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Intramolecular energy flow and C-Hpetmy and C-Hring bond dissociations in vibrationally excited toluene in the
collision with HF have been studied by use of classical trajectory procedures. The energy lost by the
vibrationally excited toluene upon collision is not large and it increases slowly with increasing total vibrational
energy content between 20,000 and 45,000 cm™'. Above the energy content of 45,000 cm™', however, energy
loss decreases. Furthermore, in the highly excited toluene, toluene gains energy from incident HF. The
temperature dependence of energy loss is negligible between 200 and 400 K. Energy transfer to or from the
excited methyl C-H bond occurs in strong collisions with HF transferring relatively large amount of its
translational energy (>>kzT) in a single step, whereas energy transfer to the ring C-H bond occurs in a series of
small steps. When the total energy content Er of toluene is sufficiently high, either C-H bond can dissociate.
The C-Huemy dissociation probability is higher than the C-Hying dissociation probability. The dissociation of the
ring C-H bond is not the result of the intermolecular energy flow from the direct collision between the ring C-H
and HF but the intramolecular flow of energy from the methyl group to the ring C-H stretch. The C-Hying*-*HF
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interaction is not important in transferring energy and in turn bond dissociation.
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Introduction

The collision-induced relaxation of vibrationally excited
polyatomic molecules has been the subject of continuing
interest in chemistry and physics for the past several
decades.!! Molecules vibrationally excited to near their
dissociation threshold can undergo bond dissociation and
vibrational relaxation, processes that 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.**!"2? For example, for
hexafluorobenzene + Ar, the measured value of the mean
energy transfer per collision by the ultraviolet absorption
method is =330 cm™,* whereas the calculated value using
quasiclassical trajectory methods at 300 K is =150 cm™'.%
For toluene + Ar, the amount of energy transfer is about
200 cm™'?' An important characteristic of vibrational
relaxation in a large molecule is intramolecular energy flow,
which plays the key role in bond dissociation. Among such
large molecules, toluene is a particularly attractive molecule
for studying collision-induced intramolecular energy flow
and bond dissociation because of the presence of both
methyl and ring CH bonds, presenting an intriguing com-
petition among them. In elucidating this competition, it is
particularly important to understand the direction of intra-

molecular energy flow in the interaction zone, i.e., from the
ring CH to the methyl CH or the reverse.

The purpose of this paper is to study the collision-induced
dynamics of highly vibrationally excited toluene interacting
with HF using quasiclassical trajectory calculations. Using
the results obtained in the calculations, we discuss the time
scale for bond dissociation, the relaxation of the excited CH
vibration, and the time evolution of collision-induced intra-
molecular energy flow from the highly excited CH vibration.
Finally, we elucidate the nature and mechanism of com-
petition between methyl CH mode and ring CH mode in
transferring energy to or from the incident molecule.

Interaction Model and Energies

The model for the toluene-HF interaction and vibrational
coordinates 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 la, we
define all 39 intramolecular coordinates of the planar ring
needed to be included in the present study. In Figure 1b, we
define the interaction coordinates between the methyl CH
bond and the adjacent ring CH bond of a non-rotating
toluene with the incident HF molecule. The CHyine bond is in
the clockwise side from CHmemyl. We include 6 stretches (x1,
X2, X3, X4, X14, X15) and 12 bends (¢1, @, ¢5, ¢4, ¢5, ¢6, ¢7, ¢1‘,
&", &, &', &") in the interaction zone where the CHmemy
and CHjing bonds are in direct interaction with HF. We then
include the xs-x9 (CC)ring stretches, x10-x13 (CH)ying stretches
and ¢s-¢@19 bends around the carbon atoms Cs, C4, Cs and Cs,
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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 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., x1
for xe1 + x1). (b) The relative coordinate between HF and the cm of
toluene (r), the F-to-Hiine distance (71), the F-to-Hmemyi distance (72),
H-to-Hiing distance (73) and H-to-Hmemy! distance (74) are shown.

a total of 9 stretches and 12 bends, in the inner zone of the
molecule.

The important step in developing an interaction potential
model is to start with physically reasonable interaction
potential energies, which are dependent on the pertinent
collision coordinates. The interaction energies needed to
describe the collision of HF with toluene must contain terms
responsible for the coupling of the relative motion with the
ring C-H stretch and methyl group C-H stretch as well as the
coupling between the stretches and bends. We first introduce
the interatomic distances rj-r4 in the interaction model
defined in Figure 1b, where r represents the distance
between c.m. of HF and the c.m. of toluene describing the
relative motion of the collision system. The interatomic
distances can be expressed in terms of the instantaneous
coordinates of the C-Hpethy1 bond, C-CHpethy1 bond, (C-C)ying
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bond, C-Hiing bond, CCHmetmyt bend, CCChremyt bend and
CCHiing bend. That is, 7 =ri (¥, X1, X2, X3, X4, @1, P2, @5, Xurr, 6)
for i = 1-4, where @ is the angle of incidence defined in
Figure 1b. The coupling of these modes with others
including those of the inner zone will have to be considered
in formulating the overall interaction energy. The values of
equilibrium bond distances and other potential parameters
except HF are listed in Table I of Ref. 17. Each bond length
will be denoted by (xei + xi), where x; is the displacement of
the bond length from its equilibrium value x.i. Similarly, we
express each bending coordinate as (@ + @), where ¢, is the
displacement of the jth bending vibration from the equilib-
rium angle @,.

The F-to-Hring(71), F-t0-Hmetny1(72), H-t0-Hiing(r3) and H-to-
Hunemyi(r4) interatomic distances can be obtained as

=1y + (dur+ xur gy — 2v1(dar + xur)

cos(¢-m)]"? (1a)
=1y + (dir+ Xty — 2vdiar + Xar)
cos(¢-p)]"? (1b)
r3= vy + (dur + xurf ty — 29\(dur+ xur)Ur
cos(z—¢-m)]"? (1¢)
ra=y3 + (dur + xurf fy — 2yadur+ xur)Ur
cos(7—g—m)]"? (1d)

where, ¢ is the rotational angle of HF, 41 = mp/(mp + mg),
Mr = mp/(my + mr), xpr 1S the displacement of the HF from
its equilibrium bond distance dur, and y; and y» are distances
between Hiing and Hmemyt and the c.m. of HF, respectively,
and defined as

i =[(r-z)* + A% = 24(r—z) cosd]"?, (2a)
2 =[(r-z)* + B* = 2B(r-z) cosd]"?, (2b)
Here,
z=¢151n(97.91°)/sinf, A= c2sin(O —49.38°)/sin6,
B =c;sin(97.91° — 8)/sind

0= sin”[ﬁ sin 0}, 0, = sin"[Esin(n—a)J
ry )

er1q + (xps )’ + 2 +x)cos(ds-A2-m)1
er7[G” + (1 +x,)" = 2G(x, +x))cos(107.6°+ g~ &)]
G =[0.8840 + (x,, +x,)" —1.880(x,, + x,) cos¢h]'?,

g = [—0.9096 d cos(60° + 1) + 0.2068]", d = 1.398 A,
&E=sin"! [0.9402 sing/G],

A=2sin"! [x3/(3"2 d)],

n=sin"! [0.4548 sin(60° + 1)/ 4.

Here all distances are in A and z is distance between the c.m.
of toluene and point “p” between Hring and Humetnyl-

The above distances and relations determine the coupling
of the translation to vibrational motions (i.e., the coupling of
r with x1, x2, X3, X4, 1, @, ¢, and xur). These x's and ¢@'s are
then coupled with the inner modes indicated in Figure 1a.
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The overall interaction energy is the sum of the Morse-
type intermolecular terms, Morse-type stretching terms and
the harmonic bending terms of toluene, intramolecular
coupling terms, and Morse-type stretching term of HF,

V=2U(ra) + Udxi) + UP) + Und Y:Y)) + Unrxnr) — (3)
Where,

UGre) = D[ “2e

Usr) = =D 1= ¢ "' P, i=1-15

Ui@) = 1123k ,j=1-24

Und YY) = X Kif(Yi = Yo)(Y; = Yy), i # ]

i —xpyrlb
UHF(xHF) ZDJHF[I - € e ]2.

w—ro)la (Foq—ro)2a

], =1-4

For the intermolecular interaction, we take D = 379.9 kg, 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 = 0.276 A.% For
the ith stretch, we use b; = 2Di/:w?)"?, where D; = D,; +
1/2 w.i, to determine the exponential range parameters listed
in Table 1 of Ref. 17. The potential and spectroscopic
constants for the HF are Dg, ur = 5.869 eV and wnr/27c =
4138.32 ¢cm™'.** The exponential range parameter bpr is
0.225 A determined from the relation by = (2Dur/tair)"*/
yr. The equilibrium distance of HF is dir = 0.968 A.>" In
the coupling terms, Y; = x; or ¢ and the coupling constant Kj;
are taken from Xie and Boggs' ab initio calculations.*’

In Figure 2, we present the equipotential plot of the overall
interaction energy for HF approaching the molecule, which
is in its equilibrium geometry. The molecule is oriented and
scaled to closely represent the collision configuration and
the center-of-mass of toluene is fixed at the origin of the
plot. Here the abscissa is the ¢c.m. of toluene to ¢.m. of HF
line at @ = 90° and the ordinate, which is parallel to the

Distance (A)
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71797.91°

8
Distance (A)

Figure 2. The equipotential plot of the interaction energy for HF
interacting with C-Hpemyt and C-Hiing of the fixed toluene from
different direction. The origin (0,0) of the plot is the cm of toluene.
The contours are labeled in electron volt and they are in 0.005 eV
intervals. The repulsive region is truncated at 0.10 eV.
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Huneihy-to-Hring axis, passes through the c.m. of toluene. We
note that the latter axis closely bisects the two C-C distances
of the benzene ring perpendicularly as depicted in Figure 2.
The intermolecular interaction energy surface exhibits a
potential well along HF approaching the c¢.m. of toluene at
the angle &= 77°. The angle 6 is measured from the line
connecting the hydrogen atoms Humety1 and Hiing to the line
connecting ¢.m. of HF and c.m. of toluene as shown in
Figure 1. The potential minimum of 0.115 eV or 1020 g
appears at » = 4.95 A from the origin in the direction which
lies in the intermediate region between the two hydrogen
atoms. For r < 5 A, the interaction energy rises rapidly and
the contour lines (i.e., above 0.10 eV) for this repulsive
region is not shown in Figure 2.

The equations of motion which determine the time
evolution of the relative motion (trajectory), 15 stretches and
24 bends for the given incident angle fare

,lezi’(l)/df2 = —gr V(}", X1yees X15, ¢)1,..., @4, XHF, 49), (3a)

UidPx(t)df = —% VA7, X1yeey X155 P1yeeey Pra, XuF, 0),
i=1-15 (3b)

Ld ¢(tydr = _Bi@. W7, X150y X155 Pyeney P4, X1, O),
j=1-24 (3c)

Unrdxpr(t)/de = _Hxi (7, X1yeey X155 P1yenny Pra, XuE, 6),
HF (3d)

where # is the reduced mass of the collision system, y; is the
reduced mass associated with the ith stretch and J; is the
moment of inertia of the jth bend. t4r is the reduced mass of
HF. We use the standard numerical routines®®?’ to integrate
these equations for the initial conditions at 7 = 7y and their
conjugate quantities (d/df)x(t), (didt)xdto), (d/dt)@(tr), and
(dldt)xur(to), where the derivatives are evaluated at = #. 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 of toluene in the &= 77° direction, where the CH ety
HF and CHiing-HF interactions are very close to each other
and where energy transfer is most efficient."

Numerical Procedures

We solve the equations of motion for the relative motion,
15 stretches and 24 bends of toluene, and HF 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. To study the temperature dependence of energy
transfer, the calculation will also be carried out at 7= 200
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and 400 K. In studying the E 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.
11. We vary the initial vibrational energies of the C-H;ing and
C-Hmemyt bonds (ie, i = 1 and 4) systematically, while
maintaining 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 center of masses of toluene and HF 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
numerical procedure allows the trajectories to be successful-
ly backintegrated.

For such highly excited CH vibrations considered here,
the discussion of bond dissociation in terms of normal-mode
analysis is not useful since the dissociation does not involve
a particular normal mode. A realistic procedure is to study
the time evolution of bond extensions to understand the
collision-induced intramolecular motion of vibrationally
excited bonds, the problem which is beyond the normal-
mode model. From the dynamics study, we can decide when
the C-H distance exceeds a critical value, at which time
dissociation is assumed to occur. The occurrence of dissocia-
tive events can be readily recognized by studying the time
evolution of the methyl (or ring) CH bond trajectory and the
CHetnyt (or CHiing) vibrational energy, as well as all inter-
mediate modes in the interaction zone, which are conduits
for the energy flow. The bond dissociation probability will
be defined as the ratio of the number of dissociative trajec-
tories to the total number of trajectories sampled, which is
40,000, in each run.

We define the ensemble-averaged energy transfer <AE>
= <FEpna — E>, the difference between the final and initial
translational energies of HF. Thus, a positive value of <AE>
represents the ensemble-averaged energy loss by toluene, a
V — T energy transfer process. We also determine the
ensemble average of vibrational energy of each mode
consisting of kinetic and potential energy terms, and then
calculate the difference between this average energy and the
energy initially deposited in the mode. The dissociation of a
highly excited bond occurs when the bond gains energy
from the incident molecule (T — V pathway) or it gains
energy from adjacent bonds through intramolecular energy
flow or both. In any event, the energy gained by the bond
must exceed the dissociation threshold, which corresponds
to the CH bond extension beyond the point of no return,
regardless of the excitation pattern. When the bond
dissociation occurs, we need to determine energy transfer for
dissociative or nondissociative trajectories separately.
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Results and Discussion

A. Dependence of Energy Loss on the Total Vibrational
Energy Content. In Figure 3, we show the dependence of
energy loss on the total vibrational energy content Et 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-Hyemyl and C-Hing 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 280 cm™ or 0.0347 eV. Below Er = 45,000
cm™', the magnitude of energy loss increases gradually. As
shown in Figure 3, for example, when Et is raised from
12,454 cm™ to 44,700 cm™', —<AE> increases from 280
cm™' t0 938 cm™', which are nearly 2-8% of Et. The latter Et
value, 44,700 cm™" corresponds to C-Hmethyl and C-Hiing
having the initial vibrational energies of 18,404 cm™ and
26,308 cm™', respectively, which are 1.5 eV below the
dissociation threshold. As the total energy content continues
to increase, however, —<AE> now decreases gradually,
finally falling to the negative value of =235 cm™ at Er =
65,680 cm™'. This means that toluene rather gains energy
from HF by T — V energy transfer when the total vibra-
tional energy content is increased toward the dissociation
threshold. In their study on the toluene—N, at room
temperature,'® Wright, Sims and Smith found that there is
gradual increase in the magnitude of energy loss when the
range of the total vibrational energy content is from 500
cm™' to about 40,000 cm™ for toluene excited directly by
adsorption of photons at 266 nm. A slow variation of
—<AE> with increasing Er shown in Figure 3 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.'®**" Furthermore, the
experimental work with excited toluene formed via
photoisomerization at 308 nm shows the appearance of a
maximum value at higher Er,'’ which is nearly the same Et
at which the maximum appears in the present study.

We also consider the variations of toluene's energy loss
with Et at 200 and 400 K. They are very close to that at 300
K, which means that the temperature dependence is insig-
nificant. Such a weak temperature dependence has already
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Figure 3. Energy loss against the total vibrational energy content
Er for 6=77° at T=300 K.
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been noted in experimental studies.'’ Thus, the gross feature
of the Er dependence of —<AE> at these temperatures for
the initially excited toluene molecules is that the amount of
energy loss increases with increasing vibrational excitation
which exhibits weak temperature dependence. The increase
of energy loss is weak up to the moderate amount of the
vibrational energy content. However, as Et continues to
increase, energy loss decreases gradually and then falls to
the negative value when the total vibrational energy content
is increased toward the dissociation threshold.

B. Bond Dissociation

Dissociation of C-Heimy versus C-Hying: We now discuss
the collision-induced dissociation of highly excited toluene
molecules. The possible dissociation pathways of toluene in
the present system are

C5H5CH3 —> C()HSCH2 + Hmethyla (1)
—> C5H4CH3 + Hring; (11)
— CeH4CH, + Hmethyl + Hringa (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 4. 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 0.9 eV or 7,260 cm™" below the threshold,
the total vibrational energy content is 54,390 cm™ above the
zero point energy with 31,150 ¢cm™ in C-Hying and 23,240
cm™" in C-Hpemyl, the dissociation probabilities are Pc.pimetyi
= 0.0009 and Pc.pring = 0.0004. Here dissociation prob-
abilities are very small because a large amount of energy has
to deposit in one of the bonds. We note that the ensemble-
averaged energy loss by toluene for Et = 54,390 cm™' is only
402 cm™' or 0.0498 eV as shown in Figure 3. Since the

0.5 , : :

T=300K
0.4 0=77° 8

03 [

0.2 [

Dissociation Probability

0.1 -

0.0 \

56000 60000 64000 68000

Total Vibrational Energy Content, cm-!

Figure 4. Dissociation probabilities of C-Hmemy and C-Hiine bonds
against the total vibrational energy content Et for 8= 77° at T=300
K.
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C-Hmehyl (or C-Hing) bond is 7,260 cm™ below its
dissociation threshold and the molecule loses 402 cm™, this
bond has to gain at least 7,260 c¢cm™ from C-Hyng (or
C-Hmemyt) through intramolecular energy redistribution to
dissociate. As shown in Figure 4, Pc.ametyl i always greater
than Pc.nring 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 54,390 cm™ toward
the dissociation threshold, the probabilities rise very rapidly.
When Er 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 = 0.2942 and Pcpring = 0.060. Such large values
indicate that the vibrational motions of a highly excited
molecule can be readily perturbed by the incident molecule
and need only a small amount of energy to dissociate. In
such a highly excited molecule, both C-H bonds can
dissociate. In fact, the probability of simultaneous
dissociation of C-Hmethyt and C-Huing 1s 0.0002, which shows
that the majority of dissociative events involve breaking
only one C-H bond.

In Figure 5 the dependences of the bond dissociation
probability on dissociation time 7 are shown for the total
energy content £t = 67,290 cm™', which corresponds to each
bond's vibrational energy only 0.1 eV below the dissociation
threshold. To determine the #dependent probability
Pctimetyl(7) (or Periring(7)) we have counted the number of
trajectories dissociated in each 20 fs interval and recorded it
at the mid-point of 7 range. For example, the number
counted in the 20 fs range between 7= 0.120 ps and 0.140 ps
is 592. We then divide this number by 40,000 to obtain
PcHmetny1(7) = 0.0148 and plot it at the midpoint 7= 0.130 ps.
As shown in Figure 5a, the majority of dissociative events of
CHmemyt bond occur in the short-time range of less than 0.5
ps. The dependence of the dissociation probability
PcHmetny1(7) on 7in this short time range beyond 7= 0.1 ps is
approximately exponential. This exponential behavior is not
followed for the dissociative events taking place at 7 greater
than = 0.5 ps. The dependence beyond this period is flat.
However, the distribution of CHyipg dissociation probability,
closely follow the exponential dependence predicted by
RRKM theory®'* over the entire dissociation time range
beyond 7= 0.5 ps (see Figure 5b). The lifetime distribution
for the dissociation of the CHpenyl bond in Figure Sa shows
that there is no induction period for the bond dissociation,
many events occurring in a negligibly short time immediate-
ly following the collision with HF. But for the dissociation of
the CHyine bond, the distribution takes an induction period of
nearly 0.23 ps (see Figure 5b) before sharply rising to the
maximum at 7= 0.49 ps and then decaying exponentially.
The disparity in the two induction periods represents the
situation in which the CHpemyl dissociation occurs immedi-
ately following the collision, essentially single step, produc-
ing rapid T — V energy transfer. On the other hand, the
CHiing dissociation occurs following a period of intramole-
cular vibrational energy flow from CHpetyi to the CHying side
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Figure 5. Dependence of the CH dissociation probability on the
dissociation time 7 for the total vibrational energy content Et =
67,290 cm™' and 8= 77°. () Pcrmethyt (D) Pciring.

since direct T — V energy transfer in the HF ---CHiing
interaction is inefficient.'’

Energy flow from CHmehyl to CHiing is favored over the
flow in the reverse direction. This intramolecular energy
transfer process is of major importance in dissociating the
CHiing bond since T — V energy transfer from HF to CHuing
is inefficient as mentioned above. If the CHmethy1-to-CHring
energy flow is absent or insignificant, the ring CH dissoci-
ation probability would be zero.'” The energy coming from
CHety! can be either a part of the vibrational energy initially
deposited in CHmetmy1 Or that transferred from HF or both.

Figure 5a also shows a significant number of the trajec-
tories leads to the CHpemyi dissociation at large dissociation
time and the dependence of probabilities on dissociation
time is not exponential. On the other hand, in the CHiing
dissociation dynamics, the exponential dependence extends
to the entire time region considered in the study, see Figure
5b. The initial energy content of CHpemyl is 29,700 cm™,
whereas that of CHying is 37,600 cm™'. That is, the higher the
initial energy content (or excitation), the closer the
dissociation dynamics approaches the statistical behavior. It
is important to note that the dissociations occurring at a long
time after the start of collision normally follow a complex-
mode mechanism,'" in which the dissociating CH bond near
the threshold undergoes a large amplitude motion for a
considerable duration before releasing the H atom.'" This
mechanism contrasts the direct-mode mechanism for the
short-time events occurring on a subpicosecond time scale.
We will consider in detail these two mechanisms in the later
section.

In Figure 6, we show the dependence of the dissociation
probabilities of C-H bonds on the collision energy for Et =
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Figure 6. Dissociation probabilities of C-Hetmy and C-Hying bonds
against the collision energy for the total vibrational energy content
Er=67,290 cm™ and 6= 77°.

67,290 cm™', which corresponds to each bond's vibrational
energy only 0.1 eV below the dissociation threshold. As
shown in Figure 6, the dissociation probability of C-Humetny!
bond is always larger than that of C-Hiine. This result is
consistent with the result presented in Figure 4 at thermal
energies. At £ =2 eV, Pc.umemy! 1s as large as 0.688, whereas
Pc tring 15 only 0.066. At such high collision energies, where
HF approaches very close to toluene, the incident molecule
can maintain a near-collinear alignment with C-Hmemy1 for
efficient perturbation (see Figure 2). As can be seen in
Figure 2, such alignment is not possible for C-Hxing at close
range. Furthermore, at such high collision energies, when
energy transfer between toluene and HF is large, energy flow
to the inner region of the molecule can be important. In
particular, the energy initially deposited in the C-Hiing
vibration will readily flow to this region, when the molecule
is strongly perturbed. A low probability of dissociation for
C-Hiing seen in Figure 6 at high collision energies 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-Hpeihy!.

Dynamics of Bond Dissociation: Many C-H dissociative
events occur in a direct collision on a subpicosecond time
scale, a direct-mode mechanism. Such direct-mode
dissociative events for E1 = 60,840 cm™', which corresponds
to each bond's vibrational energy only 0.5 eV below the
dissociation threshold, are represented by a typical case
shown in Figure 7. We note that the incoming segment of the
toluene-HF distance is the collision trajectory and its
outgoing segment after reaching the distance of closest
approach is the distance between benzyl radical and HF.
Intramolecular energy flow between the C-H bonds is seen
in Figure 7b, where the time evolution of the vibrational
energies of C-Hpenyt and C-Hyigg is shown. For this trajectory
E = 0.119 eV and toluene transfers 0.051 eV to HF. The
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Figure 7. Dynamics of the trajectory representing the C-Hiing
direct-mode dissociation of toluene with Ey = 60,850 cm™ and 8=
77° at 300 K. (a) Time evolution of the collision and bond
trajectory. (b) vibrational energies of C-Hiing, C-Hmeiny1 and HF.

amount of energy lost by the relaxing C-Humeny1 15 0.964 eV
(see Figure 7b). Thus, the total reaction energy available for
intramolecular energy flow is (0.964 ¢V-0.051 ¢V) = 0.913
eV. Upon collision with HF, the C-Hing bond takes the bulk
of this energy (0.518 eV) and just exceeds the dissociation
threshold 4.957 eV. The remaining energy 0.395 eV deposits
mainly in the C-C-Hung bend. Although the dissociation of
C-Hiing is considered here in Figure 7a, C-Huemy dissociation
events can be discussed similarly.

There is another class of C-H dissociation, in which the
C-Hpemy! dissociation is not instantaneous. In this complex-
mode reaction, HF is trapped on the molecule for a long
period, but then redissociates when the C-Hpemy bond
ruptures. The trajectory representing such events is shown in
Figure 8, where the incident molecule becomes trapped to
toluene for a period as long as 2 ps — a reaction time which is
far longer than that of direct-mode dissociation shown in
Figure 7. When the reactive event follows a complex-mode
collision, the bonds continue to adjust their energies beyond
the initial stage of collision, but the amount involved is
small. But toward the end of collision it receives additional
energy from the receding HF molecule. For the trajectories
considered in Figures 7 and 8, the collision energies are
0.119 and 0.089 eV, respectively. The collisions at a higher
incident energy tend to dissociate the C-H bond in the direct-
mode mechanism on a subpicosecond time scale, whereas
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Figure 8. Dynamics of the trajectory representing the C-Hmemy
complex-mode dissociation of toluene with Er = 60,850 cm™ and &
= 77° at 300 K. (a) Time evolution of the collision and bond
trajectory. (b) vibrational energies of C-Hiing, C-Hmeinyt and HF.

those collisions taking place at a lower energy follow the
complex-mode mechanism in which the reaction time can be
as long as several picoseconds. Since the average trans-
lational energy at 300 K is 0.0387 eV, reactive events are
dominated by the collisions in which the incident molecule
approaches toluene with energy in the high end tail of the
Maxwell distribution.

Concluding Comments

We have studied CH bond dissociation and energy trans-
fer, both intermolecular and intramolecular, in the toluene-
HF collision system at 300 K using classical trajectory
procedures. The collision system consists of the interaction
zone, where the incident molecule interacts with both
CHetnyt and CHiing bonds, and the inner zone which includes
the stretches and bends of toluene beyond the interaction
zone.

Energy loss is found to be small, but slowly increases with
the total vibrational energy content initially stored in the
C-Hpemy! bond and the adjacent C-Hyin, bond. Energy loss
takes a maximum value as the energy content increases
toward the dissociation threshold. Although the extent of
energy lost by excited toluene via V — T energy transfer is
not large, intramolecular vibrational energy flow between
the C-H bonds is efficient and takes place on a sub-
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picosecond time scale. When the vibrational energies of both
C-H bonds are set initially below the dissociation threshold
by the same amount, the dissociation probability of C-Hmetny1
bond is found to be larger than that of C-Hing bond.
Collision-induced bond dissociation and energy transfer
processes in toluene are mainly controlled by the CHmethyi-
HF interaction. In particular, the CHiing-HF interaction does
not produce bond dissociation.

Further excitation of the CHmemy bond toward the
dissociation threshold as well as the relaxation of the highly
excited CHmemyl involve large amounts of energy transfer
(>> kgT) occurring essentially in single-step processes in
strong collisions. The CHmemyt bond dissociation occurs
without an induction period. The dissociation of the highly
excited CHuing bond is a result of intramolecular energy flow
from CHmemnyl With the CHiing bond acquiring its energy for
dissociation in a series of small steps over a period longer
than 0.5 ps. Unlike the CHmemy1 dissociation, this reaction
thus occurs after a considerable induction period. While
many dissociative events occur immediately following the
intramolecular energy flow step on a subpicosecond time
scale in a direct-mode mechanism, a significant fraction of
reactive events occurs many picoseconds after the start of
collision. In such events, the incident atom becomes trapped
on the molecule undergoing a large amplitude motion during
the complex-mode collision.
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