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Molecules vibrationally excited to near their dissociation
threshold can undergo both bond dissociation and vib-
rational relaxation, processes which play an important role
in reaction dynamics.'” Recent studies show that when the
excited molecule is a large organic molecule, the average
amount of energy transfer per collision is not very large.*’
The average energy transfer per collision between the highly
vibrationally excited benzene and a noble gas atom is known
to be about 30 cm™, which is much smaller than benzene
derivatives such as hexafluorobenzene or other hydro-
carbons such as toluene and azulene.>!*'* For example, in
the case of toluene + Ar, the amount of energy transfer is
about —200 c¢cm™.'"> An important characteristic of vib-
rational relaxation in a large molecule is intramolecular
energy flow, which plays a key role in bond dissociation.
Among such large molecules, toluene is a particularly
attractive molecule for studying collision-induced intramole-
cular energy flow and bond dissociation because of the
presence of both methyl and ring C-H bonds, presenting an
intriguing competition among them. In elucidating this com-
petition, it is particularly important to understand the direc-
tion of intramolecular energy flow in the interaction zone,
i.e., from the ring C-H to the methyl C-H or the reverse.

The purpose of this paper is to study the collision-induced
dynamics of highly vibrationally excited toluene interacting
with HBr using quasiclassical trajectory calculations. Using
the results obtained in the calculations, we discuss the re-
laxation of the excited CH vibration, and the time evolution
of collision-induced intramolecular energy flow from the
highly excited CH vibration. Finally, we elucidate the nature
and mechanism of competition between methyl C-H mode
and ring C-H mode in transferring energy to or from the
incident molecule.

Interaction Model and Numerical Procedures

The present work follows the interaction model and
numerical pocedure, which have already been reported in
Ref. 9. Briefly, we recapitulate the essential aspects of the
interaction of HBr with toluene in this section. The model
for the toluene-HBr interaction and vibrational coordinates
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Figure 1. Collision model. (a) The stretching and bending
coordinates of vibrations included in the model. All carbon atoms
and ring H atoms are coplanar and the vibrational modes are
numbered clockwise. The star denotes the center-of-mass (cm) of
toluene. For convenience we identify each vibration by its
displacement (e.g., x; for xe1 +x1). (b) The relative coordinate
between HBr and the cm of toluene (r), the Br-to-Hying distance
(r1), the Br-to-Hmemy distance (72), H-to-Hying distance (r3) and H-
to-Hmenyt distance (74) are shown.

of toluene are defined in Figure 1, where all carbon atoms,
the ring hydrogen atoms and the incident molecule are
assumed to be coplanar. In Figure 1(a), we define all 39
intramolecular coordinates of the planar ring needed to be
included in the present study. In Figure 1(b), we define the
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interaction coordinates between the C-Hmemy1 bond and the
adjacent C-Hyin, bond of a non-rotating toluene with the
incident HBr molecule. For the intermolecular interaction,
we take D = 414kg, the Lennard-Jones (LJ) parameter for the
well depth for the collision pairs calculated by the usual
combining rule,' where kg is the Boltzmann constant, and a
=0.272 A."® For the ith stretch, we use b;= 2D/ua)”,
where D; = D,; + Y2 i, to determine the exponential range
parameters listed in Table 1 of Ref. 8. The potential and
spectroscopic constants for the HBr are DS,HB,= 3.758 eV
and wnp/2mc=2649 cm'.'® The exponential range para-
meter bup: is 0.553 A determined from the relation byp, =
2Dy thanhier)"” . The equilibrium distance of HBr is
dip: = 1.414 A" In the coupling terms, Y; = x; or ¢ and the
coupling constants Kj are taken from Xie and Boggs' ab
initio calculations.'” In our calculations, we have already
shown that the interaction near &= 77° plays the dominant
role in promoting energy loss or C-H bond dissociation
through inter- or intra-molecular energy transfer.’ Thus, in
all collision systems considered here, the incident atom
approaches the center of mass (c.m.) of toluene in the
0= "77° direction, where the C-Hmemy-HBr and C-Hying-HBr
interactions are very close to each other and where energy
transfer is most efficient.’

We solve the equations of motion for the relative motion,
15 stretches and 24 bends of toluene, and HBr vibration
using the DIVPAG double-precision routine of the IMSL
library'®!? to describe the time evolution of bond distances,
bond angles, and vibrational energies, as well as the relative
coordinate for the model system. We sample 40,000 tra-
jectories for each run at 300 K, where the sampling includes
determining collision energies (£) chosen from the Maxwell
distribution. In studying the £ dependence of energy transfer
and bond dissociation, we carry out the same sampling
except that £ is now fixed at a specified value. The initial
conditions for solving the equations of motion for the
relative motion and the displacements and phases for the
vibrational motions in the interaction zone are given in Ref.
5. We vary the initial vibrational energies of the C-Hying and
C-Hmeny1 bonds (i.e, i =1 and 4) systematically, while main-
taining the rest of the vibrational motions in the ground state.
Each vibrational phase is a random number & = 27s; with
flat distribution of s; in the interval (0,1). The initial
separation between the c.m.'s of toluene and HBr is set as 15
A, and trajectories are terminated when the separation
reaches 50 A after they passed through the closest distance
of approach. The integration was performed with a stepsize
of 0.169 fs, which is one-tenth the period of the largest
frequency, the ring CH vibration, and is small enough to
ensure energy conservation to at least five significant figures
along a trajectory. We have also confirmed that the numeri-
cal procedure allows the trajectories to be successfully
backintegrated.

Results and Discussion

In Figure 2, we show the dependence of energy loss on the
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total vibrational energy content £t for €= 77° at 300 K. The
smallest value of Et considered in this figure is 12,454 cm™
or 1.544 eV, which corresponds to the vibrational energies of
C-Huethyt and C-Hying being 2274 cm™ (0.282 V) and 10,180
cm! (1.262 eV), respectively. That is, both bonds are 3.5 eV
below the dissociation threshold of each bond. At this total
vibrational energy content, the energy loss is 1570 ¢cm™
or 0.1948 eV. Below Et = 30,000 cm™’, the magnitude of
energy loss is nearly constant. As shown in Figure 2, for
example, when Er is raised from 12,454 cm™ to 30,000
cm™!, — <AE> varies from 1570 cm™ to 1700 cm™. As the
total energy content continues to increase, however, — <AE>
decreases gradually, finally falling to 229 cm™' at Er =
67,290 cm™!, which corresponds to each bond's vibrational
energy only 0.1 eV below the dissociation threshold. In
Figure 2, we also show the energy losses for Toluene-HCl
and Toluene-HF systems. The energy loss is significantly
different from the Toluene-HCI*® and Toluene-HF® systems.
In the latter cases the energy loss shows the maximum in the
range discussed. That is, it increases slowly with increasing
total vibrational energy content between 20,000 and 45,000
cm™!, and above the energy content of 45,000 cm™' energy
loss decreases. Even though the former is significantly
different from the latter, the overall slow variations of
— <AE> with increasing Et are similar and this trend has
been known to be the general behavior for the relaxation of
toluene by rare gases and diatomic molecules such as N in
experimental and theoretical studies.*!>?!

We now discuss the collision-induced dissociation of
highly excited toluene molecules. The possible dissociation
pathways of toluene in the present system are

CeHsCH3 — C¢HsCHs + Humethyl, (1)
— CeH4CHs + Hiing, (i)
b d C6H4CH2 + Hmcthyl + Hring, (111)

where Reactions (i) and (ii) produce a radical while Reaction
(iii), requiring a greater energy, produces a diradical.

We plot the dissociation probabilities at 300 K for = 77°
in Figure 3. Here we take as before both C-H bonds have
their initial vibrational energies which are below their
respective dissociation threshold by the same amount. When
each of them is 1.0 eV or 8,065 cm™ below the threshold,
the total vibrational energy content is 52,780 cm™' above the
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Figure 2. Energy loss against the total vibrational energy content
Erfor §=77°at T=300 K.
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zero point energy with 30,340 cm™ in C-Hyine and 22,440
cm™! in C-Hemyl, the dissociation probabilities are Pc-timetnyl
=10.0129 and Pc.ring = 0.0024. Here dissociation probabilities
are very small because a large amount of energy has to be
deposited in one of the bonds. We note that the ensemble-
averaged energy loss by toluene for E1 = 52,780 cm™" is 999
cm ' or 0.1239 eV as shown in Figure 2. Since the C-Hmetnyl
(or C-Hying) bond is 8,065 cm™ below its dissociation thre-
shold, this bond has to gain at least 8,065 cm™" from C-Hiing
(or C-Hmetny1) through intramolecular energy redistribution to
dissociate.

As shown in Figure 3, Pcmenyl 1S always greater than
Pc.niring for the total vibrational energy content chosen such
that both bonds are below their respective dissociation
threshold by the same amount of energy at 300 K. When the
total energy content is increased from 52,780 cm™' toward
the dissociation threshold, the probabilities rise very rapidly.
When E7 is as high as 67,294 cm™', which corresponds to
each bond's vibrational energy only 0.1 eV below the
dissociation threshold, the dissociation probabilities are now
Pctimethyt = 0.0440 and Pc.piring = 0.0113. Such large values
indicate that the vibrational motions of a highly excited
molecule can be readily perturbed by the incident molecule
and the molecule need only a small amount of energy to
dissociate. Also, in such a highly excited molecule, both
C-H bonds can dissociate even though the probability for
simultaneous dissociation would be very small. In fact, the
probability of simultaneous dissociation of C-Hmeny and
C-Hiing is 0.0002, which shows that the majority of
dissociative events involve breaking only one C-H bond.

In Figure 4, we show the dependence of the dissociation
probabilities of C-H bonds on the collision energy for Et =
60,850 cm™!, which corresponds to each bond's vibrational
energy only 0.5 eV below the dissociation threshold. As
shown in Figure 4, the dissociation probability of C-Hmeinyi
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Figure 3. Dissociation probabilities of C-Hethy1 and C-Hying bonds
against the total vibrational energy content Er for 8=77° at T=
300 K.
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bond is always larger than that of C-Hyng. This result is
consistent with the result presented in Figure 3 at thermal
energies. At E =2 eV, Pc.iimeihyl 1S as large as 0.254, whereas
Pc_piring 15 only 0.031. At such high collision energies, where
HBr approaches very close to toluene, the incident molecule
can maintain a near-collinear alignment with C-Hpemy1 for
efficient perturbation. Such alignment is not possible for
C-Hiing at close range. Furthermore, at such high collision
energies, when energy transfer between toluene and HBr is
large, energy flow to the inner region of the molecule can be
important. In particular, the energy initially deposited in the
C-Hying vibration will readily flow to this region, when the
molecule is strongly perturbed. A low probability of dis-
sociation for C-Hyine seen in Figure 4 at high collision ener-
gies is due to the initial energy propagating through the C-C
bonds and then finally accumulating in the inner region of
the molecule, rather than in the C-Hpehy!.

As shown in Figures 5(a) and 5(a'), whereas the lifetime
distribution for the C-Hine bond dissociation shows an
induction period of ~ 0.1 ps, that for C-Hmemy1 bond dis-
sociation shows no induction period. The disparity in the
two induction periods reveals a subtle aspect of the collision
dynamics in which two different energy transfer mech-
anisms operate, which can be discussed by comparing the
results of a representative reactive collision (Figures 5(b)
and 5(c)) for the C-Hmemyi dissociation and those (Figs. 5(b")
and 5(c")) for the C-Huin, dissociation. The time evolution of
the C-Hmemy bond trajectory is shown in Figure 5(b), where
the large amplitude motion of the excited bond suddenly
diverges as HBr approaches. The time evolution of the C-
Hmemy1 vibrational energy shows a sharp energy jump, the
bond gaining nearly 0.53 eV (see Figure 5(c)), which
exceeds the amount needed to dissociate. The energy jump
occurs in three steps over a short time period of 100fs, which
is approximately one period of the excited C-Hmemy1 bond
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Figure 4. Dissociation probabilities of C-Hmemy1 and C-Hying bonds
against the collision energy for the total vibrational energy content
Er=60,850 cm™ and 8= 77°.
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Figure 5. Dependence of the C-H dissociation probability on the
dissociation time 7 for (a) the C-Humemy bond and (a') C-Hiine bond
for Er = 60,850 cm™. Time evolution of the collision trajectory
and C-H bond trajectory for: (b) C-Hmethyt and (b') C-Hiing. The
same scale is used for both figures. Time evolution of the C-
Huethyl, C-Hiing and HBr vibrational energies for (¢) C-Hmethyl
dissociation trajectory and (c') C-Hiing dissociation trajectory. The
time scale is the same for (b), (b'), (c), and (c').

stretching. From a dramatic change in the vibrational ener-
gies of C-Humety1 and C-Hiing before and after collision shown
in Figure 5(b), we notice that the energy jump is mainly
caused by V>V energy transfer from C-Hyin,.

For the trajectory representing the C-Hyn, dissociation
shown in Figure 5(b'), the C-Hing bond trajectory takes
nearly 0.8 ps before diverging. During this period, energy
flows from C-Hmeiny1 to C-Hiing, i1.€., the energy imparted to
Himethy1 flows to Hring. The time scale of the energy buildup in
C-Hiing closely matches that of the energy loss in C-Huethyl,
as they are linked by the energy flow path (see Figure 5(c')).
For the representative trajectory depicted in Figure 5(c'), the
C-Hmeny bond loses 0.61 eV while the C-Hyiy, bond gains
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0.50 eV. Therefore, the overall energy loss during this
collision is 0.11 eV (~ 887 cm™). Note that the overall
energy loss AE for the entire ensemble of all collisions at
Er=60,842 cm™ is only 576 cm™'. Once a sufficient amount
of energy deposits in the C-Hying bond, the dissociation can
occur rapidly. It is important to notice in Figure 5(c') that the
activation of C-Hyne occurs in a series of small energy
transfer steps, the variation which is significantly different
from the sudden two or three-step excitation behavior of the
C-Hmeny! activation seen in Figure 5(c).
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