trillion level
for particular ana|yte§.This very low level quantitation is The instrument used in the current study is a Voice100 SIFT
enabled by a thorough understanding of the chemical kinetics MS (Syft Technologies, Christchurch, New Zealand) analytical
of an ana]yte with each of the SIFIMS reagent ions (usua”y instrument (Figure 1), which is a small, commercialized, selected
HsO", NO*, and Q*).14 To properly utilize SIFF-MS as an ion flow tube mass spectrometer (SHMS). The Voicel00
analytical technique, at a level that will provide analyte has been briefly mentioned in earlier papgtsiowever, it shall
quantitation, requires knowledge of the rate coefficients, product be discussed here in substantial detail in relation to the current
ion channels and their respective branching ratios, reactions ofstudy. The Voicel00 instrument is similar to SHWS
the water cluster ions with the analyte, and secondary reactionsinstruments described previously by Smith and Spankis
of major product ions with kD. Currently, the database of this ~group!* and Schoon et & with a few subtle, yet important
knowledge contains over 400 compounds which can be quanti- differences.
fied by SIFT-MS. The known compounds allow the SIFT In the Voicel00, ions are generated by a microwave discharge
MS instrument to be used in such applications as breath acting on and ionizing a saturated air/water mixture~&t3
analysist® environmental monitorin§ pil exploration” and the ~ Torr, a process commonly known as a static afterglow. Reagent
detection of peroxide based explosives favored by some ions (HO*, NO*, and Q) are individually mass selected in
terrorists® Smith, Spanel, and co-workérshave made a  the upstream chamber (atl x 10°° Torr) by a quadrupole
determined effort to provide these data for some of the more mass filter, and injected against the pressure gradient into the
common analytes. However, there is a need for the addition of flow tube through a venturi orifice.
many more compounds which are of interest to other applica- Neutral analyte is introduced into the flow tube at a distance
tions. of 6 cm from the venturi, where the carrier gas flow is assumed

Alkyl esters are common volatile organic compounds due to t0 be laminar. lon/molecule reactions are then carried out in
their relatively high vapor pressure compared to their parent the reaction region, which is approximately 25 cm long, with a
carboxylic acic® Esters are known to have a distinctive odor Measured ion transit time of 4 ms. lons are then sampled through
commonly associated with various fruits, and are often used as@n €lectrostatic orifice at the end of the flow tube, into the
artificial flavors or fragrances. For example, isobutyl acetate is downstream chamber. On entering the downstream chamber (at
a component of banana odor, and along with two other similar <1 x 1075 Torr), ions resulting from the ion/molecule reaction
esters, makes up 50% of natural banana flavors and stells. Of interest are mass selected by a second quadrupole mass
The same ester is commonly used as a synthetic replacemengPectrometer, and detected on a continuous dynode electron

for cherry, raspberry, and strawberry flavors. However, the Multiplier. . . .
The flow tube is approximately 30 cm long and 5 cm in

1 Syft Technologies Ltd.. diameter and is bent through 880 as to stack the downstream
* University of Canterbury. on the upstream chamber, and therefore minimize the overall
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on injection. Therefore the rate coefficients of hydronium ion
water clusters reacting with the alkyl esters were measured by
d injecting a small flow of a saturated air/water mixture into the
Detgctor flow tube upstream of the reactant inlet enough to create an
appreciablen/z 73 signal, and then varying the neutral analyte
flow. It is important to note that the formation of water clusters
occurs throughout the length of the flow tube as the pseudobi-
molecular rate coefficients for these processes are slow, even
at elevated water concentrations. Therefore, #3+hH,0 ions
react with the analyte, there is less®+(n+1)H,O available
to react, and the signal of the higher water cluster is lowered.
& @ Sample This is only a problem with the initial kinetics and not a problem
Scikia g 4 o ki when monitoring e+sters at trace levels. To determine the actual
values of the HO™-nH,O + analyte rate coefficients, the
consecutive reaction sequence of all the reactions had to be
deconvoluted, and solved to obtain the individual rate coef-
ficients. First the termolecular rate coefficients measured by
Venturi Young et al*® were used and adjusted to the number density of
the Voicel00 flow tubé’ These measurements were used as
argon was employed as a third body, and they were made at a
footprint of the instrument. Both the upstream and the down- temperature (337 K) not greatly different from the current study.
stream chambers are pumped by 500 wirbo-molecular  The rate laws are given as egs4, wherey(X*) is the rate of
pumps, and flow tube gases are removed by a roots blowerreaction of X~ with H,0, kx is the rate coefficient of the given
(100 L s* at 0.5 Torr). The venturi orifice used on a Voice100 jon with H,0, ka, is the rate coefficient of the given ion with
is a dual inlet system, where helium is used to create the venturithe analyte of interest, arl@X ™) is the intensity of the X.
effect on an inner annulus, and argon is added through a second
annulus on the venturi plate that is further from the center. Argon v(H30+) = —kl|(H30+) — kAl|(H3o+) (1)
is employed in the flow tube to decrease radial diffusion, leading
toan increased ion densny at the samp_ll_ng orifice, and the_reforeV(Hao,Hzo+) = —k (H30+-HZO) _ kAZI(H30+-H20) n
an increased overall instrument sensitivity when used in the "
analytical modé?2 All experiments were performed with a flow kil(H:07) (2)
tube pressure of 0.5 Torr, and an argon/helium ratio of
approximately 3:2. An empirical ion time-of-flight has been ¥(H;0-2H,0") = —kjl(H;0"+2H,0) — Ky5l(H;0"+2H,0) +
measured on the Voicel00, which is found to-b#&.6 times kZI(H3O+-HZO) (3)
faster than the bulk carrier gas velocity. This ratio, and the fact
the Reynold’s number is less than 100, is indicative of the carrier i L o+, +,
gas having a laminar velocity profifé. V(H0-3H07) = kil (H,07-3H,0) 1 kel (H,07-2H,0) - (4)
Rate coefficients and branching ratios were determined in
the usual way for flow tube kinetics, by the semilogarithmic
plot of ion intensity against neutral flo¥.Appropriate correc-
tions have been included for the differences in diffusion
coefficients and also mass discrimination. All esters used in this
study were obtained from commercial sources with stated
purities of better than 99% in most cases. In the current study,
the rate coefficients have been determined absolutely by directly
measuring the flow of alkyl ester vapor, which has been purified
by freeze-pump-thaw cycling. An example of a typical
measurement is given as Figure 2. The uncertainty of gaH
NO*, and Q' empirical rate coefficients is deemed to-h&5%
based on the addition of uncertainties from each individual piece
of experimental equipment used in measuring a rate coefficient,
and the accuracy of the linear fit of the semilogarithmic plot. |H0*H,0 _ _ //H:0*H,0 - HaO™-H,0 _
Branching ratios are deemed to ha80% uncertainty, again l 9y O+;O (lo exp( k2[|_:|28]t)) J;gf’
based on experimental apparatus, but also based on the lo° "7 exp(-ky[A]t) + (I5™" —15°" exp(=k[H,0]t))
extrapolation procedure to determine the branching ratio without (5)
interferences from secondary chemistry.
The ion chemistry of KOt (but not NO™ or O,*) with the represents the ion signal a¥z 37 at some timet
esters of this study suffers the complication of water ion cluster corresponding to the iteration time art@foﬂHzO is the same
formation and some deconvolution of the water ion cluster signal before the iteration. The valueskaf, are determined by
reactions is necessary to fully understand th®Hchemistry. solving using a NewtorRaphson optimization procedure.
We discuss this next. In the presence of mixtures containing The integrated rate expressions (such as eq 5) used for
water, the water cluster ions afz 37, 55, and 73 are formed.  deconvolution of the hydronium ion water cluster rate coef-
These hydronium ion water clusterss®t-H,O m/z37, HO*- ficients require knowledge of thez®*-nH,O + H,O (n = 0,
2H,0 mvz 55, and HO"-3H,0O nvVz 73) cannot be selectively 1, 2, 3) rate coefficients. These cannot be measured directly on
injected into the Voice100 flow tube, as ion declustering occurs a Voicel00 as = 1, 2, and 3 cluster ions cannot be injected

Downstream chamber
(product ions selected)

Upstream chamber
[precursor ions selected)

Figure 1. A schematic diagram of the Voice100 SHMS instrument.

Quite complex analytical solutions to the integrated rate laws
were determined for each of thes®r-nH,O precursor ions;
however, a simpler iterative solution was used to deconvolute
the rate coefficients in this work. The iterative solution uses an
integrated rate law where the individual terms for the above
rate expressions are integrated separately.idfthe time for
each reaction segment then tas> 0, the iteration solution
approximates the flow tube conditions. Therefore, the integrated
rate expressions are only evaluated across very short time
periods (1/1000 of the total reaction time), and the ion intensity
at the end of the flow tube is determined after 1000 iterations.
An example of an integrated rate expression applied to the
iterative solution for HO*-H,O is given as eq 5.

| HaO*Hz0
t
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Figure 2. Example of an ion/molecule reaction kinetics plotCH + n-propyl acetate (CECOOGH-).

into the flow tube without collision dissociation breaking up TABLE 1: Comparison of Hydronium lon Water Cluster
the cluster ion. The termolecular rates are given as el 6  Rat€s Measured on Voicel00, Using the Iterative Method to

and are found to predict thes@™-nH,O (n = 0, 1, 2, 3) Known Literature Rates?
intensities on a Voicel00 at a specific humidity. Because these

kexp [ke)/2100 cm® 571

rates predict the observable intensities on a Voicel00, the effects ~ compound HO*  H30*H,O HzO0™-2H,0 Hz0™3H;:0
of HsO™nH.O declustering reactions are minimal. Also the acetone (this study)  3.9[3.9] 2.7[3.1] 3.7 [2.8] 2.3[2.6]
reverse reactions are known to be too slow to influence the acetone (ref 19) 3.8[39] 3.2[31] 28[28] 2.412.6)
resultsld acetone (ref 20) 2.3[3.1] 2.2[2.8] 2.1[2.6]
methanol (this study) 2.7[2.7] 2.3[2.3] 3.3[2.1] 0.8[2.0]
methanol (ref 20) 27271 19][2.2] 1.8[2.1] 1.7 [2.0]

ks /cm® molecule® s™

a All values of kexp measured at approximately 298 K and 0.5 Torr.

+ + -28
HO™ + H0 + Ar — HOHO+Ar 6x10 () The collision-limiting rate coefficients are given in parentheses.
HsO*H,O + HO + Ar  — HzO*.2H,0 + Ar 6x 102 7 _ _
and may increase the uncertainty to a value even larger than
Hs0*.2H;0 + H;O0 + Ar  —  Hs0*.3H;0 + Ar 2x 102 (®) that quoted here.

The iterative method has been verified against empirical rates

The accuracy of the measurement of the water clustering rateof hydronium ion water clusters reacting with acetone as
coefficients is unknown, although it is assumed to be no better measured by Yang et &l and the rates of the same ions reacting
than+30%. But, because the formation of each water cluster with acetone and methanol as measured by Viggiano € al.

is sequential, D" +2H,0 requires two HO clustering rates with
a cumulative errof=60%, and HO™-3H,0 three clustering rates
(cumulative error--90%). As the measurement of hydronium
ion water cluster rates requires knowledge of both th®H

are compared in Table 1. The differences in thg®t2H,0

and HO™-3H,0 rate coefficients measured in this study com-
pared to the literature rate coefficients is indicative of the large
uncertainty. However, the iterative method is preferred due to

nH,O + H,O clustering rates and the rates of the smaller the ease of measurement. From the comparisons shown in Table
hydronium ion water clusters with the analyte, the uncertainty 1, itis seen that the current method of iteration gives acceptable
on the rate coefficient is large.sB*-H,0O, H;0"-2H,0, and agreement with the literature, albeit with increasing uncertainty
H;0"-3H,0 have uncertainties af45%, +90%, and+135%, compared to the direct measurementsrfer 2 and 3 clusters.
respectively. The results shown in Table 2 for the rate coefficients of the
By reducing the absolute potential applied to the nose-cone listed ester with the water cluster ions are very sensitive to the
sampling orifice at the end of the flow tube to the lowest possible rate coefficients for water chemistry that were chosen from the
potential in which ion transmission is still acceptable (less than literature. The values chosen here from Young éf gave the
5 V with respect to ground), collision-induced dissociation of best fits for acetone and methanol that have been determined
hydronium clusters has been minimized. However, a small in other laboratories.
amount may still be occurring, which will add to the uncertain- Structures and energies of the analytes and some hydrates
ties on the rate coefficients given for the hydronium cluster ions have been calculated with the Gaussian 03W suite of soffivare
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TABLE 2: Kinetic Parameters of 17 Alkyl Esters Reacting with SIFT—MS Reagent lons Measured at 298 K and 0.5 Torr
Kexp [Ke]PS/107° cmP s7*

Compound yDa/debye (Xa/AB HgO* H30+'H20 H30+'2H20 H30+'3H30 NO* 02'Jr
n-butyl formate 2.4[2.03] 10.0 3.0[3.5] 3.2[2.8] 1.7[2.7] <0.01[2.3] 1.3[29] 2.2][2.8]
n-propyl acetate 2.2[1.78] 10.2 3.3[3.3] 3.0[2.4] 3.2[2.1] 3.2[2.0] 1.8[2.7] 2.2[2.6]
n-butyl acetate 2.2[1.87] 12.0 2.9[3.3] 3.4[2.5] 4.6[2.2] 1.8[2.0] 2.0[2.8] 2.3[2.7]
isobutyl acetate 2.2[1.86] 12.0 3.2[3.3] 3.3[2.5] 4.1[2.2] <0.01[2.0] 2.2[2.8] 2.3[2.7]
sechutyl acetate 2.2[1.87] 12.0 3.1[3.3] 2.1[2.5] 2.6[2.2] 1.8[2.0] 2.1[2.8] 25[2.7]
tert-butyl acetate 21 11.6 3.2[3.2] 2.2[2.5] 2.9[2.1] 1.8[1.9] 1.8[2.7] 2.0[2.6]
methyl propionaté 1.8 8.1[8.97] 2.7[3.1] 3.0[2.4] 3.9[2.1] 0.7]1.9] 1.5[2.6] 1.9[2.5]
ethyl propionaté 2.0[1.74] 9.9[10.41] 2.9[2.9] 3.3[2.2] 4.6[1.9] 1.3[1.8] 1.7[2.4] 22[23]
n-propyl propionate 1.9 11.7 3.3[3.0] 3.7[2.3] 4.6[2.0] <0.01[1.9] 2.2[2.5] 2.2[2.5]
isopropyl propionate 1.9 11.7 3.1[3.0] 2.8[2.3] 3.1[2.0] <0.01[1.9] 2.1]2.5] 2.2[2.5]
n-butyl propionate 1.9 13.3 2.9[3.1] 2.9[2.4] 3.0[2.1] 1.7[1.9] 1.8[2.6] 2.41[2.5]
tert-butyl propionate 1.9 13.3 3.0[3.1] 3.6 [2.4] 27[21] <0.01[1.9] 1.8[26] = 2.3[2.5]
ethyl butyrate 1.8[1.74] 12.0 3.0[3.2] 2.9[2.2] 3.7[2.1] <0.01[1.9] 2.412.7] 2.5[2.6]
n-propyl butyrate 1.9 13.6 3.2[3.2] 2.8[2.4] 3.6[2.1] <0.01[1.9] 2.0[2.6] 1.8[2.6]
isopropyl butyrate 1.9 13.6 2.8[3.2] 1.5[2.4] 3.4([2.1] <0.01[1.9] 2.2[2.6] 2.7[2.6]
n-butyl butyrate 2.0 15.3 3.1[3.2] 3.6[2.5] 2412.1] 1.1[1.9] 2.2[2.7] 2.9[2.6]
isobutyl butyrate 2.0 15.3 2.9[3.2] 3.2[2.5] 1.9[2.1] 1.3[1.9] 2.0[2.7] 2.0[2.6]

aValues calculated with the Gaussian 03 suite at the B3LYP level of theory, using the -6)&Ld(p) basis set. Experimental values sourced
from the literature are given in square brackétall literature values shown of the dipole moment are from liquid phase measurements which are
known to have a large associated uncertaihfyxperimental rate coefficientke,) for H;O*, NO*, and Q" are quoted with+15% error, and
collision limiting rates k) with £20%. The uncertainty on the hydronium ion water cluster rates is discussed in the text. Collision rates were
determined by the parametrized trajectory method of Su and ChesriavidRate coefficients of sD*-nH,Othat appear anomalously large are
discussed in the text.Comparable with literature values fo8', NO*, and Q" reactions® Polarizability and dipole moments given in ref 30
for methyl and ethyl propionate are based on estimates, and are not deemed to be accurate enough for a direct comparison.

by the CBS-4M (complete basis set extrapolation) compound For ethyl propionate, literature values of both dipole moment
method of Petersson and co-work&3&3and the G2(MP2,SVP)  and polarizability are known. When a collision-limiting rate
compound methoé The latter is a more time-consuming coefficient is calculated with the literature parameters, the values
method, and has been employed for comparison to the CBS-returned are approximately equal to the values determined when
4M method. All values of electronic energy, enthalpy, and free using the quantum chemically calculated dipole moment and
energy are determined at 298.15 K. Where unknown, dipole polarizability. This observation is fortuitous, but allows for
moments and polarizabilities have been calculated by using thereasonable confidence when calculating collision-limiting rate
B3LYP level of theory and a 6-311G(d,p) basis set, with diffuse coefficients for all other esters presented here.

functions added where necessary. Discussion of HO* Reactions

Results All 17 reactions with HO™ were observed to proceed at or
Experimental absolute rate coefficients and collision limiting near the collision-limiting rate, with proton transfer being a
rate coefficients for the reactions of 17 alkyl esters with common major product ion channel for 16 of the 17 reactions studied.
SIFT—MS reagent ions are given as Table 2. Table 3 then lists When exergonic proton transfer is observed, experience has
the observed product ion masses, an estimation of the ionicshown that the experimental reaction rate is expected to be the
structure, and the observed branching ratio. Collision rates havecollision-limiting rate3!
been determined by the method of Su and Chesna&vishgere For all reactions of BO™ + ester, where the “alkoxy bound”
the quoted uncertainty a£20% is derived from an expected carbon chain is ethyl or longer (e.@thylpropionate GHsO—
uncertainty on the dipole moment and polarizability. Also COGHs), an unexpected primary product ion is observed. The
included in Table 3 are some thermodynamic parameters of observed product ion mass corresponds to the mass of the
interest. Where the values are available, proton affinities and protonated parent carboxylic acid (e.g., for ethyl propionate,
ionization energies have been sourced from the NIST dat&base m/z75 is observed, corresponding to protonated propionic acid).
with uncertainties on the ionization energy #0.2 eV and These protonated carboxylic acids were found to be a feature
proton affinity of +3 kJ mol1.2728 of the HsO™ + ester reactions as shown in reaction 9.

Discussion

0 OH
The dipole moments determined in this study by quantum H,0* + )k — k + Neutral Product(s) )
chemical methods are found to be approximately 20% higher - HO B

than the literature values. However, all the literature values of

dipole moment shown in Table 2 were determined from liquid  The formation of a protonated carboxylic acid product ion is
phase measurements, and these are known to have a largsupported by Hopkinson et & who studied small esters with
uncertainty based on association effects. The two literature a variety of reagent ions and supported the data with deuterium
values of polarizability given in Table 2 are calculated by a labeling studies, and Denekamp and Starfgétwho studied
parametrized method, but have been compared to previousthe collision-induced dissociation of alkyl benzoates. However,
experimental values and agree to well within the quoted the presence of a benzene ring may allow electronic stabilization
uncertainty. The values of polarizability calculated by quantum of some transition states, and the mechanisms proposed by
chemical methods in this study are found to o&0% lower Denekamp and Stanger may not apply to the alkyl esters
than the literature values. This observation is possibly attributed presented here.

in this work to the use of a small basis set, and ignoring  The mechanism of formation of the parent carboxylic acid
important conformers so as to minimize calculation time. cation was initially postulated to be similar to a solution-phase
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TABLE 3: Product lons Observed from the Reaction of the Specified lon with the Ester Listed at 298 K and at 0.5 Torr

H30O* NOt+ O+
'l PA/ IE/
compound gmoll kJmol!l eV ion m'z BR ion mz BR ion nmz BR
n-butyl 102 806.0 10.52 &H1gO.H* 103 0.25 GH1002NO* 132 0.80 GH1002" 102 0.05
formate GHg"™ 57 0.75 GHO™" 73 0.15 GHgO* 73 0.05
C4Hg"™ 56 0.05 GHg™ 56 0.90
n-propyl 102 836.6 9.98 &1g0HT 103 0.35 GH1002*NO* 132 0.30 GHsO,+ 73 0.10
acetate GH,O" 85 0.05 GHoO2* 101 0.20 GHsO,"™ 61 0.55
CoH30H* 61 0.50 GHgO™ 84 0.10 GH,O" 59 0.05
CHsCO"/CsH7m 43 0.10 GH;,O" 59 0.10 CHCO"/CsH7m 43 0.20
CH;CO™/CeH;m 43 0.30 CHCO'/C3Hg" 42 0.10
n-butyl 116 9.94 G@H10H" 117 0.35 GH120°NO* 146 0.65 GHg"™ 56 0.90
acetate Q:HsOZHer 61 0.55 (.EH]_],OzJr 115 0.05 C:Id(:oJr/(.::gH7+ 43 0.10
C4Hg" 57 0.10 GHgO™ 73 0.15
CH;CO™/CeH;,m 43 0.15
isobutyl 116 9.97 @H0H" 117 0.20 GH120)NO* 146 0.15 GHeO2" 86 0.05
acetate @H30H2* 61 0.70 GH110." 115 0.25 GHyO™ 73 0.10
CyH10" 58 0.05 GHeO2* 86 0.05 GHs02* 61 0.05
CHCO'/CsH;m 43 0.05 GHoO 73 0.30 GHg" 56 0.60
CsHg* 56 0.10 CHCO'/CsHsm 43 0.20
CH3CO"/CsH7m 43 0.15
secbutyl 116 9.90 GH10H* 117 0.20 GH120)NOt 146 0.35 GH1202" 116 0.05
acetate GH30H, " 61 0.75 GH110," 115 0.05 GHgO™ 73 0.05
C4Hg* 57 0.05 GH402*NO™ 90 0.30 GHs02* 61 0.30
C4Hg"NO* 86 0.15 GHg™ 56 0.35
C4H,O" 73 0.15 CHCO"/CsH7m 43 0.25
tert-butyl 116 10.00 CeH10H* 117 0.05 GH1,0,°NO* 146 0.05 GHoO2+ 101 0.30
acetate GHg ™ 57 0.95 GH40,NO™ 90 0.45 GH30," 59 0.10
C4Hg"NO* 86 0.40 GHg™ 56 0.60
C4Hg™ 56 0.10
methyl 88 830.2 10.15 fEgOHT 89 0.90(0.95) GHgO*NO* 118 0.45(0.20) GHgO" 88 0.35(0.25)
propionaté CoHsCO*™ 57 0.10(0.05) @HsCO*" 57 0.55(0.80) @HsCO* 57 0.65(0.75)
ethyl 102 813.3 10.00 GHiOH* 103 0.90(0.95) €H100rNO*™ 132 0.55(0.60) €H1002" 102 0.25(0.05)
propionaté C3H502H2Jr 75 0.05 QHsCOJr 57 0.45 (040) @‘|502Jr 74 0.15 (005)
C,HsCO™ 57 0.05 (0.05) @HsCO™ 57 0.40 (0.45)
CoHsO™ 45 0.20 (0.15)
n-propyl 116 9.96 @H0HT 117 0.40 GH120,NO* 146 0.25 GH;O2* 75 0.55
propionate GH-50H2" 75 0.40 GH120," 116 0.05 GHsO™ 57 0.35
C3HsO™ 57 0.10 GH110," 115 0.10 GH7" 43 0.10
C3H7 43 0.10 GHsO* 57 0.60
isopropyl 116 QHLOH* 117 0.10 GH1,0»NO* 146 0.35 GHyOs" 101 0.05
propionate @4-502H2+ 75 0.75 QH]_;],OzJr 115 0.40 G)H702Jr 75 0.40
C3HsO,™ 73 0.10 GHgO,™ 89 0.25 GHsO™ 57 0.30
CsH7+ 43 0.05 GHsO* 45 0.10
CgH7+ 43 0.15
n-butyl 130 (}H1402HJr 131 0.40 GH;|_402'NOJr 160 0.40 G)H702Jr 75 0.40
propionate GHsOH2 ™ 75 0.35 GH130," 129 0.10 GHg" 56 0.60
C4Hg* 57 0.25 GHg'NO* 86 0.10
C4Ho™ 57 0.40
tert—butyl 130 (3H1402HJr 131 0.10 GH;|_402'NOJr 160 0.05 (5H;|_;|_02+ 115 0.10
propionate GHsOzH2™ 75 0.10 GHeO2:NO* 104 0.45 GH7Oz* 75 0.10
C4Hg™ 57 0.80 GHg-NO™ 86 0.35 GHg" 56 0.80
CsHg* 56 0.15
ethyl 116 GH120,H™ 117 0.80 GH120)NOt 146 0.30 GH1202" 116 0.10
butyrate GH;O*" 71 0.20 GH;,O" 71 0.70 GH,O" 71 0.75
CsH7+ 43 0.15
n-propyl 130 GH140,H" 131 0.25 GH140.-NO* 160 0.05 GHyO," 89 0.60
butyrate GH7OzH2™ 89 0.30 GH;,O" 71 0.85 GH,O" 71 0.30
C4H,0" 71 0.10 GH7" 43 0.10 GH7" 43 0.10
C4Hg™ 57 0.30
CaH7" 43 0.05
isopropyl 130 GH7O.H,™ 89 0.45 GH,O" 71 0.30 GHoO2* 89 0.15
butyrate GH;O*" 59 0.25 GH;,O" 59 0.65 GHgO2* 88 0.05
CsH7+ 43 0.30 GH;* 43 0.05 GH-,O" 71 0.15
C3H7O" 59 0.10
CoHs0™ 45 0.35
CsH7™ 43 0.20
n-butyl 144 GH160,HT 145 0.65 GH1602°NO* 174 0.25 GH,O" 71 0.25
butyrate GH7OH, ™ 89 0.35 GH,O* 71 0.75 GHg™ 56 0.65
CsH7+ 43 0.10
isobutyl 144 GH160HT 145 0.20 GH1602*NO™ 174 0.35 GH,O™ 71 0.40
butyrate GH7OHT 89 0.30 GH150," 143 0.05 GHg™ 56 0.60
CyHg™ 57 0.50 GH,O*" 71 0.60

a Comparable with literature valué%.® Determined by CBS-4M calculations, using the GO3W suite of software. See Table 4.
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Figure 3. Example of an HO*-nH,O (n = 0, 1, 2, 3) rate coefficients reacting with neutral analyte. Given valudshafve been deconvoluted
by the iterative method. The example shown #+nH,0 + seebutyl acetate (CBCOOCH).

by Synchronous Transit guided Quasi Newton (STQN) meth-
. 0ds3® Two model chemistry test cases were chosen to study
: 5 the mechanism: ethyl propionatef&GO—COGHs) and propy!
: )\ acetate (gHgO—COCH;), two structural isomers with a mo-
o lecular mass of 102 g mol. As shown in Table 3, ethyl
propionate was observed to have a 5% channeimf 75

(propionic acid, reaction 10), and propyl acetate was observed
to have a 50% channel ofiz 61 (acetic acid, reaction 11).

Figure 4. The postulated transition state structure leading to formation
of a protonated carboxylic acid.

hydrolysis reaction. In the solution-phase mechanispQ™H o

attacks the carbonyl oxygen transferring a proton to this site, H;0* + PN )I\/ —

then (or simultaneously) a separate water molecule adds to the ©

carbonyl carbon. Following an intramolecular proton migr_ation', CaHsOHz" (miz = 75)+ CoHy + H,0 0.05  (10)

the neutral alcohol leaves, and a protonated carboxylic acid

group remains. However, a hydrolysis reaction of this nature

in the gas phase would require stabilization of the collision HiO' + U, )]\ N

complex by a third body (i.e., the reaction would be termo-

lecular), and therefore it is unhkelyjel)+ “insertion” would be C2HsOH,' (Miz=61)+ CsHg + H.O 050  (11)

a competitive product ion channel when exergonic proton

transfer is also observed, and the reaction is occurring at the As the product ion channel for reaction 10 has a lower

collision rate. branching ratio than the channel for reaction 11, it is hypoth-
The second hypothesis for a mechanism to explain the form- esized that the barrier to rearrangemef®?) is larger for the

ation of a protonated carboxylic acid relies on the formation of ethyl propionate reaction 10, than for the propyl acetate reaction

a six-membered cyclic transition state, where a hydrogen atom11.

migrates from the carbop to the alkoxy oxygen onto the Protonation has been found to be more favorable at the car-
carbonyl oxygen. This explains the observation that reactions bonyl oxygen than at the alkoxy oxygen in both cases. The cal-
of H3O" with methyl esters (e.g., methyl propionate {H- culated site-dependent proton affinities are given as Table 4.

COGHs) do not exhibit carboxylic acid formation as no Table 4 also lists the empirical proton affinity for propyl
p-carbon is present. A postulated structure for the transition stateacetate from the NIST Database (the experimental PA of ethyl
is given as Figure 4. Products from such a transition state would propionate is unknown). There is a large discrepancy between
be a protonated carboxylic acid and an alkene; therefore, thisthe calculated value for protonation at the carbonyl site and the
pathway is reminiscent of a solution-phase cycloreversion experimental value. The CBS-4M method has a mean absolute
mechanism. deviation for proton affinity on the G2/97 data set of 1.74 kcal
The reaction mechanism for the formation of a protonated mol=! (7.27 kJ mot?) and a maximum observed error of
carboxylic acid parent ion has been probed by using the CBS- 3.4 kcal mof? (14.23 kJ mot1).28 The observed uncertainty
4M compound method. Transition state structures were obtainedon the CBS-4M proton affinity of propyl acetate is 23.6 kJ
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TABLE 4: Site-Specific Proton Affinity and Gas Basicity at 298 K

CBS-4M/kJ mot* exptl/kJ mof?
molecule protonation site PA GB PA GB
propyl acetate carbonyl oxygen 813.0 782.7 836.6 805.6
alkoxy oxygen 749.5 719.9
ethyl propionate carbonyl oxygen 813.3 782.2 unknown unknown
alkoxy oxygen 748.3 719.3
a Reference 26.
Hi #
;i 50
4 44
HaC—/ CH,
30— — H ﬁ —H—¢ #
I+
< — CH C CHs
g H30++ 2 (I)/ N
E Ethyl Propionate H
2 07
Q
<

-30—
-60—
-907 H_ miz=75
(o]
] H—g~ UL
20

AGgeion= -93.09 kJ mol”
.150—v PN /U\/CH3 AG* 1st= 26.26 kJ mol™
(o) AG* 2nd= -7.52 kJ mol”!

Figure 5. Mechanism ofn/z 75 formation from protonated ethyl propionate. Initial proton-transfer step frg@1 l4caled to the empirical proton
affinity/gas basicity of propyl acetate. Free energies determined at 298.15 K.

mol~1, and on the CBS-4M gas basicity it is 22.9 kJ migl the limit of error. Some 1,3 migration will occur due to energy
which in both cases is substantially larger than the expectedgained from collisions; however, the fraction overcoming the
error. The CBS-4M method, however, is a very inexpensive barrier is expected to be low in both the ethyl propionate and
multistep “accurate energy” method, and the error is acceptablepropyl acetate cases. The protonation of each ester is therefore
for a semiquantitative study such as this. CBS-4M energies areapproximately under kinetic control. If protonation occurs at
therefore assumed to be accurate to within-30 kJ mot™2. the carbonyl oxygen site, the [M- H]"™ ion is observed.
Protonation onto the carbonyl oxygen is observed to be a However, if protonation occurs at the alkoxy oxygen site, the

more thermodynamically favorable process than protonation on “protonated carboxylic acid” product can be formed. The amount
the alkoxy oxygen (Table 4). However, as both protonation sites of this acid ion product observed is directly related to the barrier
are physically close in an ester, the dipole orientation of the height for 1,5 H atom migration. This barrier is larger in Figure
neutral molecule approaching:@" leads to both sites being 5 (—7.5 kJ mot?) than in Figure 6 £25.2 kJ mot?), which is
exposed to protonation. It is therefore expected that protonation consistent with the observed branching ratios of each ester (0.05
will occur at both the carbonyl oxygen and the alkoxy oxygen and 0.50, respectively). Ethyl propionate is observed to have a
sites. Where the barrier to 1,3 proton migration is low 90% channel forming the [M- H]" ion. Due to the high barrier
(=0 kJ mol?), the carbonyl oxygen is expected to be the to 1,5 H atom migration, only a small percentage of ions are
favored site of protonation (thermodynamic control) as rear- likely to overcome this barrier and therefore this 90% channel
rangement will be a facile procedure. However, when the barrier is expected to consist of some alkoxy oxygen protonated isomer
to 1,3 proton migration is large, the proton is trapped at a as well as the carbonyl oxygen protonated isomer.

specific site and a statistical distribution of both sites is expected The optimized 6-membered transition state structure is shown
to be observed (kinetic control). Mechanistic potential energy as Figure 7 for the propyl acetate case. It is to be noted that the
diagrams are given as Figures 5 and 6 for ethyl propionate andstructure is not in a chair- or boat-type conformation but a planar
propyl acetate, respectively. ring, and the alkoxy €0 bond has elongated to 2.79 A.

Figures 5 and 6 show that the barrier to 1,3 proton migration  To ensure that the HF/3-21G structural optimization used in

from the carbonyl oxygen to alkoxy oxygen site is greater than the CBS-4M method is sufficient for calculating accurate
zero in both cases, but a value approximating zero is within energies for both transition and ground state structures, a step
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Figure 6. Mechanism ofw/z 61 formation from protonated propyl acetate. The initial proton-transfer step fi®h Ebrresponds to the empirical
proton affinity/gas basicity of propyl acetate. Free energies determined at 298.15 K.

Because of the large error on each of the termolecular rate
> o coefficients required for deconvolution, rate coefficients given
in Table 2 for HO"-nH,O (=1, 2, 3) are assumed to be only
indicative of reaction occurring at the limiting collision rate
J

coefficient, or of no reaction at all. All reactions o§&-H,0O
and HO"-2H,O are observed to occur with the quoted
: uncertainty of the collision limiting rate coefficient, and 9 of
J ) the 17 reactions of §D*-3H,0 are observed to react at or near
the collision rate coefficient. The remaining®t-3H,0 rate
J coefficients are concluded not to react with an appreciable rate
J coefficient (<1 x 1071° cm® molecule’® s71).

Figure 7. Optimized transition state structure for the 1,5-migration of Esters studied that have known empirical proton affinities
an H atom in propyl acetate. range from approximately 800 to 840 kJ mbland therefore

+ +.
of the mechanism shown in Figure 5 has been repeated withProton transfers from 0™ and HO™-H.0 to all the measured

i +o
the G2(MP2,SVP) accurate energy method. The G2(MP2,Svp) ESters are expected to be exergonic reactiohiewever, HO

+.
method is much more computationally intensive and therefore tZHZOf and Fﬁ? 3!_I|IZ(b) are nodt expe_cted to und_lt_ak:go fproton
is a more expensive accurate energy method, but optimizes ranster, as this will be an endergonic process. 1herefore, any

i +. . -
structures to the MP2(Full)/6-31G(d) level of theory. Where observed reactions of43™2H;0 and HO™3H0 are postu

the CBS-4M method found a barrier of 22.87 kJ mofor lated to be via a “metathesis” or ligand switching type reaction
1,3-migration, the G2(MP2,SVP) method f(;und a barrier of that is favored due to a large contribution from entropy. Ligand
2779 kJ motl. The difference of 4.85 kJ mol (1.16 kcal switching reactions do not always occur at the collision limiting

mol~?) is well inside the quoted error of both methods with the rate, and are affected by flow tube pressure and carrier gas

o . . ; ;
G2/97 data set. The G2(MP2,SVP) barrier is consistent with COMPOSItion. In all reactions of $™-nH,O reacting with an
the protonation step being under kinetic control. alkyl ester, an [MH3O"] ion is observed; however, it is very

Aprea et al. observed a similar reaction at the higher ion- difficult to determine if this ion arises from a ligand switching
neutral interaction energies of PTR-MSHowever, Aprea et reaction or from "‘.’O cluste.ring' with the. prqtongted analyte.
al. have incorrectly assigned the mechanism as a McLafferty An example of a ligand switching reaction is given as eq 12.
rearrangement, as they have not taken into account the effects =~ N
of protonation at the alkoxy site. H30"-3H,0 + C;H,COOCH, — C;H,COOCHH,0" +

3H,0 (12)
Discussion of BO™-nH,O Reactions i = 1, 2, 3)
After deconvolution with the algorithm given in the experi-

mental section, the rate coefficients for the water clusters of NO™ has been observed to react with the 17 alkyl esters by
H3O™ reacting with analyte molecules have been calculated. hydride abstraction [M— H]™, charge transfer [M], and

Discussion of NO™ and O," Reactions
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Figure 8. Mechanism of/z 90 formation from NO + tert-butyl acetate. Free energies were determined at 298.15 K.

association [MNO™] pathways with a reaction efficiency of When association occurs at the alkoxy oxygen site, there is
between 50% and 100% of collision rate (reaction efficiency no barrier to 1,5 H atom migration, and therefore this rear-
= k/ko). In addition, some of the studied esters also yield a range rangement will most likely occur in all cases when NO
of fragment product ions including ions which resemble the associates here, i.e., this will be a very facile process. This
carboxylic acid cations observed fromg®i reactions. These  conclusion is supported by the observation of a large product
product ions are observed whasrt-butyl propionate ((Ch)s- ion channel atn/z 90 (45%).
CO(0O)CGHs) (m'z 130.2) and secondary atett-butyl acetate All the measured alkyl esters are assumed to have an
((CH3)sCO(O)CCH,) (m/z 116.2) react with NO. The structures  ionization energy of less than that of (12.01 eV) and all are
of these ions are hypothesized to be N&ssociated carboxylic ~ found to proceed by charge transfer to give fMind [M —
acid cations. The transition state structure is assumed to befragment} ions. These fragment ions are complex, and studies
similar to that proposed in Figure 4, with NQeplacing the into the fragmentation pathways of these ions are continuing.
proton. The reaction pathway has also been probed by the CBS-COnCIUSions
4M method, usingert-butyl acetate as a test case, and the lowest . . i
calculated energy pathway is shown as Figure 8. Because the ester group affords two sites for reaction which
Association of NO at the carbonyl oxygen is more favorable are in close proximity (the garbonyl oxygen and the alkoxy
- oxygen), a range of product ions are formed when alkyl esters
than association at the alkoxy oxygen by 79.9 kJ Thol . .
- S undergo cation/molecule reactions. The rearrangement of a
However, the barrier to 1,3 migration of the NGrom the .
L protonated alkyl ester to form a parent protonated carboxylic
carbonyl oxygen to the alkoxy oxygen site is very large - . .
L = . . acid has been shown to occur via an intramolecular rearrange-
(+507 kJ mof?t) and migration will not occur. Therefore, in in th h A simil hanism hold h
this case, NO association is completely under kinetic control ment in the gas phase. A similar mechanism holds true when
and a sta,tistical distribution of association products at both sit’es NO" associates with a select few alkyl esters to form the [NO
: o Hon p . carboxylic acid] moiety. The 17 alkyl esters can now be
will occur. No other NO association sites were found to give

. o A . measured quantitatively by using SHMS in the analytical
a stationary point in the optimization proce_dure without the mode. By judicious choice of reagent ion it is also possible to
presence of one or more negative frequencies.

o ) o distinguish between some of the isomeric ester pairs.
As can be observed in Figure 8, if association occurs at the

Carbonyl oxygen, rearrangement to form the [acetic.w] ACknOWIedgment. G.J.F. thankS_TeChnology New Zealand
product is slightly endergonic (with inclusion of the entropy for the award of a Ph.D. scholarship. D.B.M. thanks FRST for
term) by-+0.9 kJ mot® and may not occur. A 5% [§11,0,- the award of a postdoctoral fellowship. The authors also

NO*] association channel is observed, and this is totally @cknowledge V.S. Langford, B. J. Prince, and P. F. Wilson for
attributed to association at the carbonyl oxygen site. As the Valuable discussions.

overall reaction efficiency for the reaction of NCand tert- Note Added After ASAP Publication. This article was
butyl acetate is~0.67, a fraction of associations at the carbonyl published ASAP on August 28, 2007. Equations8&were
oxygen site are assumed to not yield a product ion, and revertmissing in that version of the article. The correct version was
to reactants. published September 27, 2007.
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