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a b s t r a c t

The proton-transfer reactions of H3O+ with ethylbenzene and deuterium-labeled ethylbenzenes were
systematically investigated by means of proton-transfer reaction mass spectrometry. The branching ratios
for the formation of protonated ethylbenzenes and for fragmentation reactions involving elimination of
ethylene from the protonated molecules, accompanied by hydrogen migration from the � position or
the � position of the ethyl group, were determined as a function of the mean relative center-of-mass
kinetic energies of the reactants (Kcm). The branching ratio for the intact protonated molecule decreased
with increasing relative kinetic energy: the branching ratio decreased from 0.87 at Kcm = 0.19 eV to 0.05
at Kcm = 0.36 eV, and in turn the ratio for ethylene elimination increased from 0.13 to 0.95. The branching
ratios determined for partially deuterium-labeled ethylbenzenes were consistent with one another as well
Deuterium labeling

Hydrogen atom migration
PTR-MS

as with the ratios for unlabeled ethylbenzene. The fraction of H migration from the � position increased
with increasing Kcm (from 0.13 ± 0.01 at Kcm = 0.19 eV to 0.24 ± 0.01 at Kcm = 0.36 eV) and appeared to
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. Introduction

Interest in protonated alkylbenzenes developed with the intro-
uction of chemical ionization mass spectrometry (CI-MS) [1–6].
unson and Field [2] were the first to apply a methane CI technique

o alkylbenzenes. In addition to the formation of protonated alkyl-
enzenes (MH+) and cluster ions such as M·C2H5

+ and M·C3H5
+

ons, Munson and Field observed major fragments arising from the
oss of H or alkyl groups from M, from olefin displacement by H+

r C2H5
+, and, for larger alkyl substituents, from formation of alkyl

ons. Hermann and Harrison [3] investigated the dependence of
he fragmentation pattern—that is, the competition between olefin
limination (Eq. (1)) and alkyl ion formation (Eq. (2))—on the rel-
tive heats of reaction for C8–C11 alkylbenzenes by comparing the
ass spectra obtained by means of H2, N2/H2, CO2/H2, N2O/H2, and
∗ Corresponding author. Tel.: +81 29 850 2403; fax: +81 29 850 2579.
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O/H2 CI-MS:

(1)

(2)

hey found that for propylbenzenes and n-butylbenzene, olefin
limination (Eq. (1)) increases relative to alkyl ion formation (Eq.
2)) with decreasing protonation exothermicity. They proposed a
ragmentation mechanism involving the formation of an incipi-
nt alkyl ion solvated by the neutral arene moiety, followed by
somerization to a proton-bound alkene–arene pair, which even-

ually decomposes by elimination of either the alkene or the arene
ragment.

In the olefin elimination reaction (Eq. (1)), a hydrogen atom
igrates from the alkyl group to the ring. Isotope-labeling stud-

es are useful for elucidating mass spectrometric fragmentation
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echanisms, and CI-MS studies involving deuterium labeling of the
ide chain have been performed for primary alkylbenzenes [7–10].
2, D2, CH4, and CD4 CI studies of ethyl- and n-propylbenzenium

ons by Leung and Harrison [7] showed that the migrating hydro-
en atoms originate from all positions of the side chain for both
ompounds but that the � positions are slightly preferred as donor
ites. Leung and Harrison’s results also suggested that the fraction
f H migration from the � position depends slightly on the relative
eats of reaction in the case of ethylbenzene:

H+ + C6H5C2H5 → (C6H5C2H5·H+ + X) → C6H7
+ + C2H4 + X (3)

he heats of reaction (�Hr) are −223 and −101 kJ mol−1 for X = H2
nd CH4, respectively [11]. Audier et al. [8] investigated the fraction
f H migration by means of H2O CI, and their results were the same
s those obtained by Leung and Harrison using CH4 CI [7], even
hough �Hr for X = H2O is +46 kJ mol−1 [11]. The similarity between
he results by CH4 CI and H2O CI is thought to be coincidental [6].

In the present study, we systematically investigated the
eactions of H3O+ with ethylbenzene and deuterium-labeled ethyl-
enzenes to determine the dependence of the branching ratios
etween the formation of protonated ethylbenzenes and the
ragmentation reactions on the relative kinetic energies of the reac-
ants, since the isotope labeling studies were performed only at
iscrete energy levels even for the ethylbenzenium ion, which is a
elatively simple alkylbenzenium ion. In addition to the branching
atios for the formation of the protonated molecules and the frag-
ents, the branching ratios for H atom migration from the � and
positions of the ethylbenzenium ion in the fragmentation reac-

ions were determined as a function of the relative kinetic energies
y means of deuterium labeling of the ethyl group of ethylben-
ene. These data should be useful for elucidating the mechanism of
thylbenzenium ion fragmentation, as well as for determining the
nergies of intermediates and reaction barriers [9,12]. Note that
lkyl ion (C2H5

+) formation has a much higher heat of reaction
�Hr = + 116 kJ mol−1 [11]) relative to that of the olefin elimination
hannel (�Hr = +46 kJ mol−1), so the olefin elimination channel is
he predominant fragmentation reaction for the ethylbenzenium
on [3].

The relative kinetic energy resolved mass spectra for the
3O+ + ethylbenzene reaction were obtained by means of proton-

ransfer reaction mass spectrometry (PTR-MS). PTR-MS is widely
sed for detecting and quantifying trace volatile organic com-
ounds (VOCs) in the gas phase [13–15]. The proton donor is H3O+,
hich is generated relatively cleanly and simply in the gas-phase
ischarge without any need for mass pre-selection. The proton-
ransfer reactions between H3O+ and VOCs take place in a drift
ube, where a homogeneous electric field of strength E is estab-
ished to suppress the formation of hydronium ion–water clusters,
uch as H3O+·H2O. The relative kinetic energies of the reactants are
ontrolled by variation of E.

. Experimental

A commercially available PTR-MS instrument was used (Ioni-
on Analytik). The PTR-MS instrument, which has been described
n detail elsewhere [13–16], consists of a discharge ion source to
roduce the H3O+ ions; a drift tube, in which the proton-transfer
eactions between H3O+ and VOCs take place; and a quadrupole
ass spectrometer (QMS) for the detection of reagent and product
ons.
In a hollow cathode discharge ion source, H3O+ ions were pro-

uced from a pure water vapor flow of 7.8 sccm. The sample air
as introduced into the drift tube at a flow rate of approximately
2 sccm; the drift tube pressure was held at 2.1 mbar. Most of the
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ater vapors in the ion source were removed by a pump, but a small
raction of the water escaped into the drift tube. The water vapor
oncentrations in the drift tube was expected to be ∼10 mmol/mol
16]. The sampling inlet and drift tube were held at 105 ◦C. The drift
ube (9.2 cm long) consisted of stainless steel ring electrodes, sep-
rated by Teflon rings for electrical isolation. The ring electrodes
ere connected to a resistor network, which divided the overall
rift voltage (Udrift) into a homogeneously increasing voltage and
stablished a homogeneous electric field inside the drift tube. The
lectric field was applied along the drift tube to avoid substantial
ormation of cluster ions, H3O+·(H2O)n, n = 1, 2,. . . [17]:

3O+ + H2O ↔ H3O+·H2O (4)

3O+·(H2O)n + H2O ↔ H3O+·(H2O)n+1 (5)

n the drift tube, trace gases such as VOCs in the sample air were
onized by proton-transfer reactions. A fraction of the reagent ion,

3O+, and the product ions was extracted through a small ori-
ce into the QMS. The ions were detected by a secondary electron
ultiplier operated in the ion pulse counting mode. The mass

ependence of the transmission efficiency of the QMS was cali-
rated by the manufacturer.

Ethylbenzene vapor was prepared by injecting a liquid sam-
le into a 5-l Pyrex glass vessel [18], and mass spectra were
btained at six values of E/N (108, 119, 130, 140, 151, and 162 Td;
Td = 10−17 cm2 V molecule−1), where E is the electric field strength

V cm−1) and N is the buffer gas number density (molecule cm−3).
small amount of each sample (0.1 �l) was injected into the ves-

el and diluted with air from a zero-air supply (Model 111, Thermo
nvironmental Instruments Inc.), resulting in a sample mixture of
pproximately 2 parts per million by volume (ppmv). Data were
ecorded using the PTR-MS instrument’s scan mode from m/z 21 to
25 with 0.5 s Da−1 and were averaged for five mass spectra at each
/N ratio.

The count rate of the reagent ion, H3O+, calculated from the
ount rate at m/z 21 (H3

18O+) multiplied by 500, was in the range
4–6) × 106 cps. The ratios of the ion intensity of H3O+·H2O (m/z 37)
o that of H3O+ were 0.03 at E/N = 108 Td and 0.0004 at E/N = 162 Td;
hat is, the intensity ratio strongly depended on the E/N ratio. The
atio of the ion intensity of O2

+ (m/z 32), which was probably gen-
rated by back diffusion of air from the drift tube to the ion source,
o that of H3O+ was 0.03–0.05. The ion count rates of the product
ons totaled (4–12) × 103 normalized counts per second (ncps) nor-

alized to an H3O+ intensity of 106 cps, which is within the linear
ynamic range of the PTR-MS instrument.

The stated purities of the chemicals used were as fol-
ows: ethylbenzene, >98.0% (C6H5CH2CH3; Wako Pure Chemicals);
thylbenzene-d10, 99.0 at.% D (C6H5CD2CD3; Acros Organics);
thyl-�,�,�-d3-benzene, 96.1 at.% D (C6H5CH2CD3; C/D/N Iso-
opes); ethyl-�,�-d2-benzene, 99.1 at.% D (C6H5CD2CH3; C/D/N
sotopes); and ethyl-�,�-d2-benzene-d5, 99.3 at.% D (C6D5CD2CH3;
/D/N Isotopes).

. Results and discussion

PTR mass spectra of ethylbenzenes obtained at E/N = 108 Td are
hown in Fig. 1, and the ion intensities of the product ions are sum-
arized in Table 1. In the spectra, ion signals at m/z 32 (O2

+) and
/z 37 (H3O+·H2O) are masked because they were largely scattered

y the subtraction of the background mass spectrum.

In the mass spectrum of C6H5CH2CH3 (Fig. 1a), the peak of the

rotonated C6H5CH2CH3 ion (m/z 107) was the most intense. The
eaks at m/z 79, 91, and 106, were assigned to C6H7

+, C7H7
+, and

6H5CH2CH3
+, respectively. The relative intensity of the signal at

/z 79 to that at m/z 107 was 0.15, whereas the relative intensities
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ig. 1. PTR mass spectra for (a) C6H5CH2CH3, (b) C6D5CD2CD3, (c) C6H5CH2CD3, (d)
6H5CD2CH3, and (e) C6D5CD2CH3 at E/N = 108 Td. Signal intensities are normal-

zed to an H3O+ intensity of 106 cps. From each mass spectrum, a background mass
pectrum without ethylbenzene was subtracted. Values in parentheses show m/z.

or the signals at m/z 91 and 106 were only 0.02 and 0.01, respec-
ively. The C6H7

+ ion was formed by elimination of ethylene from
rotonated ethylbenzene (i.e., [MH−C2H4]+):

C6H5CH2CH3 + H3O+ → C6H5CH2CH3·H+ + H2O

�Hr = −97 kJ mol−1 (6a)

C6H5CH2CH3 + H3O+ → C6H7
+ + C2H4 + H2O
�Hr = +46 kJ mol−1 (6b)

oth C7H7
+ and C6H5CH2CH3

+ were probably formed by the
eaction of a small amount of O2

+ in the drift tube with the ethyl-
enzene, as reported for a selected ion flow tube mass spectrometry

C

C

I
t

able 1
ormalized signal intensities (ncps) of product ions in reactions of H3O+ with ethylbenze

thylbenzene (M) MH+ M+ – [MH−C2H4]
M+ + [MH−1]+ [MH−2]+ [M−CH3]+

6H5CH2CH3 11959 (107) 177 (106) – 1764 (79)
– – 246 (91)

6D5CD2CD3 6670 (117) – – –
1399 (116) 136 (115) –

6H5CH2CD3 5516 (110) – – –
472 (109) 88 (108) –

6H5CD2CH3 8566 (109) – – –
225 (108) 15 (107) 174 (93)

6D5CD2CH3 7802 (114) – – –
1431 (113) 132 (112) 173 (98)

a Signal intensities were normalized to an H3O+ intensity of 106 cps. Values in parenthe
b Signal intensities were 190, 95, 42, and 13 ncps at m/z 84, 83, 82, and 81, respectively.
c Signal intensities were 413, 197, 61, and 14 ncps at m/z 83, 82, 81, and 80, respectively
Mass Spectrometry 276 (2008) 49–55 51

SIFT-MS) experiment [19]:

C6H5CH2CH3 + O2
+ → C6H5CH2CH3

+ + O2

�Hr = −318 kJ mol−1 (7a)

C6H5CH2CH3 + O2
+ → C7H7

+ + CH3 + O2

�Hr = −147 kJ mol−1 (7b)

ndeed, the intensity of the C7H7
+ ion did not increase substan-

ially with increasing E/N (Table 2). In the SFIT-MS experiment [19],
he formation of C6H7

+ during the reaction of H3O+ with ethylben-
ene was not observed, because the reaction shown in Eq. (6b) is
ndothermic.

The very small peaks at m/z 80, 92, and 108 in Fig. 1a
ere attributed to 13C isotopologues of C6H7

+, C7H7
+, and

6H5CH2CH3·H+, respectively. The ratios of the ion count rates
t m/z 80, 92, and 108 to the rates at m/z 79, 91, and 107 were
.066 ± 0.002, 0.079 ± 0.005, and 0.088 ± 0.005, respectively. Error

imits represent 95% confidence levels as determined by t-test. We
btained the values shown in Table 1 by subtracting the possible
on counts from the 13C isotopologues using these ratios.

In the mass spectrum of C6D5CD2CD3 (Fig. 1b), like that
f C6H5CH2CH3 (Fig. 1a), intense peaks for the protonated
6D5CD2CD3 ion and a fragment ion generated by elimination of
2D4 from protonated C6D5CD2CD3 were observed at m/z 117 and
5, respectively, along with a peak for the byproduct ion C7D7

+ at
/z 98. Noted that there was no signal at m/z 86, which corresponds

o the mass of [MH−C2HD3]+ (Table 1); the absence of this signal
uggests that the ethylene was eliminated only from the ethyl group
f an ethylbenzene:

6D5CD2CD3 + H3O+ → C6D5CD2CD3·H+ + H2O (8a)

6D5CD2CD3 + H3O+ → C6D6H+ + C2D4 + H2O (8b)

owever, the ion intensity at m/z 116 was higher than expected
n the basis of the results observed for C6H5CH2CH3. In addition,
he intensities of the ion signals at m/z 84, 83, 82, and 81 were
onsiderable (Table 1). Some H/D exchanges at the ring, the side
hain, or both might have occurred with ambient water vapor in
he drift tube:
8D10·H+ + H2O → C8H2D9
+ + HDO (9)

6HD6
+ + H2O → C6H2D5

+ + HDO (10)

n Table 1, the C8H2D9
+ ion is denoted [MH−1]+. Similarly,

he C8H3D8
+ ion is denoted [MH−2]+. The H/D exchange

nes at E/N = 108 Tda

+ [MH−C2H3D]+ [MH−C2H2D2]+ [MH−C2HD3]+ [MH−C2D4]+

– – – [M−CD3]+

– – – –
– – – –

– – 1 (86) 245 (85)b

– – – 133 (98)

– 337 (80) 182 (79) –
– – – 107 (91)

81 (80) 1097 (79) – –
– – –

35 (85) 573 (84)c – –
– – –

ses show m/z. Interference from 13C isotopologues was subtracted (see text).

.
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Table 2
Normalized signal intensities (ncps) of product ions in reactions of H3O+ with ethylbenzenes at E/N = 162 Tda

Ethylbenzene (M) MH+ M+ – [MH−C2H4]+ [MH−C2H3D]+ [MH−C2H2D2]+ [MH−C2HD3]+ [MH−C2D4]+

M+ + [MH−1]+ [MH−2]+ [M−CH3]+ – – – [M−CD3]+

C6H5CH2CH3 387 (107) 23 (106) – 7950 (79) – – – –
– – 363 (91) – – – –

C6D5CD2CD3 340 (117) – – – – – 19 (86) 3706 (85)b

41 (116) 6 (115) – – – 238 (98)

C6H5CH2CD3 238 (110) – – – – 2552 (80) 1612 (79) –
26 (109) 16 (108) – – – – 169 (91)

C6H5CD2CH3 325 (109) – – – 942 (80) 5058 (79) – –
19 (108) 7 (107) 254 (93) – – – –

C6D5CD2CH3 325 (114) – – – 724 (85) 4009 (84)c – –
30 (113) 4 (112) 242 (98) – – – –
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that of the [MH−ethylene]+ peak increased. However, the same
peaks were observed in both sets of spectra; no new product ions
were observed. This result suggests that only two reaction chan-
nels (Eqs. (6a) and (6b)) should be considered in this relative
a Signal intensities were normalized to an H3O+ intensity of 106 cps. Values in pa
b Signal intensities were 1272, 261, 83, and 144 ncps at m/z 84, 83, 82, and 81, res
c Signal intensities were 1154, 207, 142, and 105 ncps at m/z 83, 82, 81, and 80, re

eems to have been substantial for benzenium-type ions
ather than for ethylbenzenium-type ions, because the frac-
ions for H/D exchange were estimated to be 0.18 (= (1399 +
36 − 119)/(6670 + 1399 + 136 − 119)) for ethylbenzenium-type
ons and 0.58 (= (190 + 95 + 41 + 13)/(245 + 190 + 95 + 42 + 13)) for
enzenium-type ions, respectively. In this estimation, the ion
ignals for M+ calculated by using an M+/MH+ ratio obtained for
6H5CH2CH3 were subtracted. Because the production of H2DO+

as not observed, the extent of an H/D exchange between H3O+

nd ethylbenzene-d10 in reaction (11) is probably too small to be
bserved:

8D10 + H3O+ → C8HD9 + H2DO+ (11)

In the mass spectra of partially deuterium-labeled ethylben-
enes, we observed a peak for protonated ethylbenzene, denoted
H+, and peaks for two kinds of product ions produced by elim-

nation of ethylene from protonated ethylbenzene (Fig. 1c–e),
hat is, [MH−C2HD3]+ and [MH−C2H2D2]+ for C6H5CH2CD3,
nd [MH−C2H3D]+ and [MH−CH2D2]+ for C6H5CD2CH3 and
6D5CD2CH3, respectively.

6H5CH2CD3 + H3O+ → C6H5CH2CD3·H+ + H2O (12a)

6H5CH2CD3 + H3O+ → C6H7
+ + C2HD3 + H2O (12b�)

6H5CH2CD3 + H3O+ → C6H6D+ + C2H2D2 + H2O (12b�)

6H5CD2CH3 + H3O+ → C6H5CD2CH3·H+ + H2O (13a)

6H5CD2CH3 + H3O+ → C6H6D+ + C2H3D + H2O (13b�)

6H5CD2CH3 + H3O+ → C6H7
+ + C2H2D2 + H2O (13b�)

6D5CD2CH3 + H3O+ → C6D5CD2CH3·H+ + H2O (14a)

6D5CD2CH3 + H3O+ → C6D6H+ + C2H3D + H2O (14b�)

6D5CD2CH3 + H3O+ → C6D5H2
+ + C2H2D2 + H2O (14b�)

ur results indicate that H atom migration from both the � and
positions of the side chain occurred in the ethylene elimina-

ion reaction, as reported previously [7,8]. In the mass spectrum
f C6D5CD2CH3, the H/D exchange was substantial for both the
enzenium-type ions and the ethylbenzenium-type ions, as was the
ase for C6D5CD2CD3; whereas H/D exchange seems to have been

uppressed for C6H5CH2CD3 and C6H5CD2CH3. The fractions of H/D
xchange for ethylbenzenium-type ions were 0.08, 0.01, and 0.16
or C6H5CH2CD3, C6H5CD2CH3, and C6D5CD2CH3, respectively, and
hese values likely depended on the number of deuterium atoms;
he values also suggest that H/D exchange at the � position did not

F
(
i
s

ses show m/z. Interference from 13C isotopologues was subtracted (see text).
ely.
vely.

ake place readily. The fraction of H/D exchange for benzenium-
ype ions was estimated to be 0.54 for C6D5CD2CH3, which suggests
hat the exchange reaction depended on the number of deuterium
toms in this case too.

Similar PTR mass spectra were also obtained at different
/N ratios; the PTR mass spectra of ethylbenzenes obtained at
/N = 162 Td are shown in Fig. 2, and the ion intensities of product
ons are listed in Table 2. The relative intensities of the protonated

olecules and the fragment ions changed; that is, the intensity
f the MH+ peak decreased with increasing E/N ratio, whereas
ig. 2. PTR mass spectra for (a) C6H5CH2CH3, (b) C6D5CD2CD3, (c) C6H5CH2CD3,
d) C6H5CD2CH3, and (e) C6D5CD2CH3 at E/N = 162 Td. Signal intensities are normal-
zed to an H3O+ intensity of 106 cps. From each mass spectrum, a background mass
pectrum without ethylbenzene was subtracted. Values in parentheses show m/z.
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Fig. 3. (a) Dependence of ion count rates at m/z 107 (open squares) and m/z 79 (open
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lled circles. (b) Dependence of the fraction between Eqs. (6a) and (6b) on the total
verage energy available for reaction, Etot (kJ mol−1).

inetic energy range. With regard to H/D exchange, the fractions
or H/D exchange for benzenium ions were 0.32 for C6D5CD2CD3
nd 0.29 for C6D5CD2CH3, and these values were lower than those
t E/N = 108 Td, which again indicates a dependence on the number
f deuterium atoms.

Fig. 3a showed the dependence of the intensities of the peaks for
rotonated ethylbenzene (MH+, m/z 107) and [MH−C2H4]+ (C6H7

+,

/z 79) obtained from the reaction shown in Eq. (6) on the E/N

atio. As mentioned above, the intensity of the MH+ peak decreased
ubstantially with increasing E/N, whereas that of [MH−C2H4]+

ncreased. The total intensity of both ion signals decreased slightly.

c
3
f
c

able 3
ranching ratios in the H3O+ + ethylbenzene reactiona

/N (Td) 108 119 130
cm (eV)b 0.19 0.22 0.25
tot (kJ mol−1)c 72 82 93
6H5CH2CH3

Reaction (6a) 0.87 ± 0.04 0.63 ± 0.02 0.33 ±
Reaction (6b) 0.13 ± 0.01 0.37 ± 0.01 0.67 ±

6H5CH2CD3

Reaction (12a) 0.88 ± 0.03 0.65 ± 0.03 0.34 ±
Reaction (12b�) 0.02 ± 0.01 0.06 ± 0.01 0.14 ±
Reaction (12b�)d 0.10 ± 0.01 0.29 ± 0.02 0.52 ±

6H5CD2CH3

Reaction (13a) 0.87 ± 0.03 0.63 ± 0.02 0.34 ±
Reaction (13b�)d 0.02 ± 0.01 0.07 ± 0.01 0.14 ±
Reaction (13b�) 0.11 ± 0.01 0.30 ± 0.01 0.52 ±

1.70 ± 0.09 1.62 ± 0.06 1.62 ±
1 0.13 ± 0.01 0.18 ± 0.01 0.21 ±
a Error limits were calculated by propagation of errors of the ion counts and indicate pr

y t-test.
b The mean relative center-of-mass kinetic energy.
c The total average energy available for reaction.
d The isotope effect favoring H migration over D migration (i) was included in the deriv
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his decrease is because the estimated time of reaction in the drift
ube decreased with increasing E/N, from 113 �s at 108 Td to 76 �s
t 162 Td [16]. The total intensity correlated well with the estimated
eaction time (r2 = 0.986), suggesting that the rate constants for the
eaction between H3O+ and ethylbenzene are constant at the whole
/N ratios in the present study. This is consistent with results of
he previous study using a variable temperature-selected ion flow
ube (VT-SIFT) and a high-temperature flowing afterglow (HTFA)
y Midey et al. [20] who reported that the H3O+ + ethylbenzene
eaction rate constants are equal to the collision rate constants
iven by the Su-Chesnavich equation [21] at temperatures between
98 and 1000 K. Therefore, we concluded that the ratio of the ion

ntensities at m/z 107 and 79 represented the branching ratios of
he reaction channels shown in Eqs. (6a) and (6b). The branching
atios are shown in Table 3, along with the mean relative center-of-
ass kinetic energy values (Kcm) [13,22]. A similar dependence of

he fraction between Eqs. (6a) and (6b) on the kinetic energy has
een observed in previous studies using other techniques, including
T-SIFT, HTFA [20], and high-pressure collisional activation [23].

In order to compare with the results from the VT-SIFT, and HTFA
tudies [20], the total average energy available for reaction, Etot

kJ mol−1), was estimated by the following equations:

tot = KE (ion) + Erot (ion) + Evib (ion)

+ KE (EB) + Erot (EB) + Evib (EB) (15)

where the KE (ion), Erot (ion), and Evib (ion) represent the aver-
ge kinetic, rotational, and vibrational energies of the H3O+ ion,
espectively, while the KE (EB), Erot (EB), and Evib (EB) are those
or ethylbenzene, respectively. The average kinetic energy and the
verage rotational energy in both the ionic and neutral reactants
re each 3/2kbT, where kb is the Boltzmann constant. The average
ibrational energies for the ionic and neutral reactants represent
nsemble averages over Boltzmann distributions in the harmonic
pproximation. In the estimation of KE (ion), Erot (ion), and Evib
ion), an effective kinetic temperature, Teff, for an ion moving at vd
alculated by Teff = Tdrift + MBvd

2/(3kb) was used [24], where Tdrift is
he temperature of the drift tube and MB is the mass of the bath gas.
n the other hand, Tdrift was used in the estimation of KE (EB), Erot
alculated using Gaussian 98 for all normal modes with B3LYP/6-
1G* [25] and were scaled by a factor of 0.9613 [26]. The vibrational
requencies for H3O+ were taken from the NIST-JANNAF thermo-
hemical tables [27]. The calculated Etot was listed in Table 3. Fig. 3b

140 151 162
0.28 0.32 0.36

105 119 134

0.01 0.15 ± 0.01 0.08 ± 0.01 0.05 ± 0.01
0.02 0.85 ± 0.04 0.92 ± 0.03 0.95 ± 0.06

0.01 0.15 ± 0.01 0.07 ± 0.01 0.04 ± 0.01
0.01 0.20 ± 0.01 0.23 ± 0.02 0.24 ± 0.02
0.03 0.65 ± 0.02 0.70 ± 0.05 0.72 ± 0.03

0.01 0.15 ± 0.01 0.08 ± 0.01 0.05 ± 0.01
0.01 0.20 ± 0.01 0.22 ± 0.02 0.23 ± 0.02
0.02 0.65 ± 0.02 0.70 ± 0.03 0.72 ± 0.03
0.04 1.63 ± 0.04 1.60 ± 0.05 1.59 ± 0.05
0.01 0.24 ± 0.01 0.24 ± 0.01 0.24 ± 0.01

ecision only. The errors of the ion counts were derived from 95% confidence levels

ation.
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hows a plot of the fraction between Eqs. (6a) and (6b) against the
tot, which is in moderately good agreement with the results of the
T-SIFT and HTFA by Midey et al. [20].

The fractions of reaction channels (12b�), (12b�), (13b�), and
13b�) as well as reaction channels (12a) and (13a) were deter-

ined from the results in reactions (12) and (13). According to
eung and Harrison [7], the ratio of H migration to D migration
or C6H5CD2CH3 and C6H5CH2CD3 can be expressed as follows:

, ˛ − d2 :
H migration
D migration

= (1 − ˛1) i

˛1
(16)

, ˇ, ˇ − d3 :
H migration
D migration

= ˛1 i

1 − ˛1
(17)

here ˛1 is the fraction of H migration from the ˛ position of
he ethyl group and i is the isotope effect favoring H migra-
ion over D migration. Because substantial H/D exchange was
bserved for benzenium-type ions in the cases of C6D5CD2CD3 and
6D5CD2CH3, the influence of H/D exchange on benzenium-type

ons must be taken in a consideration. In the reactions shown in
qs. (12) and (13), two types of benzenium ions, C6H7

+ and C6H6D+,
ere produced. If the H/D exchange occurred, it took place just

nce for the C6H6D+ ion. The fraction of the “single” H/D exchange
as estimated from the fractions for H/D exchange obtained for

6D5CD2CD3 and C6D5CD2CH3. For example, the ratio of the inten-
ity of the product ions after the H/D exchange to the intensity of
6HD6

+ was 1.39 (= (190 + 95 + 42 + 13)/245), whereas the ratio of
he intensity of the product ions after the H/D exchange to the inten-
ity of C6H2D5

+ was 1.20 (= (413 + 197 + 61 + 14)/573) at E/N = 108 Td.
factor for the “single” H/D exchange is defined here as the average

f 0.19 (= 1.39 − 1.20), 0.23 (= 1.39/6), and 0.24 (= 1.20/5), that is, f
E/N = 108 Td) = 0.22 ± 0.06. This factor depended on the E/N ratio,
hich was 0.15 ± 0.01 at 119 Td, 0.11 ± 0.02 at 130 Td, 0.09 ± 0.01 at

40 Td, 0.09 ± 0.01 at 151 Td, and 0.08 ± 0.01 at 162 Td. Error limits
epresent 95% confidence levels by t-test.

By using this factor, we corrected the ion signals for the C6H7
+

nd C6H6D+ ions as follows.

corr(C6H6D+) = I(C6H6D+) + f × I(C6H6D+) (18)

corr(C6H7
+) = I(C6H7

+) − f × I(C6H6D+) (19)

he obtained branching ratios for channels (12b�), (12b�), (13b�),
nd (13b�) as well as channels (12a) and (13a) are listed in Table 3,
long with �1 and i values. The ion counts for the protonated
thylbenzenes used in the calculations were the sums of those of
H+, [MH−1]+, and [MH−2]+. As shown in Table 3, the branch-

ng ratios for channels (12a) and (13a) obtained for C6H5CH2CD3
nd C6H5CD2CH3, respectively, were in good agreement with those
btained for C6H5CH2CH3, which suggests that the isotope effect
avoring H migration over D migration (i) was correctly estimated,
ecause this value was used for channel (12b�) and channel (13b�).
he fraction of H migration from the � position, �1, depended on
he mean relative center-of-mass kinetic energy (Kcm). The �1 value
ncreased when Kcm was increased from 0.13 ± 0.01 to 0.24 ± 0.01
nd was likely saturated at an �1 value of ∼0.24 for Kcm values
bove 0.28 eV. In contrast, the value of i was likely independent of
cm. The best representation for i is just the average, 1.63 ± 0.04,
here the indicated error limit represent the 95% confidence level

y t-test.
Fig. 4 shows a plot of i vs. �1; the data obtained in the present
tudy are shown as filled circles with error limits, and data from
revious studies [7,8] are also plotted. Our data overlapped with
he data for CH4, CD4, and H2O CI, but the data for H2 and D2
I gave higher �1 values and lower i values. It is likely that
he previous data obtained by H2, D2, CH4, and CD4 CI-MS [7]

R

ig. 4. Plot of i (the isotope effect favoring H migration over D migration) vs. ˛1 (the
raction of H migration from the ˛ position). PTR-MS (this work, filled circles); H2

I (filled square), D2 CI (open square), CH4 CI (filled triangle), CD4 CI (open triangle)
7]; H2O CI (open circle) [8].

nclude some inconsistent results. For example, the ratio of chan-
els (6b) to (6a) was reported to be 0.182 as determined by CH4 CI,
hereas the ratios of channels (12b) to (12a) and channels (13b)

o (13a) were estimated to be 0.375 (= 0.046 × 1.76 + 0.294) and
.301 (= 0.135 × 1.76 + 0.063), respectively. This inconsistency may
ave been caused by the problem of the linear dynamic range of
he instrument and the interference of side reactions. The linear
ynamic range of the instrument we used for the present study
as guaranteed by the fact that the ratios of ion counts from the

3C isotopologues (0.066 ± 0.002, 0.079 ± 0.005, and 0.088 ± 0.005
or C6, C7, and C8 compounds, respectively) were consistent with
he values calculated by multiplying 0.011 by the number of car-
ons. As for the interference of side reactions, the production of
2

+ and H3O+·H2O ions was suppressed (the amount of these ions
as less than a few percent of that of H3O+ ion), so side reactions

ould be considered negligible in the present study.

. Conclusions

We systematically investigated the reactions of H3O+ with
thylbenzene and deuterium-labeled ethylbenzenes by PTR-MS
o determine the dependence of the branching ratios between
he formation of protonated ethylbenzenes and the fragmentation
eactions resulting from elimination of ethylene from the proto-
ated molecules accompanied by hydrogen migration at the �
nd � positions of the ethyl group on the relative kinetic energies
Kcm) of the reactants. The branching ratio for the intact proto-
ated molecule decreased with increasing E/N ratio (from 0.87
t Kcm = 0.19 eV to 0.05 at Kcm = 0.36 eV), whereas the ratio for
ragmentation increased from 0.13 to 0.95. The results obtained
or partially deuterium-labeled ethylbenzenes indicate that the
raction of H migration from the � position depended on Kcm:
he fraction increased with increasing Kcm (from 0.13 ± 0.01 at
cm = 0.19 eV to 0.24 ± 0.01 at Kcm = 0.36 eV) and was likely satu-
ated at ∼0.24 at Kcm values above 0.28 eV. The value of the isotope
ffect favoring H migration over D migration (proposed by Leung
nd Harrison [7]) appeared to be independent of Kcm. PTR-MS is
powerful tool for investigation of the dependence of branching

atios for proton-transfer reactions with H3O+ on the mean relative
enter-of-mass kinetic energies of the reactants.
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