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The potential energy surface (PES) for the formation of tropylium and benzylium ions from toluene cation
(1) has been explored theoretically. Quantum chemical calculations at the B3LYP/6-311++G** and G3//
B3LYP levels were performed. A pathway to formo-isotoluene (5-methylene-1,3-cyclohexadiene) cation (5)
from 1 was found. The isomerization occurs by two consecutive 1,2-H shifts from CH3 to the ortho position
of the aromatic ring via a distonic benzenium cation (2), which is also an intermediate in the well-known
isomerization of1 to cycloheptatriene cation (4). Since the barrier for the formation of2 is the highest in the
two isomerization pathways,1, 4, and5 are interconvertible energetically prior to dissociation. The benzylium
ion can be produced via5 as well as from1 and the tropylium ion via4. Rice-Ramsperger-Kassel-Marcus
model calculations were carried out based on the obtained PES. The result agrees with previous experimental
observations. From a theoretical analysis of kinetics of the isomerizations and dissociations, we suggest that
5 plays an important role in the formation of C7H7

+ from 1.

1. Introduction

The formation of C7H7
+ from toluene molecular cation (1)

is one of the most extensively studied reactions in the field of
gas-phase ion chemistry. Since Rylander et al.1 suggested the
seven-membered-ring tropylium ion (Tr ) for the product C7H7

+

in 1957, the kinetics and mechanism of formation ofTr and/or
benzylium ion (Bz) from C7H8

+• 2-26 or other alkylbenzene
cations25-37 have been the focus of numerous researchers for
the past half century. Various experimental techniques have been
used to determine the dissociation rate constants,Tr /Bz branch-
ing ratios, kinetic energy releases, isotope effects, etc. It is well-
known thatBz is formed by a direct cleavage from1 andTr
via a rearrangement to cycloheptatriene cation (4). This has been
confirmed by a theoretical potential energy surface (PES)
obtained by Lifshitz et al.17 According to the PES, a H atom of
the methyl group migrates initially to the ipso position of the
aromatic ring to form a distonic benzenium ion (2), and 2
undergoes further isomerizations to norcaradiene cation (3) and
4 (Scheme 1). The investigators showed that Rice-Ram-
sperger-Kassel-Marcus (RRKM)38 model calculations based
on the PES can fit well experimentalTr /Bz ratios and
dissociation rate constants. These studies are excellently re-
viewed by Lifshitz.20

On the other hand, the role ofo-isotoluene (5-methylene-
1,3-cyclohexadiene) cation (5) in the formation of C7H7

+ from
1 has been overlooked since the report of the PES of Lifshitz
et al. In earlier mass spectrometric studies, it was suggested

that three isomers1, 4, and5 interconvert prior to dissociation.3,4

Dewar and Landman22 proposed5 as a possible intermediate
in the isomerization of1 f 4 based on MINDO/3 calculations,
agreeing with the experimental observations. They suggested
that5 is formed from 1,3-H shift from the methyl group to the
ortho position of the aromatic ring. Lifshitz et al.,17 however,
excluded the pathway in their analysis of the dissociation
kinetics because there are high barriers along the pathway. This
is supported in a recent theoretical study by Gru¨tzmacher and
Harting.25 It is probable, however, that an isomerization pathway
for 1 f 5, energetically comparable and hence competitive to
the pathway for1 f 4 in Scheme 1, has not been found yet
theoretically.

In this work, we have explored the theoretical PES for loss
of H• from 1 with attention to involvement of5. On the basis
of the obtained PES, RRKM model calculations have been
carried out to fit the previous experimentalTr /Bz ratios and
dissociation rate constants. From the results, the dissociation
kinetics of the formation of C7H7

+ will be discussed in detail.

2. Methods

Molecular orbital calculations were performed with the
Gaussian 03 suite of programs.39 Geometry optimizations for
the stationary points were carried out at the unrestricted B3LYP
level of density functional theory (DFT)40 with the 6-311++G**
basis set. Transition state (TS) geometries connecting the
stationary points were searched and checked by calculating the
intrinsic reaction coordinates at the same level. Unrestricted HF
calculations for the C7H8

+• species resulted in severe spin
contamination as reported by Lifshitz et al.17 Spin contamination
of the DFT calculations was satisfactory. All the expectation
values for the spin operatorS2 were in the range of 0.75-0.77.
The harmonic frequencies calculated at the B3LYP/6-311++G**
level were used for zero point vibrational energy (ZPVE)
corrections without scaling. For better accuracy of the energies,
Gaussian-3 (G3) theory calculations using the B3LYP density
functional method (G3//B3LYP)41 were performed. In G3//
B3LYP calculations, the geometries are obtained at the B3LYP/
6-31G* level, and the ZPVEs are obtained at the same level
and scaled by 0.96. All the other steps remain the same as in
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the G3 method42 with the exception of the values of the higher
level correction parameters.

The RRKM expression38 was used to calculate the rate-energy
dependences:

whereE is the reactant internal energy,E0 is the critical energy
of the reaction,Nq is the sum of states of the transition state,F

is the density of states of the reactant, andσ is the reaction
path degeneracy.Nq and F were evaluated by direct count of
states with use of the Beyer-Swinehart algorithm.38,43

3. Results and Discussion

All of the stationary points in Scheme 1 and the TSs
connecting them except the TS (TS1Bz) for 1 f Bz + H• were
optimized at the B3LYP/6-311++G** levels. Their relative
energies are listed in Table 1, and the geometrical structures
for the isomers and TSs are shown in Figure 1. The energy for

SCHEME 1

TABLE 1: Relative Energies and Entropies of Relevant Species

energy, kJ mol-1

species B3LYP/6-311++G** b G3//B3LYP exptlc G3//B3LYP(-d8)d
entropy,e

J K-1 mol-1

toluene+• (1) 0 0 0 0 0
C6H6CH2

+• (2)a 147 144 147 -1
norcaradiene+• (3) 91 80 79 -24
cycloheptatriene+• (4) 62 75 80 74 -17
o-isotoluene+• (5) 30 38 38 -14
m-isotoluene+• (5m) 87 95 96 -7
p-isotoluene+• (5p) 40 46 46 -14
Bz + H• 224 216 218 224
Tr + H• 188 188 164 196
TS12 153 159 162 -21
TS23 154 149 151 -20
TS25 153 149 152 -20
TS34 125 116 115 -35
TS55m 117 116 120 -26
TS5m5p 121 119 124 -26
TS4Tr 201 207 212 -13
TS5Bz 229 223 230 -1
TS5pBz 226 219 226 3

a A distonic benzenium cation. See Scheme 1.b The ZPVE calculated is included without scaling.c From experimental heats of formation at 0
K in ref 44. The heat of formation ofBz was taken from ref 45.d For the C7D8

+• species.e Calculated at 1000 K from the vibrational frequencies
calculated at the B3LYP/6-31G* level and scaled by 0.96. Contribution of the CH3 internal rotation to1 is 29 J K-1 mol-1.

Figure 1. The isomerization pathway of1 obtained by B3LYP/6-311++G** calculations.

k(E) )
σNq(E - E0)

hF(E)
(1)
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1 f Bz + H• is critical in RRKM model calculations. The
calculated one is higher than the experimental one by 6 kJ mol-1

(Table 1). The G3//B3LYP calculations resulted in a better
agreement. The discrepancy is reduced to 2 kJ mol-1. The
differences between the relative energies calculated by the
B3LYP and G3//B3LYP methods are within∼10 kJ mol-1. The
PES constructed from the G3//B3LYP calculations is depicted
in Figure 2. For this pathway, Lifshitz et al.17 and Grützmacher
and Harting25 have obtained similar PESs by HF calculations.
The latter investigators, however, reported that2 was not a stable
species in their DFT calculations. As shown in Figure 2,2 is
much less stable than other isomers. It rearranges to other
isomers rapidly after formation.

More importantly, we found another isomerization pathway
of 2, not reported so far. Theipso-H atom of2 can either retain
its position or migrate to the adjacent ortho position, which
forms3 or 5, respectively (see Figure 1). The former process is
a step in the pathway to form4 mentioned above, which can
produceTr eventually. The latter is a newly found pathway to
form 5, occurring by two consecutive 1,2-H shifts. The barriers
(TS23 andTS25) for two isomerizations are almost the same.
In other words,2 is a common intermediate for interconversion
of 1, 4, and5. Analogous pathways have been suggested in our
recent study46 on the dissociation of phenylsilane cation.5 can
undergo further 1,2-H shifts to form the meta and para isomers,
5m and 5p (“H ring walk”). 5 and 5p, more stable than5m,
can produceBz with small reverse barriers. This means that
the dissociation kinetics would be more complicated than
understood without considering5 so far.

The PES in Figure 2 shows that interconversion of the stable
C7H8

+• isomers can occur readily prior to dissociation. The
highest barrier (TS12) for the interconversion lies lower than
the dissociation threshold (TS4Tr) by 48 kJ mol-1. However,

an entropic factor is as important as an energetic factor in
reaction kinetics. The transition state RRKM theory is adequate
to predict the kinetics. We calculated the dissociation rate
constants of1 andTr /Bz ratios by RRKM modeling based on
the obtained PES to compare with the experimental data.

Since several isomers are involved in the dissociation, RRKM
calculations were carried out under some approximations. First,
we treat the PES as a three-well PES. SinceTS34 lies lower
thanTS4Tr or TS23, interconversion of3 and4 would be faster
than dissociation toTr or isomerization to2. Therefore,3 and
4 can be considered as a stable species, which will be designated
by 4 for convenience. Similarly, the three isotoluene isomeric
ions are considered as a species,5. In addition, since the lifetime
of 2 must be very short, each of the two-step isomerizations
via 2 is approximated by a one-step isomerization by using the
steady-state approximation.47 Then, the complicated isomeriza-
tions are well approximated by a cyclic reaction (Scheme 2).
The kinetic equations associated with the three-well-two-product
model are given by

At time t ) 0 the initial concentrations of the three isomers are

Figure 2. The potential energy surface obtained by G3//B3LYP calculations.

d[1]
dt

) k2[4] + k6[5] - (k1 + k4 + k5)[1] (2)

d[4]
dt

) k1[1] + k8[5] - (k2 + k3 + k9)[4] (3)

d[5]
dt

) k5[1] + k9[4] - (k6 + k7 + k8)[5] (4)

d[Tr ]
dt

) k3[4] (5)

d[Bz]
dt

) k4[1] + k7[5] (6)
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[1] ) [1]0 and [4] ) [5] ) 0. The exact solution of these
differential equations is very complicated. A simplified solution
can be obtained by application of the steady-state approximation.
Since4 and 5 are less stable than1, it is expected that their
lifetimes are shorter than that of1, which will be proved below.
Then, the following approximation is valid.

From eqs 2-4 and 7, the following simple solution is obtained:

where kobs is the observable dissociation rate constant of1
approximated by

where R ) (k5k8 + k1γ)/(γδ - k8k9), â ) (k1k9 + k5δ)/
(γδ - k8k9), γ ) k6 + k7+ k8, and δ ) k2 + k3+ k9. From
eqs 3-7, theTr /Bz ratio is approximated by

Under the above approximation, the dissociation rate constant
(kobs) andTr /Bz ratio are described by means of the nine rate
constants,k1-k9. The individual RRKM rate-energy depend-
ences were calculated. The G3//B3LYP energies were used for
the critical energies. The vibrational frequencies calculated at
the B3LYP/6-31G* level with the geometries optimized at the
same level were used with scaling by 0.9648 in the absence of
recommended scaling factors for other basis sets of the B3LYP
method. Both state densities of3 and4 were considered in the
calculations ofk2, k3, andk9. Fork6, k7, andk8, all state densities
of 5, 5m, and5p and both state sums ofTS5Bz andTS5pBz
were considered. Since it is known that the CH3 rotation is nearly
free in1,49 the CH3 torsional mode was replaced by the internal
rotation in the calculation of density of states of1. TS1Bz
presents a problem in the RRKM calculations because no saddle
point was found in the dissociation of1 to Bz + H•. Therefore,
the distance between the C and H atoms of the methyl group
of 1 was increased with optimization of all other coordinates
(see Figure 3). The best geometry for this loose TS will be
chosen by comparing the resultantkobs values andTr /Bz ratios
with experimental ones.

Two research groups reported experimental dissociation rate
constants of1. Bombach et al.8 measured the rate constants using

photoelectron-photoion coincidence (PEPICO) spectroscopy on
a microsecond time scale. They interpreted that thek(E) curves
for the formation ofTr and Bz cross each other, which has
been ruled out by subsequent studies.7,13,20 In addition, their
measured rates are much faster than those investigated later.13,18

The well-accepted rate constants were measured in a time-
resolved photodissociation study by Huang and Dunbar,13 which
will be used here for comparison. ReliableTr /Bz ratios were
obtained by using photodissociation11 and charge exchange mass
spectrometry14 as a function of the energy.

All the individual rate constants exceptk4 were calculated as
described above without any further adjustment. To calculate
k4 reasonably, vibrational frequencies for the optimized geom-
etries at separating C-H distances of 1.6-3.0 Å (at 0.2 Å
intervals along the coordinate in Figure 3) were calculated and
used forTS1Bz. Fromk1-k9 thus calculated,kobs and theTr /
Bz ratio were evaluated and compared with experimental values.
The best fit was obtained withTS1Bz at the C-H distance of
2.0 Å (Model I, see Table 2). The resultant individual rate
constants are shown in Figure 4. The agreement between the
RRKM calculations and experiments is not excellent as shown
in Figures 5 and 6. It is to be noted that the energetic data and
vibrational frequencies for a total of 13 stationary points50

obtained by quantum chemical calculations were used in the
calculations under the approximations mentioned above. Con-
sidering this, the agreement achieved here is remarkable even
though cancellation by possible positive and negative errors
arising from the individual steps cannot be ruled out. The

SCHEME 2

d[4]
dt

≈ d[5]
dt

≈ 0 (7)

[1] ) [1]0 exp(- kobst) (8)

kobs≈ k1 + k4 + k5 - k2R - k6â (9)

[Tr ]

[Bz]
≈ k3R

k4 + k7â
(10)

Figure 3. Dissociation path energy calculations forBz-H as a function
of the separating C-H distance (the B3LYP/6-31G* result). The best
RRKM fitting was obtained withTS1Bz at the C-H distance of 2.0
Å, indicated by the arrow.
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calculatedkobsis rather insensitive to the C-H distance assumed
for TS1Bz at low energies where experimental data are
available, while those with different C-H distances diverge as
energy increases (see Figure 5). Since theTr /Bz ratio was
measured over a wider energy range (2.4-7.0 eV), it is more
useful in comparison. The calculated abundance ofTr is
sensitive to the C-H distance ofTS1Bzas shown in Figure 6.
At low energies the TS at the C-H distance 2.6 Å (Model II)
shows a better agreement. As the distance decreases, the
abundance ofTr increases. At the distance of 2.0 Å, the
agreement between calculated and experimental abundance
ratios is the best. Decreasing the distance less than 2.0 Å hardly
affectskobsor Tr /Bz ratios (see Figures 5 and 6). The distances
far less than 2.0 Å, however, are too short as structures for
TS1Bzconsidering the energy calculations shown in Figure 3.

For unimolecular reactions without reverse barriers, modified
RRKM theories such as the variational transition state theory
(VTST) and the statistical adiabatic channel model (SACM) are
more appropriate for modeling of loose transition states than
the normal RRKM theory employed here. We have not
attempted to estimatek4 by such modified RRKM theories since
k4 is one of the nine rate constants determiningkobswith limited
accuracy of theoretical molecular parameters and energetic data
for estimation of the other rate constants. The present estimation
of k4 by the normal RRKM calculations is adequate for the
purpose of understanding the dissociation kinetics of the C7H8

+•

isomers qualitatively. Instead we will mention some recent

results of VTST or SACM calculations. For the H• loss from
benzene cation, Klippenstein et al.51 and Troe et al.36 carried
out the VTST and SACM/CT (classical trajectory) calculations
for k(E), respectively. The two results are nearly the same and
agree well with the normal RRKM result at rate constants larger
than 104 s-1. Near the reaction threshold, they predict somewhat
lower rate constants than the normal RRKM result, which
resulted in higher critical energies. The SACM/CTk(E) calcula-
tions36 for the formation of C7H7

+ from n-butylbenzene cation
gave a similar result in comparison with the normal RRKM
calculation. The two model calculations agree well at rate
constants larger than 103 s-1.

Decreasing the C-H distance ofTS1Bzmakes the TS tighter
and results in a decrease ofk4. Then, contribution of the route
1 f Bz + H• to the formation ofBz would decrease, sinceBz

TABLE 2: Summary of RRKM Modeling

scaling factor for
vibrational frequenciesa

model reactant TS
C-H distance
of TS1Bz(Å)

I 0.96 0.96 2.0
II 0.96 0.96 2.6
III 0.96 0.96 1.6
IV 0.96 1.02 2.0

a Vibrational frequencies were calculated at the B3LYP/6-31G* level.
The scaling factor recommended in ref 48 is 0.96.

Figure 4. RRKM rate-energy dependences fork1-k9 calculated by
Model I.

Figure 5. Rate-energy dependences forkobs. Closed and open circles
are experimental results of photodissociation of toluene and toluene-
d8 cations, respectively.13 Curves are the result of RRKM model
calculations.

Figure 6. The relative abundance ofTr , [Tr ]/([Tr ] + [Bz]). Circles
are the results of photodissociation11 and charge exchange14 experiments
corrected for thermal energies by Lifshitz et al.17 Curves are the results
of RRKM model calculations.
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can be produced via5 as well as from1. The denominator of
eq 10 is the sum of the two contributions. The abundance ratio
of Bz formed from 1 and via 5, [Bz]1:[Bz]5, is k4:k7â. The
calculated result is shown Figure 7 as a function of the energy
together with the relative abundance ofTr . At the C-H distance
of 2.0 Å (Model I) [Bz]1 is around 10% of the total product
ions, less than [Bz]5. Since [Bz]1 would become far less than
[Bz]5 at C-H distances less than 2.0 Å, the contribution of
1 f Bz + H• to the Tr /Bz ratio or kobs becomes negligible
compared to that of formation ofBz via 5. It is to be noted that
the latter contribution, ignored in the previous theoretical study,17

is considerable. Even at the C-H distance of 2.6 Å (Model II)
[Bz]5 is similar to or larger than [Bz]1 up to∼6 eV (see Figure
7). This clearly shows that contribution of isotoluene cations
to the formation of C7H7

+ from 1 should not be ignored.
From the rate-energy dependences in Figure 4, the kinetics

of isomerizations and dissociations of the various C7H8
+• ions

can be predicted. Starting from1, the isomerizations to4 and
5 are much faster than the dissociation toBz at low energies
(k1, k5 . k4). As energy increases the dissociation rate constant,
k4, increases more rapidly and would become larger than the
isomerizations at higher energies. The result ofk1 ≈ k5 indicates
that initially 4 and5 are formed with similar abundances. Since
k9 is much larger thank8, however, the abundance of5 would
be much larger after interconversion with4. Then, the abundance
of 4 becomes very small. In addition, most of5 ions return to
1 (mainly at low energies,k6 > k5, k7) or dissociate toBz
(mainly at high energies,k7 > k5, k6) faster than its formation
from 1. This means that4 and5 are more reactive than1 and
have little time to accumulate, and the steady-state approxima-
tion (eq 7) applied above is valid. One of the reasons why1 is
less reactive is due to the free internal rotation of the methyl
group. Evaluation of relative entropies of the relevant species
is helpful in understanding the kinetics of isomerizations and

dissociations. The relative entropy between stable species can
be considered as the reaction entropy, and that between a
reactant and a TS as the activation entropy (∆Sq). The relative
entropies evaluated at 1000 K by using the vibrational frequen-
cies calculated and scaled by 0.96 and the rotational constant
(5.5 cm-1) for the internal rotation of1 are listed in Table 1.
All the stable species have negative entropies relative to1. The
higher the entropy is, the more stable the species is without
considering the energetic factor, because the density of states
increases with the entropy. In other words, the isomers such as
3, 4, 5, 5m, and5p are less stable than1 entropically as well
as energetically. Contribution of the internal rotation to the
entropy of1 is evaluated as 29 J K-1 mol-1, which is the main
reason for the particular entropic stability of1. Since5 and5p
are energetically and entropically more stable than3 and4, the
abundances of the stable isomers at preequilibrium prior to
dissociation would be on the order of1 > 5, 5p > 3, 4. This
agrees with the above prediction from the rate-energy depend-
ences.

Starting from 4, it rapidly isomerizes to5 or 1 prior to
dissociation toTr (k9, k2 > k3). As energy increases, the
dissociation rate increases more rapidly than the isomerizations.
The kinetics of isomerizations and dissociation starting from5
is similar to those of1 and4. At low energies its isomerizations
are faster than dissociation toBz, and at high energies the
reverse is true. Figure 4 shows that the slopes (k3, k4, andk7)
for dissociations are larger than those for isomerizations. This
means that the stable C7H8

+ isomers rapidly interconvert prior
to dissociation at low energies, and the dissociations can occur
faster than the interconversion at high energies. This prediction
agrees with the previous experimental observations. In early
work, McLafferty and co-workers2-4 carried out mass spectro-
metric investigations on several C7H8

+• isomers with deuterium
labeling. They compared dissociations of deuterium-labeled ions
of 1, 4, and 5 (5 was generated from 2-phenylethanol) by
determining isotope effects and degrees of H-scrambling.3 It
was concluded that for their metastable dissociations, occurring
on a microsecond time scale,1, 4, and5 isomerize to a common
structure prior to dissociation, and5 ions of higher energies
undergo direct cleavage loss of H• prior to isomerization. In a
later study,4 isomerization of1 to 5 was suggested. Subsequent
studies by several investigators showed the distinct behavior
of 5 generated fromn-butylbenzene or 2-phenylethanol, using
techniques of photodissociation12 and collision-induced dis-
sociation.6 This indicates the stability of5 and its distinguishable
dissociation at high energies as predicted above. Bartmess15 and
Bally et al.16 generated5 and/or 5p from their neutrals and
confirmed their distinct entity on the C7H8

+• hypersurface.
The experimental observation ofTr at high energies can be

due to further isomerization ofBz after formation. Very recently,
Fridgen et al.35 reported thatBz formed from ethylbenzene
cation can undergo isomerization toTr . From a theoretical
analysis of experimental data, they suggested that the threshold
for the isomerization is∼4.5 eV of the internal energy of
ethylbenzene cation. Comparing the threshold (∼160 kJ mol-1)
calculated for the formation ofBz from ethylbenzene cation
with that (∼220 kJ mol-1) from 1, it is possible that the1 ions
of energies higher than∼5.1 eV can undergo1 f Bz (+ H•)
f Tr . This suggests that the isomerizationBz f Tr would
make a contribution to the experimental abundance ofTr at
7.0 eV in Figure 6.

An attempt was made to improve the rate calculations by
adjusting parameters used in RRKM modeling, even though the
above analysis is enough to understand the kinetics qualitatively.

Figure 7. Relative abundances ofTr , Bz1, and Bz5 calculated by
RRKM Models I and II.Bz1 andBz5 denoteBz formed from1 and via
5, respectively.
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The kobs values calculated overestimate the experimental ones
by a factor of∼2. The rate constant is lowered by increasing
the critical energy and/or vibrational frequencies of the TS (i.e.,
tighter TS) in RRKM calculations. The accuracy of TS
frequencies and energies obtained by quantum chemical calcula-
tions has not been evaluated. We varied vibrational frequencies
of the TSs without changing the critical energies since the
activation entropies evaluated from the vibrational frequencies
scaled by 0.96 indicate somewhat looser TSs. For example, the
∆S1000K

q values for4 f Tr + H• and5 f Bz + H•, occurring
via tight TSs, are positive values (4 and 13 J K-1 mol-1,
respectively, evaluated from the data listed in Table 1), even
though generally∆Sq is a negative value for the reaction
occurring via a tight TS.38 Use of a global scaling factor of
1.02 (Model IV, see Table 2) for vibrational frequencies of TSs
resulted in the best agreement between calculated and experi-
mentalkobs values (see Figure 5). It is usual that the scaling
factor (Fq) for TS frequencies required for RRKM fitting is
larger than that (F) for reactant frequencies as in this case. For
the formation ofTr from ethylbenzene cation, Fridgen et al.35

reported thatF ) 0.9 andFq ) 1.09. Muntean and Armentrout37

usedF ) 0.9804 andFq ) 1.039 for the best RRKMk(E) fit
for the formation of C7H8

+• from n-butylbenzene cation. The
Tr/Bz ratio curve calculated by model IV was essentially the
same as that of Model I. The lack of experimentalkobs data at
high energies limits the accuracy of the theoretical prediction
of kobs(E). We do not insist that this improvement is the best
with high confidence because of limited accuracy of the present
theoretical estimation for a lot of energies and vibrational
frequencies involved in isomerization and dissociation steps.
This improved model can be used for prediction of the
intermolecular isotope effect. Huang and Dunbar13 measured
the rate constants for the photodissociation of perdeuterated
toluene cation as well. The relative energies and vibrational
frequencies of the C7D8

+• species were calculated. The G3//
B3LYP energetic data are listed in Table 1. Thekobs values for
the dissociation of toluene-d8 cation calculated by Model IV
agree well with the experimental ones as shown in Figure 5.
The lowering of the rate constants by deuteration is mainly due
to higher critical energies for the isomerization and dissociation
steps of the C7D8

+• isomers. The deuteration hardly affects the
relative entropies.

4. Conclusions

A new PES for the formation of C7H7
+ from 1 was obtained

by the B3LYP/6-311++G** and G3//B3LYP calculations. We
found the pathway to form5 by two consecutive 1,2-H shifts
from 1. Its energy barrier is the same as the barrier for the well-
known pathway to form4. The distonic benzenium cation,2,
is a common intermediate for the interconversion of1, 4, and
5. From RRKM model calculations based on the obtained PES,
the dissociation rate constants andTr /Bz ratios were obtained
as a function of the energy, which agree with the previous
experimental data. The calculated result predicts that the stable
C7H8

+• isomers interconvert rapidly prior to dissociation at low
energies, while they dissociate faster than the interconversion
at high energies, in accordance with the experimental observa-
tions. From the kinetic analysis, we suggest that isotoluene
cations make a significant contribution to the formation ofBz
from 1. This demands further investigations for the role of
substituted isotoluene cations in dissociations of other alkyl-
benzene cations.
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calculations, and RRKM rate expressions fork1-k9. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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