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Production of C7H7
+ from toluene molecular ion (TOL•+) was studied using mass-analyzed ion kinetic energy

spectrometry. The kinetic energy release distribution (KERD) was determined, which showed that both
benzylium (Bz+) and tropylium (Tr+) ions were produced from TOL•+. The interconversion between the
molecular ions of toluene and cycloheptatriene prior to the dissociations was confirmed. Ab initio calculations
at the HF/6-31G** and G2(MP2,SVP) levels were carried out for some important chemical species. The
KERD in the Bz+ channel was calculated using the statistical phase space theory, while classical trajectory
calculations were done to obtain the theoretical KERD in the Tr+ channel. The Tr+/Bz+ branching ratio
determined by analyzing the experimental KERD was much larger than reported previously.

Introduction

Production of C7H7
+ from toluene molecular ion (TOL•+) is

one of the most extensively studied reactions in the field of
gas-phase ion chemistry.1-13 Investigations over the years have
established that two isomeric ions, namely, benzylium (Bz+)
and tropylium (Tr+), are produced, the former by a simple C-H
bond cleavage of TOL•+ and the latter via isomerization to the
cycloheptatriene (CHT•+) structure and subsequent C-H bond
cleavage (Scheme 1).

Since the enthalpy of formation of Tr+ is lower than that of
Bz+ (by ∼0.4 eV), one would expect the preferential generation
of Tr+ near the threshold for the dissociation of TOL•+. Dunbar3

measured the Tr+/Bz+ branching ratio using the ion cyclotron
resonance (ICR) technique based on the hypothesis2 that only
Bz+ reacts with toluene to produce C8H9

+. It was found that
the Bz+ channel competed effectively against the Tr+ channel
even very near the reaction threshold. The same was observed
in the time-resolved photoionization study of Lifshitz and co-
workers, which also utilized the Bz+-toluene reaction.6-8

Moreover, it was found that the appearance energies for Bz+

and Tr+ were essentially the same, which is in agreement with
the effective competition between the two channels observed
even very near the threshold. However, this is in apparent
contradiction with the fact that Tr+ is more stable than Bz+.14

The issue was more or less resolved by the quantum chemical
study of Lifshitz and co-workers, which found that a substantial
(∼0.4 eV) reverse barrier was present in the dissociation of
CHT•+ to Tr+ and that the height of the TOL•+ f CHT•+ barrier
was lower than those for the dissociation to Bz+ and Tr+.7

Another important result for this system is the accurate rate-
energy relation for the overall reaction, namely, Bz+ plus Tr+,
determined by Huang and Dunbar with the time-resolved
photodissociation technique.13 The tropylium vs benzylium story
has been reviewed by Lifshitz recently.1

The previous investigations on this system described above
were focused mainly on the branching ratios and the rate
constants. No serious study on the exit channel effect has been
made for this system, even though a successful mechanistic
model should be compatible not only with the rate-energy and
branching ratio data but also with the exit channel data.15-27

Practically the most important exit channel information in gas-
phase ion chemistry is the kinetic energy release distribution
(KERD), which can be measured easily and accurately. Various
information on a reaction is available from the measured KERD
such as the presence of the reverse barrier. In some cases, KERD
appears as bimodal due to the production of two isomeric
products. Then, it is possible to separate KERD into components
and determine their branching ratio.24,25 Also, it is possible to
calculate KERD with statistical or dynamical theories and
compare the results with the experimental data so as to gain
further insights into the process.

In this work, a combined experimental and computational
study on KERD in the metastable decomposition of TOL•+ is
presented. It will be shown that the previous mechanistic model
is compatible with the present KERD data and that a further
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improvement in kinetic modeling is needed for a quantitative
explanation of the process.

Experimental Section

A double-focusing mass spectrometer with reversed geometry
(VG ZAB-E) was used. Toluene or cycloheptatriene was
introduced to the ion source via a septum inlet and was ionized
by 70 eV electron ionization. The ion source temperature was
maintained at 180°C, and ions generated were accelerated to 8
keV. Mass-analyzed ion kinetic energy spectrometry (MIKES)
was used to observe the unimolecular dissociation of TOL•+.
Namely, the molecular ion was separated by the magnetic sector,
and the translational kinetic energy of a product ion generated
in the second field-free region of the instrument was analyzed
by the electric sector. To improve the quality of a MIKE
spectrum, signal averaging was carried out for repetitive scans.
The MIKE profile of C7H7

+ was recorded with an energy
resolution higher than 8000 measured at half-height. Under this
condition, deconvolution of the instrumental broadening was
not needed in the calculation of KERD from the MIKE profile
because the main beam bandwidth was negligible compared to
that of C7H7

+.

Calculations

Ab Initio Calculation. The ab initio molecular orbital
calculations were performed for the optimized geometries of
some important species at the levels of HF/6-31G** and G2-
(MP2,SVP)28,29 using the GAUSSIAN 9430 suite of programs
on a CRAY-T3E computer. These include TOL•+, CHT•+, Bz+,
Tr+, and the transition state (TS(Tr)) for CHT•+ f Tr+ + H•.
The potential energies at the G2(MP2,SVP) level for Bz+ and
Tr+ are in agreement with the previous values,31 while this is
the first report of the TOL•+, CHT•+, and TS(Tr) energies at
the G2(MP2,SVP) level. The zero-point energies of these species
at the HF/6-31G** level were calculated using the vibrational
frequencies scaled by 0.90.

Statistical Calculation of KERD in the Bz+ Channel.The
statistical phase space theory was used to calculate the KERD
in the simple bond cleavage of TOL•+ to Bz+ + H•.18

Here,n(T;J,E) is the KERD at the angular momentumJ and
the internal energyE. The root-mean-square averageJ evaluated
at the ion source temperature was used.F andP are the product
vibrational and angular momentum state densities, respectively.
R is the product rotational energy andRm is its minimum.E0 is
the reaction critical energy. Applicability of the phase space
theory in the H•-loss reaction will be discussed later.

Classical Trajectory Calculation of KERD in the Tr +

Channel. Details of the classical trajectory method modified
in this laboratory to study the dissociation of polyatomic
molecules have been reported already.16 Only a brief summary
of the overall procedure will be described here together with
the details of the modification made for the present study.

The potential energy surface (PES) for the CHT•+ f Tr+ +
H• reaction was constructed by interpolation of local harmonic
potentials obtained by ab initio calculations. Since the computa-
tion of the energy, gradient, and Hessian was very time-
consuming, ab initio calculation was limited to the HF/6-31G**
level (3 h/point with CRAY-T3E). In addition to the compu-
tational economy, the fact that the relative potential energies
of the major species calculated at the HF/6-31G** and G2-

(MP2,SVP) levels are comparable (to be shown) led us to adopt
the HF/6-31G** level for the dynamical study. In our previous
trajectory studies, local potentials at some (usually 40) points
along the intrinsic reaction coordinate (IRC) and more at off-
IRC points (usually 300) were used to construct the PES. In
the present case, we had to be content with the PES constructed
with the local potentials at the 40 IRC points only due to the
tremendous computational demand. This, the IRC-only PES, is
a good approximate PES as far as the exit channel trajectories
do not deviate too much from the IRC, which is likely for the
present reaction which proceeds via a rather simple extension
of a C-H bond.

In our previous studies, the initial conditions for the trajectory
calculations were sampled according to the orthant-like sampling
scheme in which the momentum was sampled randomly with
the molecular geometry fixed at the saddle point.15,16 We had
tremendous difficulties with this approach in the present case,
however. In particular, the seven-membered carbon ring, which
remains planar along the IRC, was found to be severely distorted
in most of the configurations along the trajectories. Namely,
trajectories probed regions in the configuration space which were
far off from the IRC and where the IRC-only PES was not
reliable. This arose, we found, because the orthant-like sampling
supplied too much energy in the low-frequency ring modes,
corresponding to several quanta even when only the total zero-
point energy at the saddle point was distributed. To avoid this
problem, we devised a simple and more realistic scheme which
may be called the geometry-fixed normal mode sampling. Here,
the geometry was fixed at the saddle point as before, and each
mode was assigned with its own zero-point energy. Then, the
average thermal energy (εi) in each mode expected at the given
quantum mechanical excess energy (Eex) at the TS, namely, the
energy above the zero-point level of the saddle point, was
calculated and added to the above zero-point energy.

with

In eq 2, the first term is the average kinetic energy for the
1-dimensional translation along the reaction path.νi andT* are
the vibrational frequencies and the effective temperature at the
TS. With the mode energy fixed, the magnitude of the
momentum vector is also fixed. Hence, two different momentum
states are possible for each mode depending on its phase,
forward or backward. For the 15-atom system (3N - 6 ) 39),
the total number of momentum states becomes 239. In the present
work, the initial condition was selected randomly among these
states. With this scheme, the ring distortion along the trajectory
was much reduced.

A total of 3000 trajectories were calculated. Each trajectory
was integrated using the fourth-order Runge-Kutta (RK4)
method32 with a time step of 0.05 fs. The energy conservation
error was less than 10-7 throughout the integration.

Results and Discussion

The schematic potential energy diagram for the two dissocia-
tion pathways is shown in Figure 1. The energies of some
important structures calculated at the G2(MP2,SVP) level are
indicated in the figure, which do not differ too much from the
corresponding values obtained at the HF/6-31G** level. We

n(T;J,E) ∝ ∫Rm

E-E0-T
F(E-E0-T-R) P(T,J,R) dR (1)

Eex ) (1/2)kBT* + ∑εi (2)

εi )
hνi

exp(hνi/kBT*) - 1
(3)
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could not determine the complete pathway between TOL•+ and
CHT•+ at the ab initio levels adopted in this work. We will just
mention that there is a general consensus among investigators
that the barrier height for the isomerization is lower than those
for the dissociations.

Production of C7H7
+ was the only channel in the unimolecular

decay of C7H8
•+ generated by electron ionization of toluene.

Its MIKE profile is shown in Figure 2a. The continuum
background on the high-energy side of the peak is due to the
dissociation occurring inside the electric sector. The low-energy
half of the peak was used to evaluate KERD according to the
method of Yeh and Kim.33 It is well-known that a small kinetic
energy release in the center-of-mass (COM) frame results in a
large spread in the laboratory energy.34 This COM-to-laboratory

magnification of KER is rather small for H• loss because of the
small neutral mass. To see if the above analytic method to
evaluate KERD was valid in this extreme case also, the analytic
basis function, namely, the MIKE profile at a single KER, was
compared with the exact profile calculated using the third-order
ion optics (TRIO) program developed by Matsuo et al.35 The
two profiles were essentially identical, confirming the validity
of the analytic approach. KERD evaluated from the MIKE
profile in Figure 2a is shown in Figure 2b. The MIKE profile
for the H• loss from CHT•+ was recorded, and KERD was
evaluated also. KERDs for the H• losses from TOL•+ and CHT•+

(not shown) are identical, in agreement with the rapid inter-
conversion between these structures as postulated in Scheme
1. The shape of the KERD looks rather peculiar when compared
to those for other reactions reported previously.15-27 It looks
as if the overall KERD consists of more than one component
even though the bimodality is not clear. In the following, an
attempt will be made to understand this peculiar KERD pattern
by comparison with the theoretical results.

As is well accepted,1 TOL•+ f Bz+ + H• is most likely a
simple bond cleavage without a noticeable reverse barrier.36 It
is also well-known that the statistical phase space theory
provides a rather accurate prediction for KERD in such a simple
bond cleavage reaction.18,25-27 Recently, Lifshitz suggested that
KERs for the H• loss could be much greater than expected from
the phase space theory,37 citing the works of Bersohn and co-
workers38 and Bowers and co-workers.39 We will not go into
details of Bersohn and co-workers’ work because KER was not
calculated by the phase space theory in that work. We will just
mention that the KER for the H• loss larger than thermally
expected arises from the significant dynamical effect associated
with the small hydrogen mass, which is partially accounted for
in the phase space theory. In the case of C4H8

•+ f C4H7
+ +

H• investigated by Bowers and co-workers, the presence of a
small reverse barrier has been reported,40 and hence the validity
of the phase space theory calculation of KERD cannot be tested
with this system.41 As a test of the phase space theory in the H•

loss, we have measured and calculated the KERD for C6H6
•+

f C6H5
+ + H• and found a decent agreement between

experiment and theory.42 Also, we have found that a proper
treatment of the instrumental broadening or recording of a MIKE
profile at high-energy resolution is essential to obtain an accurate
KERD in the case of the H• loss reaction.

The molecular parameters used in the phase space theory
calculation of the KERD in TOL•+ f Bz+ + H• are listed in
Table 1. The critical energy of 2.23 eV obtained by ab initio
calculation at the HF/6-31G** level was adopted. This was
because the classical trajectory calculation for CHT•+ f Tr+

+ H• to be presented later was done with PES constructed at
the HF level also. The internal energy distribution of TOL•+

undergoing dissociation in the second field-free region of the
instrument was estimated from the random lifetime distribution:
P(E) ∝ exp[-k(E)τ1] - exp[-k(E)τ2]. Here,k(E) is the rate-
energy relation.τ1 andτ2 are the transit times of TOL•+ to the
entrance and exit of the second field-free region, which are 16
and 29µs, respectively. The rate-energy relation reported by
Huang and Dunbar was utilized.13 The average internal energy
of the dissociating TOL•+ thus determined was 3.31 eV. The
KERD calculated at this internal energy is shown in Figure 3.
Use of the internal energy distribution rather than the average
internal energy resulted in essentially the same KERD. As far
as the reaction proceeds statistically, the KERD in Figure 3 is
expected to be correct within 20% in terms of the average kinetic
energy release according to our experience.26,27Comparing the

Figure 1. Schematic potential energy diagram for the production of
Bz+ and Tr+ from TOL•+. The isomerization barrier between TOL•+

and CHT•+ has not been calculated. An arbitrary level is drawn taking
into account the results in ref 7. The numbers denote the potential
energies (eV) at the vibrational zero points obtained at the G2(MP2,-
SVP) level and referred to that of TOL•+. The numbers in parentheses
are energies calculated at the HF/6-31G** level.

Figure 2. (a, top) MIKE profile of C7H7
+ produced by unimolecular

dissociation of C7H8
•+ generated by electron ionization of toluene. (b,

bottom) The solid curve represents the experimental KERD evaluated
from the profile in (a). This has been separated into two components
(dashed curves), Bz+ and Tr+, assuming 15% Bz+ contribution. The
curve with smaller kinetic energy release is the Bz+ component.
Experimental error limits are shown (I). See the text for details.
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KERDs in Figures 2b and 3, it is obvious that the experimental
KERD cannot be explained at all with the TOL•+ f Bz+ + H•

reaction alone.
The phase space theory is not adequate to evaluate the KERD

in the CHT•+ f Tr+ + H• reaction because of the presence of
the reverse barrier and the dynamical effect during the exit
channel motion. Hence, the KERD for this reaction was
evaluated by the classical trajectory calculation described in the
previous section. The average internal energy of 3.31 eV for
the dissociating TOL•+ corresponds to the average quantum
mechanical excess energy of 1.04 eV at the saddle point. The
KERD obtained by the classical trajectory calculation at this
excess energy is shown in Figure 4. In our previous study of
CH2OH+ f CHO+ + H2,15 the KERD obtained by classical
trajectory calculation was in good qualitative agreement, even
though the fit was not quantitative. There are several reasons
for the mismatch between the experimental and calculated
results, the most obvious being the inaccuracy of the PES
adopted in the calculation. This is likely to be even more serious

in the present case because the IRC-only local potentials were
used to construct the PES. Regardless, it is gratifying to note
in Figure 4 that the KERD calculated for CHT•+ f Tr+ + H•

displays a large kinetic energy release, in agreement with
previous reports on the production of Tr+ from various precursor
ions.24,25 In particular, it is to be noted that the probability for
small energy release (<0.2 eV) is negligible. This is expected
for a reaction such as the present one in which the reaction
coordinate overlaps substantially with the fragment separation
coordinate.44 Comparing Figures 2b and 4, it is obvious that
the experimental KERD cannot be explained with the CHT•+

f Tr+ + H• channel alone. Rather, it looks likely that the
experimental KERD consists of two components, TOL•+ f Bz+

+ H• contributing to the lower and CHT•+ f Tr+ + H• to the
higher energy parts. This is in agreement with the mechanistic
model which is widely accepted at the moment.

Since the experimental KERD does not look bimodal, it is
difficult to separate it into components using techniques such
as the surprisal analysis.25 The method adopted in this work is
as follows. It was assumed that the KERD in the TOL•+ f
Bz+ + H• reaction is well represented by the phase space theory
calculation. Assuming that this channel contributes a certain
fraction, say 10%, to the overall reaction, its contribution was
subtracted from the experimental KERD. Particular attention
was paid to the low-energy (<0.2 eV) portion of the remainder,
which is presumably the KERD of the Tr+ channel. An
excessive subtraction resulted in negative probability in this
portion, while an insufficient subtraction led to a bimodal-
looking KERD for the Tr+ channel. A successful separation
with 15% Bz+ contribution is shown in Figure 2b. KERD for
the Tr+ channel thus obtained is compared with that from the
classical trajectory calculation in Figure 4. These two are in
decent qualitative agreement. A much better fit is not expected
as mentioned above. Varying the Bz+ contribution in the above
process, the range of the Tr+/Bz+ branching ratio resulting in
the reasonable, namely, not unphysical, separation could be
determined. The separation was also attempted with the
theoretical KERDs for the Bz+ channel whose average kinetic
energy release was larger than that in Figure 3 by as much as
50%. Such theoretical KERDs was obtained by PST calculation
with internal energies larger than 3.31 eV. The Tr+/Bz+

branching ratio thus estimated is 5( 2.
Dunbar determined the Tr+/Bz+ branching ratio by photo-

dissociation in the ion cyclotron resonance spectrometer. Lifshitz
carried out the Rice-Ramsperger-Kassel-Marcus (RRKM)45

rate-energy calculation using ab initio energy and vibrational
frequency data.1,7 An excellent fit between the experimental and
calculated branching ratios was reported. According to these
data, the branching ratio of∼1 is expected for the present
unimolecular reaction occurring at the internal energy of 3.31
eV, in contrast with 5( 2 estimated in this work. We do not
claim that the method used in this work is rigorous enough to

TABLE 1: Molecular Parameters Used in the Phase Space Theory Calculation of KERD in TOL•+f Bz+ + H•

vibrational frequencies (cm-1)a

C7H7
+ (Bz+) 3091 3063 3060 3041 3039 3034 2998 1595 1559 1552 1463

1431 1336 1321 1318 1166 1143 1120 1097 1054 1020 1008
983 971 953 849 788 784 633 616 587 514 410 345 340 164

rotational constants (cm-1)b
polarizability (10-24 cm3)c

C7H8
•+ (TOL•+) 0.177 0.0862 0.0586

C7H7
+ (Bz+) 0.179 0.0945 0.0620

H• 0.667

a The HF/6-31G** results multiplied by 0.90.b The HF/6-31G** results.c Reference 43.

Figure 3. KERD in TOL•+ f Bz+ + H• calculated with the phase
space theory. See the text for details.

Figure 4. The solid curve is the KERD in CHT•+f Tr+ + H• estimated
from the experimental data (Figure 2b) by subtracting 15% Bz+

contribution. Circles denote the KERD obtained by the classical
trajectory calculation.
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obtain an accurate branching ratio. However, the experimental
and calculated KERDs in Figures 2b, 3, and 4 suggest that the
equal contributions from the Bz+ and Tr+ channels are not
likely. One can think of various explanations for the above
discrepancy. One is to suppose that the kinetic energy release
in the Bz+ channel is larger than predicted by the phase space
theory as suggested by Lifshitz for the H• loss reactions. A
systematic investigation for many simple C-H cleavage reac-
tions would be useful in this regard. Another is to suppose that
the chemical titration of Bz+ in the C7H7

+ mixture adopted by
Dunbar and others is not as quantitative as hypothesized. For
example, if high-internal-energy tropylium ions also react with
neutral toluene, the Bz+ fraction would appear larger than the
true value, resulting in a smaller Tr+/Bz+ branching ratio. A
third and the most likely explanation is to suppose that the
internal energy estimate in the original photodissociation study
was erroneous. This is all the more plausible because the internal
energy content of C7H8

•+ prior to photoabsorption was not
considered at all in Dunbar’s work,3 and the experiment was
carried out under the condition that the pressure and the
measurement time span were not sufficient for thermalization
of C7H8

•+ generated by electron ionization. In the later and more
rigorous study of the rate-energy relation,13 a 70 times higher
toluene pressure than in the earlier work was used and a 1 s
time delay was allowed between the electron and laser pulses.
This was to ensure the thermalization of C7H8

•+ by collision
and infrared radiative cooling. In this regard, remeasurement
of the Tr+/Bz+ branching ratio under a more controlled condition
would be useful for a better understanding of this interesting
reaction system.

Conclusions

Production of C7H7
+ from TOL•+ has been investigated from

the perspective of the exit channel dynamics utilizing the
measured and calculated KERDs. The experimental KERDs are
compatible with the well-established mechanism that the inter-
conversion between TOL•+ and CHT•+ is rapid, and subsequent
dissociations from these structures result in Bz+ and Tr+,
respectively. The theoretical KERD in the Bz+ channel has been
calculated by the statistical phase space theory, while that in
the Tr+ channel has been obtained by the classical trajectory
calculations on the PES constructed by interpolation of ab initio
local potentials. Comparing these experimental and calculated
KERDs, it is obvious that both Tr+ and Bz+ are produced as
generally accepted. However, the Tr+/Bz+ branching ratio seems
to be different from the previous reports.

This is the first time that the dissociation dynamics of a large
molecular system such as C7H8

•+ has been studied on PES
constructed by interpolation of ab initio local potentials. Even
though the agreement between the experimental and calculated
KERDs is qualitative only, the fact that the general pattern can
be reproduced by calculation is rewarding. With further
development of the classical trajectory and related methods, one
expects that KERD can be correctly predicted in the future.
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