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a b s t r a c t

The potential energy surfaces (PESs) for the formation of C7H7
+ from �-, o-, m-, and p-halotoluene

(X = Br and I) molecular ions were determined using density functional theory molecular orbital cal-
culations. Based on the PESs, Rice–Ramsperger–Kassel–Marcus model calculations were carried out to
predict the dissociation rate constants of the molecular ions, which were then compared with pre-
vious experimental results. Kinetic analysis showed that below the threshold for the formation of

+ +
eywords:
enzylium
ropylium
olylium
FT calculation
RKM calculation

tolylium ion (Tl ), the benzylium ion (Bz ) was the main product in the dissociation of all molecular
ions investigated. The �-halotoluene ions produced Bz+ by direct C–X bond cleavage. The formation
of Bz+ from o-halotoluene ions occurred mainly through isomerization to the alpha isomers. On the
other hand, the halogenated isotoluene ions played important roles as intermediates in the forma-
tion of Bz+ from the meta and para isomers. The formation of Tl+ became important as the energy
increases in the dissociations of o-, m-, and p-halotoluene ions, especially in those of o-, m-iodotoluene
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ions.

. Introduction

Several studies have examined the formation of C7H7
+ from

oluene molecular ion and its derivatives in the gas phase using
variety of experimental and theoretical methods [1–36]. Since

ylander et al. [1] first proposed the tropylium ion (Tr+) as a C7H7
+

roduct formed through the ionization of toluene and ethylben-
ene, the structural identification of C7H7

+ products has been a
ajor focus in studies of the dissociation of numerous molecular

ons of toluene derivatives including halo substituted toluenes. It
s well known that both the benzylium ion (Bz+) and Tr+ are pro-
uced from the toluene ion through direct C–H bond cleavage and
ing expansion, respectively [2,3]. Ring expansion begins with a 1,2-
hift of an H atom of the methyl group to form a distonic benzenium
on (b), and the cycloheptatriene ion (d) is formed via the norcara-
iene ion (c) (Scheme 1) through a process known as the Hoffman
echanism [4]. Recently, it was reported that the loss of H• by a

earrangement to o-isotoluene (5-methylene-1,3-cycloheptadiene)
on (e) is another competitive dissociation channel [5]. A previ-
us study of isomeric xylene ions reported that the pathways via

ethyl substituted isotoluene ions play a very important role in the

ormation of Bz+ [6].
Various experimental methods have been employed to examine

he dissociation of halotoluene ions [7–16,18–22]. The dissocia-

∗ Tel.: +82 2 2260 8914; fax: +82 2 2268 8204.
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ion rate constants of chloro-, bromo-, and iodotoluene ions were
easured using a photoelectron-photoion coincidence (PEPICO)
ethod [7]. Those of bromo- and/or iodotoluene ions were mea-

ured using a time-resolved photodissociation (TRPD) method,
ased on Fourier transform ion cyclotron resonance (FT-ICR) spec-
rometry [9–13], and photodissociation using mass-analyzed ion
inetic energy spectrometry (PD-MIKES) [15,16]. In PD-ICR stud-
es for isomeric bromo- and iodotoluene ions, Shin and co-workers
eported that Bz+ is produced exclusively below the thresholds of
he formation of tolylium ion (Tl+) [9–12]. They suggested that
he dissociation pathway to Bz+ through halogenated isotoluene
ons would be favored kinetically over the pathway to Tr+, via ring
xpansion.

Recently, the potential energy surface (PES) for the isomer-
zation and dissociation of �-, o-, m-, and p-chlorotoluene ions
as explored using molecular orbital (MO) calculations [17]. The

inetic analysis by Rice–Ramsperger–Kassel–Marcus (RRKM) [37]
odel calculations predicted that the only C7H7

+ product is Bz+,
hich is formed mainly via chlorinated isotoluene ions. This

tudy examined the dissociation kinetics of isomeric bromo- and
odotoluene molecular ions theoretically using the same method.
s in the dissociation of chlorotoluene ions, it was predicted that
elow the threshold for Tl+ formation, Bz+ would be the main

7H7

+ product formed by rearrangements. The main dissocia-
ion pathways for iodotoluene ions were different from those of
he chlorine and bromine analogues. This paper discusses the
imilarity and difference in the reactions of substituted toluene
ons.

http://www.sciencedirect.com/science/journal/13873806
mailto:jcchoe@dongguk.edu
dx.doi.org/10.1016/j.ijms.2008.08.003
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. Computational methods

The MO calculations were performed using the Gaussian 03 suite
f programs [38]. Geometry optimizations for the stationary points
ere carried out at the unrestricted B3LYP level of density func-

ional theory (DFT). The 6-311G(d,p) basis set was used for C and H
toms and the Stuttgart/Dresden (SDD) relativistic effective core
otential (ECP) basis set [39] was used for Br and I atoms. The
ransition state (TS) geometries connecting the stationary points
ere searched and checked by calculating the intrinsic reaction

oordinates (IRCs) at the same level.
The RRKM expression was used to calculate the rate-energy

ependences as follows [37]:

(E) = �N /= (E − E0)
h�(E)

, (1)

here E is the reactant internal energy, E0 the critical energy of the
eaction, N /= the sum of the TS states, � the density of the reac-
ant states, and � is the reaction path degeneracy. N /= and � were
valuated by a direct count of the states using the Beyer–Swinehart
lgorithm [40].

. Results and discussion

.1. Isomerization and dissociation pathways

For the bromo- and iodotoluene molecular ions, the reaction
athways obtained were parallel. Scheme 2 shows the isomeriza-
ion and dissociation pathways of the �-, o-, m-, and p-halotoluene
X = Br and I) ions (1a, 2a, 3a, and 4a, respectively) obtained using
he DFT calculations. The energies of the stable species and the TSs
onnecting them relative to 2a are also included in the scheme.
igs. 1 and 2 show the potential energy diagrams for the reactions
f the isomeric bromo- and iodotoluene ions, respectively. 1a can
roduce Bz+ by direct C–X bond cleavage or Tr+ by a rearrangement
o the seven-membered ring isomer, 1d (the Hoffman mechanism)
ollowed by the loss of X•. The rearrangement begins with a 1,2-
hift of an H atom of the CH2X group. Alternatively, the X atom can
igrate to the ipso carbon with ring closure to form a halogenated

orcaradiene ion (2c). According to the IRC calculation, when an X
tom bonded to C1 (the labeling for each C atom is shown in Fig. 3)
hifts toward C2, the CH2 group moves away from X, and the C1–C2
ond moves out from the plane of the benzene ring. After passing

he TS, which is designated by B1a2c or I1a2c (B and I stand for the
romo- and iodo-substitutions, respectively), the CH2 group moves
oward C3 as the C2–X distance decreases, and forms the C1–C2–C3
hree-membered ring. This rearrangement is less favored than the
,2-H shift due to its higher barrier height. Reverse isomerization,

a
o
o

m

.

c → 1a, can play an important role in the dissociation of 2a, as
escribed below. Analogous pathway was found in the reaction
f �-chlorotoluene ion [17], even though there are few reports of
uch rearrangements by a halogen shift [41–43]. However, these
wo types of rearrangements by the Hoffman mechanism cannot
ompete with the direct loss of X• in the formation of Bz+ due to
heir higher barriers.

Each of 3a and 4a can also undergo ring expansion through the
offman mechanism. In the reactions of 2a, it was found that 2b iso-
erized to 2c through a two-step mechanism via 3c, which is simi-

ar to the mechanisms reported for the reactions of o-xylene [6] and
-chlorotoluene [17] ions. The four seven-membered ring isomers
1d–4d) are interconvertible by an “H-ring walk”. The halogenated
orcaradiene ions (2c–4c) can interconvert by a “CH2-ring walk”.

Each of the distonic benzenium ions (1b–4b) can undergo an
-ring walk, as shown in Scheme 2b. Among the halogenated iso-

oluene ions formed by such rearrangements, those (2i and 4g),
here the X and H atoms are bonded to the same C atom can pro-
uce Bz+ through the loss of X•. The other isomer that can produce
z+ easily, 3h (see Scheme 2b), was not optimized. It should be
oted that 3h would be much more unstable than 2i or 4g due to

ack of conjugated double bonds. A previous study on chlorotoluene
ons [17] reported that all three analogous isotoluene ions that can
roduce Bz+ were optimized. The reported energies of C3h and C4g
re 63 and 15 kJ mol−1 higher than C2i, respectively (these abbre-
iations are used for the chlorine analogues). Instead, 3g and 3i can
ose X• to produce Bz+ after surmounting a TS for the 1,2-H shift.

2a–4a can produce o-, m-, and p-tolylium ions (oTl+, mTl+, and
Tl+, respectively), respectively through direct C–X bond cleav-
ge. Their TSs were not located, indicating that the dissociations
ccurred without reverse barriers.

.2. RRKM model calculations

The present MO calculations showed that the dissociations
tarting from the � isomers of the halotoluene ions produced Bz+

xclusively through the loss of X•. For the ortho, meta, and para
somers, the energy barriers for the formation of Bz+ are lower
han those of Tr+ (Figs. 1 and 2), which also suggests the favored
ormation of Bz+. However, since the energy barriers are similar,
he detailed dissociation kinetics cannot be predicted using an
nergetic factor only. In order to estimate the contributions of the
ndividual pathways to the formation of C7H7

+ from the ortho, meta,

nd para isomers, RRKM model calculations were carried out based
n the theoretical PESs. The overall dissociation rate constants
btained were compared with the previous experimental data.

Because the PESs for the dissociations by several rearrange-
ents obtained are quite complicated, the rate constants of
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he individual reaction channels to produce Bz+ and Tr+ were
stimated using a few approximations. First, some intermediates
ere treated as a common intermediate, which will be called an

ntermediate group (IG) here, because they interconvert rapidly
rior to further reactions. Scheme 3 shows the approximated

somerization and dissociation pathways of 2a including the
ve IGs. The reactions starting from 2a were categorized by
even parallel channels consisting of four Bz+ formations, one
r+ formation, and isomerizations to 3a and 4a. For the reac-
ions from 3a or 4a, the approximated reaction pathways are
imilar to those in Scheme 3. There are seven reaction channels
f 3a; channel 3a Bz1: 3a�3b → IG1 → 1a → Bz+ + X•, chan-
el 3a Bz2: 3a�3b → IG1 → IG2 → Bz+ + X•, channel 3a Bz3:
a�3b → IG5 → Bz+ + X• (including 3b → 3i → Bz+ + X•), chan-

el 3a Bz4: 3a�3b → IG3 → IG4 → Bz+ + X•, channel 3a Tr:
a�3b → IG1 → Tr+ + X•, channel 3a 2a: 3a�3b → IG1 → 2a,
hannel 3a 4a: 3a�3b → IG3 → 4a. There are seven reaction
hannels of 4a; channel 4a Bz1: 4a� IG3 → IG1 → 1a → Bz+ + X•,
hannel 4a Bz2: 4a� IG3 → IG1 → IG2 → Bz+ + X•, channel 4a Bz3:

cheme 2. The isomerization and dissociation pathways of (a) 1a–4a and (b) 1b–4b ob
J mol−1) are shown in the parentheses and brackets for the bromo- and iodotoluene ion
ncluded.
Spectrometry 278 (2008) 50–58

a� IG3 → 3b → IG5 → Bz+ + X• (including 3b → 3i → Bz+ + X•),
hannel 4a Bz4: 4a� IG3 → IG4 → Bz+ + X•, channel 4a Tr:
a� IG3 → IG1 → Tr+ + X•, channel 4a 2a: 4a� IG3 → IG1 → 2a,
hannel 4a 3a: 4a� IG3 → 3b → 3a. In addition, IG3 can isomerize
o IG1 through 3b.

Second, the steady-state approximation can be used because the
tarting molecular ions, the ortho, meta, and para isomers, are much
ore stable than all the intermediates, which means that the reac-

ions occurring from the intermediates are much faster than the
rst step of the dissociation (for example, B2a → B2b in the disso-
iation of B2a). Consider a reaction that produces several products,
is from reactant A, through a common intermediate, B, with a very
hort lifetime:
(2)

tained by B3LYP/6-311G(d,p)(C,H)/SDD(Br,I) calculations. The relative energies (in
s, respectively. The values next to the arrows are for TSs. The ZPVE corrections are
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Scheme 2. (Continued ).

Fig. 1. Potential energy diagram for the isomerization and dissociation of the bromotoluene ions derived from the B3LYP calculations. For convenience, the isomerization
pathways of B2b, B3b, and B4b to the several brominated isotoluene intermediates were approximated using one-well potentials, and the barriers to produce Tr+ from B1a
were approximated by one barrier. The pathway B2d → B3d and that through B1e–B1i are not included.
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ig. 2. Potential energy diagram for the isomerization and dissociation of the iod
athways of I2b, I3b, and I4b to the several iodinated isotoluene intermediates wer
pproximated by one barrier. The pathway I2d → I3d and that through I1e–I1i are n

ith the steady-state approximation, the rate constant to produce
i is determined by

p,i = kafi. (3)

here fi is the fraction of the i channel given by

ki

i = ∑

iki
. (4)

he overall rate constant is the sum of kp,is and the abundance of
i is proportional to kp,i. When the backward isomerization, B → A,
s competitive to the forward reactions, its rate constant should be

p
S
m
t

ig. 3. Isomerization pathways of the o-bromo- and o-iodotoluene ions occurring by an
istances are in Å.
ne ions derived from the B3LYP calculations. For convenience, the isomerization
oximated using one-well potentials, and the barriers to produce Tr+ from I1a were
luded.

dded to the sum in the denominator of Eq. (4). The reaction can be
ore complicated. When there is another pathway to form B from
, for example A → C → B, its rate constant should be added to ka in
q. (3). When an unstable Pi undergoes further parallel reactions to
js, the rate constant to produce Qj is given by kafifj, where fj is the

raction of the j channel out of reactions from Pi.

Third, although some backward isomerization steps are com-

etitive toward further reactions, only the first one (as IG1 → 2a in
cheme 3) was considered. The errors that arise from this approxi-
ation were estimated to be a small proportion (a few percent) of

he overall dissociation rate constants.

X shift with the geometric structures optimized using the B3LYP calculations. The
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the dissociation occurs by a loose TS and is comparable to that
(31.2 J mol−1 K−1) reported for the formation of phenyl ion by direct
C–I bond cleavage of iodobenzene ion [44].
Sch

.2.1. Iodotoluene ions
The experimental rate data for the dissociation of m-iodotoluene

on (I3a) are available on the time scales (ms–ns) wider than those
ms–�s) for the other molecular ions investigated here. Thus, the
esults for I3a will be described first. First of all, the rate con-
tant (kRearr) for the dissociations by rearrangements was calculated
sing the above approximations. Secondly, the rate constant for the
roduction of mTl+ (channel I3a mTl) occurring by direct C–I bond
leavage was considered. The overall dissociation constant is the
um of these two contributions.

According to the above second approximation, the rate
onstants of the individual channels by rearrangements were deter-
ined using the rate constant of the first step multiplied by their

ranching ratios (see Eq. (3)). The branching ratios were determined
rom the rate constants of the reactions of the intermediates rele-
ant to the individual channels. In order to predict the reaction rate
onstants of I3a, the RRKM rate constants (Eq. (1)) were calculated
or the individual steps with the TSs, as denoted next to the arrows
n Scheme 3. The steps for which no TSs are indicated are the reac-
ions occurring very fast, which do not affect the rate constants of
he individual channels. The critical energies and vibrational fre-
uencies obtained from the present DFT calculation were used in
he RRKM calculation. The rate constants of the seven channels
ere obtained from these calculated individual rate constants. Fig. 4

hows the obtained rate-energy dependences. Channel I3a Bz3 is
he fastest among the channels by rearrangements, which produces
z+ through the isotoluene ions iodinated at the meta position and is
he minimum energy reaction pathway (MERP) needed to produce
7H7

+ from I3a. The next important channels are I3a Bz1, I3a 4a,
nd I3a Bz4. The contributions from the others are small and the
ormation of Tr+ (channel I3a Tr) is negligible. kRearr is the sum of the
ve dissociation channels, I3a Bz1, I3a Bz2, I3a Bz3, I3a Bz4, and

3a Tr, which is shown in Fig. 4. Comparing to experimental data,
t closes to the ICR data, but underestimates the PD-MIKES data
y an order of magnitude. This is due to ignoring channel I3a mTl,
ccurring via a loose TS. Since the TS for the direct C–I bond cleav-
ge was not located, its dissociation rate constant (kmTl) will not be

redicted using conventional RRKM calculations. Thus, to obtain
he rate-energy dependence for the channel, the vibrational fre-
uencies for the TS were adjusted so that the overall dissociation
ate constants (kRearr + kmTl) agree with the PD-MIKES experimental
nes. In the RRKM calculation, the critical energy and vibrational

F
o
c
P

.

requencies for I3a obtained using DFT calculations were used, and
he C–I stretch mode (695 cm−1) was taken as the reaction coordi-
ate. The rate-energy dependences in Fig. 4 show that at low energy
he formation of Bz+ is dominant, while as increasing energy the for-

ation of mTl+ becomes dominant, which agrees with the general
endency in competition between dissociations by rearrangement
nd direct bond cleavage.

The entropy of activation is (�S‡) a good parameter characteriz-
ng the property of a TS [37]. The �S‡ value calculated at 1000 K for
he formation of mTl+ was 36.0 J mol−1 K−1, which indicates that
ig. 4. Rate-energy dependences for the individual reaction channels, kRearr, and the
verall dissociation of m-iodotoluene ion. The curves are the results of RRKM model
alculations. The points are the experimental results by ICR1 [10], ICR2 [13] and
D-MIKES [15].
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Fig. 7 shows the theoretical and experimental rate-energy
dependences for the dissociation of o-bromotoluene ion (B2a).
Channel B2a Bz1 is the most important dissociation channel by
rearrangement, which is the MERP needed to produce C7H7

+ from
B2a. The minor channels B2a Bz2, B2a 4a, and B2a Bz4 become
ig. 5. Rate-energy dependences for the individual reaction channels, kRearr, and the
verall dissociation of o-iodotoluene ion. The curves are the results of RRKM model
alculations. The points are the experimental results by ICR1 [10] and ICR2 [13].

For the dissociations of o- and p-iodotoluene ions (I2a and
4a, respectively), kRearr’s were calculated the same way. To cal-
ulate the RRKM rate constants for the formation of oTl+ (channel
2a oTl, koTl) and pTl+(channel I4a mTl, kpTl), it was assumed that
he �S‡

1000 K values are the same as that obtained above for kmTl.
he vibrational frequencies for the respective TSs were adjusted so
hat the �S‡

1000 K values became 36.0 J mol−1 K−1. The critical ener-
ies and vibrational frequencies for the reactants obtained by DFT
alculations were used. Fig. 5 shows the RRKM rate constants for
he individual rearrangement channels, kRearr, and koTl along with
xperimental data for the dissociation of I2a. The main dissociation
hannel by rearrangement is I2a Bz1, which produces Bz+ via I1a
nd is the MERP needed to produce C7H7

+ from I2a. The contri-
utions from the other channels are negligible at low energies, but
hose from channels I2a Bz2, I2a Bz4, and I2a 4a become important
s the energy increases. The formation of oTl+ becomes dominant
s the energy increases. The overall rates are close to the experi-
ental data obtained on sub-microsecond time scales. Further rate

xperiments are needed on the shorter time scales to analyze the
issociation kinetics with better accuracy.

Fig. 6 shows the rate-energy dependences for the individual
earrangement channels along with those for kRearr, overall disso-
iation rate, and experimental ones for the dissociation of I4a. The
ost important dissociation channel by rearrangement is I4a Bz4,
hich is the MERP needed to produce C7H7

+ from I4a. The contribu-
ion of channel I4a Bz1 cannot be neglected. The others contribute
o the dissociation negligibly. The contribution from the formation
f pTl+ is smaller than those in the dissociations of o- and m-
odotoluene. This is due to the relatively high critical energy for the
ormation pTl+. The overall dissociation rate-energy dependence is
lose to the ICR and PEIPCO experimental data.
.2.2. Bromotoluene ions
In the dissociations of bromotoluene ions, it is expected that

he contributions from formation of Tl+ are smaller than those of
odine analogues, because the products lie much higher than the
arriers for rearrangements when comparing with the iodine ana-

F
t
m
[

verall dissociation of p-iodotoluene ion. The curves are the results of RRKM model
alculations. The points are the experimental results by ICR1 [10], ICR2 [13] and
EPICO. The PEPICO data are the results reanalyzed by Lin and Dunbar [13] using the
riginal data reported by Olesik et al. [7].

ogues (Figs. 1 and 2). To estimate the contributions, the rate-energy
ependences were calculated by assuming that the �S‡

1000 K values
ere the same as that (33.8 J mol−1 K−1) reported for the formation

f phenyl ion by direct C–Br bond cleavage of bromobenzene ion
45].
ig. 7. Rate-energy dependences for the individual reaction channels, kRearr, and
he overall dissociation of o-bromotoluene ion. The curves are the results of RRKM

odel calculations. The points are the experimental results by ICR [9] and PEPICO
7].
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isomeric substituted toluene ions. For the analogous molec-
Rearr

he overall dissociation of m-bromotoluene ion. The curves are the results of RRKM
odel calculations. The points are the experimental results by ICR [9] and PEPICO

7].

mportant as increasing energy. The other channels contribute neg-
igibly to the dissociations. Up to 350 kJ mol−1, the contribution
rom formation of oTl+ is negligible, and become important at
igher energies. The overall dissociation rate constants agree well
ith the ICR data, but about three times larger than the PEPICO
ata.

Fig. 8 shows the theoretical and experimental rate-energy
ependences for the dissociation of m-bromotoluene ion (B3a).
hannel B3a Bz3 is the main dissociation channel by rearrange-
ent, which is the MERP needed to produce C7H7

+ from B3a. The
ther channels cannot be neglected, except the formation of Tr+.
he contribution from formation of mTl+ is similar with the dis-
ociation of B2a. The agreement between the overall dissociation
ates and experimental ones is satisfactory.

The rate-energy dependences for the dissociation of p-
romotoluene ion (B4a) are shown in Fig. 9. Among the dissociation
hannels by rearrangement, B4a Bz4 is the most important, which
s the MERP needed to produce C7H7

+ from B4a. The contributions
rom the other channels are small. At high energy, the formation
f pTl+ can contribute to the dissociation. The overall dissociation
ates close to the experimental data (Fig. 9).

For the o-, m-, and p-halotoluene ions investigated, the theo-
etical dissociation rates closed to the experimental ones, but did
ot predict exactly. This may be due to several reasons. The most
robable one is limited accuracy of the energies and vibrational
requencies obtained by the DFT calculations, which were used in
he RRKM calculations. In particular, accuracy of those for TSs has
ot been well evaluated. These parameters are often adjusted to
t experimental rate data. In this work they were used without
ny adjustment. The approximations made can be one of the rea-
ons. For the steady-state approximation to be valid, lifetimes of the
ntermediates should be very short compared to the reactants. This
as fulfilled according to the present RRKM calculations. For exam-

le, the lifetime of 3i, which was longest among the intermediates

n the reactions of iodotoluene ions, was estimated to be 130 times
horter than I2a at 300 kJ mol−1. Even though agreements between
he theoretical and experimental rate-energy dependences were

u
C
d
a

ig. 9. Rate-energy dependences for the individual reaction channels kRearr, and the
verall dissociation of p-bromotoluene ion. The curves are the results of RRKM model
alculations. The points are the experimental results by ICR [9] and PEPICO [7].

ot perfect, they are satisfactory for the present purpose of kinetic
nalysis to get insight into the dissociation mechanisms.

.2.3. Comparison with the other toluene ion derivatives
The reaction pathways of the isomeric halotoluene ions obtained

ere are similar to those of the isomeric ions of methylated toluene
ethylbenzene and xylene) [6] and chlorotoluene [17] reported pre-
iously. The present kinetic analysis predicts that Bz+ is the major
7H7

+ product in the dissociation of all the halotoluene ions inves-
igated near the thresholds. This agrees with most experimental
esults including those of product-resolved studies using ICR [9,11].

Although Bz+ was found to be the major C7H7
+ product formed

hrough rearrangements in all the dissociations of the ortho, meta,
nd para isomers of the chloro-, bromo-, and iodotoluene ions,
he most significant pathways were not all the same. For the m-
nd p-halotoluene (X = Cl, Br, and I) and o-chlorotoluene ions, dis-
ociations occurred mainly through the halogenated isotoluene
ntermediates with retaining the original positions of X and CH3,

hereas for the o-bromo- and o-iodotoluene ions, dissociations
ccurred mainly by isomerization to the alpha isomers. It should
e noted that all the most significant pathways correspond to the
ERPs needed to produce C7H7

+ from the molecular ions. The final
teps of isomerizations from the molecular ions to the alpha iso-
ers, X2c → X1a occur through a halogen shift. The barriers for

he steps are listed in Table 1. For the halogen shift, the C–X bond
hould cleave first. It is well known that the bond energies increase
n the order C–I < C–Br < C–Cl, being reflected in the barriers of steps,
2c → X1a. These or other steps to reach X2c are less energeti-
ally favored than the steps via the halogenated isotoluene ions in
he dissociation of m- and p-halotoluene and o-chlorotoluene ions,
hereas they are more favored in the dissociation of o-bromo- and

-iodotoluene ions.
Table 1 shows the calculated C–X bond energies of some
lar ions, the C–X bond energies increase in the order
–I < C–Br < C–Cl < C–CH3 < C–H, which agrees with the general ten-
ency. Tr+ and Bz+ are produced from the dissociation of toluene
nd ethylbenzene ions [2,3,5,6,20,23,28]. As shown in Table 1, the
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Table 1
The calculated critical energies of some reactions of C7H7X+•a

Reaction X

Ib Brc Cld CH3
e Hf

X1a → Bz+ + X• 45 57 112 154 224
X1a → Tr+ + X• 173 155 125 131 207
X2c → X1a (via X1a2c) 32 39 58 – –
X2a → oTl+ + X• 211 237 318 354 381
X3a → mTl+ + X• 223 247 326 366 387
X4a → pTl+ + X• 243 268 348 385 395

a For the formation of Bz+ and Tl+, the values correspond to the C–X bond energies
of the reactants. For the Tr+ formation, the values are the barriers of the correspond-
ing MERPs.

b This work. The B3LYP/6-311G(d,p)(C,H)/SDD(I) result.
c This work. The B3LYP/6-311G(d,p)(C,H)/SDD(Br) result.
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d Ref. [36]. The B3LYP/6-311 + G(3df,2p)//B3LYP/6-31G(d) result.
e Ref. [6]. The B3LYP/6-311 + G(3df,2p)//B3LYP/6-31G(d) result.
f Ref. [5]. The G3//B3LYP result. Those for the Tl+ formation were calculated in this
ork.

alculated critical energies for the formation of Tr+ from the two
olecular ions are smaller than those for Bz+ formation. The former

s favored at low energies, and the latter is favored at high energies,
ecause the direct bond cleavage is entropically more favored with

ncreasing energy. However, for �-halotoluene ions, the energies
eeded for Tr+ formation are larger than those for the Bz+ for-
ation. This is because the former occurs through rearrangement

teps, including the cleavages of C–H or C–C bonds, which require
arger energies than those of C–X bonds. Since the formation of Tr+

s less favored both entropically and energetically, it would not be
bserved in dissociation of the �-halotoluene ions. Similarly, con-
idering the entropic effect, the formation of Tl+ from the o-, m-,
r p-halotoluene ions can dominate the Bz+ formation at energies
uch higher than its threshold. In the dissociation of o-, m-, and

-iodotoluene ions, particularly the former two, the formation of
l+ can compete with Bz+ formation at relatively low energies as
escribed above.

. Conclusions

The PESs for the dissociation and isomerization of bromo- and
odotoluene ions were obtained using B3LYP calculations. The
RKM model calculations were carried out to obtain the disso-
iation rate constants. For all the molecular ions, the only C7H7

+

roduct was Bz+ in the dissociations occurring below the thresh-
ld for Tl+ formation. From the �-isomers (B1a and I1a), Bz+ was
roduced by direct C–X bond cleavage. In the reactions of B3a–B4a
nd I3a–I4a, the rearrangements to the halogenated isotoluene ions
ollowed by C–X bond cleavage were the main dissociation mech-
nisms. The rearrangement to B1a, or I1a, of which the final step
ncluded an X shift, followed by C–X bond cleavage was more impor-
ant in the dissociation of B2a or I2a. The interconversion among the
-, m-, and p-halotoluene ions contributed to the dissociations neg-
igible. As increasing energy, the formation of Tl+ became important
ecause it is entropically more favored than the rearrangements.
or the o- and m-iodotoluene ions, its contribution should be con-
idered even in the slow dissociations occurring with k ≈ 105 s−1.
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