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Vibrational relaxation and competitive C-Hemyr and C-IIin, bond dissociations in vibrationally excited
methylpyrazine in the collision with ITF have been studied by use of classical trajectory procedures. The energy
lost by the vibrationally excited methylpyrazine 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. The temperature dependence of energy loss is negligible between
200 and 400 K, but above 45,000 cm™ the energy loss increases as the temperature is raised. Energy transfer to
or from the excited methyl C-1T bond oceurs in strong collisions with IIF, that is, relatively large amount of
translational energy is transferred in a single step. On the other hand, energy transter to the ring C-1I bond
occurs in g series of small steps. When the total energy content E- of methylpyrazine is sufficiently high, either
or both C-11 bonds can dissociate. The C-ITuawa dissociation probability is higher than the C-ILin, dissociation
probability. The dissociation of the ring C-1T bond is not the result of the direct intermolecular energy flow from
the direct collision between the ring C-1T and HF but the result of the intramolecular flow of energy from the
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methyl group to the ring C-II stretch.
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Introduction

The collision-induced vibrational energy transfer of vibra-
tionally excited polyatomic molecules has been the subject
of continuing interest over 30 years.!! An important
characteristic of vibrational relaxation in a large molecule is
intramolecular energy flow, which plays a key role in bond
dissociation. 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 vibrationally
highly excited benzene and a noble gas atom is known to be
about 30 e¢m™’, which is much smaller than benzene
derivatives such as hexafluorobenzene or other hydro-
carbons such as toluene and methylpyrazine.*$1*** For
example, for hexafluorobenzene + Ar, the measured value of
the mean energy transfer per collision determined 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™.*' Collision-induced
energy transfer between a highly excited polyatomic mole-
cule and a bath gas plays a relevant role in studies of
chemical reactions. Among such large molecules, toluene
and methylpyrazine (MP} are particularly attractive mole-
cules 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. Pyrazine and its derivatives form an
important class of compounds present in many natural

flavors and complex organic molecules. The 2-methyl-
pyrazine is used in flavors in food. Yoder er of. investigated
the vibrational energy transfer in ¢ollisions between MP and
argon by means of quasiclassical trajectory calculations.**
For pyrazine+CO;, Grigoleit et af. showed that V-V energy
transfer is almost completely negligible.?

The purpose of this paper is to study the collision-induced
dynamics of vibrationally highly excited MP interacting
with HF using quasiclassical trajectory calculations. The
knowledge of collisional energy transfer processes respon-
sible for the relaxation and activation of vibrationally highly
excited molecules is essential for a detailed description of
many molecular reaction dynamics. The main questions we
address in this work are: (1) How does the magnitude of
energy loss by MP vary as a function of the total vibrational
energy content initially stored in MP? (2} How does the
energy flow between the pyrazine ring C-H and methyl
group C-H stretches? (3} What is the C-H bond dissociation
dynamics and mechanism? Trajectory calculations are a
useful tool in the study of collisional energy transfer. They
allow the controlled study of the effects of potential surface,
vibrational energy, collision duration, and temperature on
the dynamics of energy exchange. 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 intramolecular
energy flow from the highly excited CH vibration. Finally,
we elucidate the nature and mechanism of competition
between methyl CH mode and ring CH mode in transferring
energy to or from the incident molecule.



1642 Budl. Korear Chem. Soc. 2006, Vol. 27, No. 10
Interaction Model and Energies

The vibrational coordinates of MP and model for the MP-
HF interaction are defined in Figure 1, where all carbon and
nitrogen atoms, the ring hydrogen atoms and the incident
molecule are assumed to be coplanar. In Figure 1b, we
define the interaction coordinates between the methyl CH
bond and the adjacent ring CH bond of a non-rotating MP
with the incident HF molecule. The CHyine bond is in the
clockwise side from CHpenv. Throughout this paper,
CHmeny and CH;ine will denote these two bonds. The angle 6
is the angle of incidence defined in Figure 1b, the angle at
which the line connecting the centers of mass of MP and HF
crosses the line connecting the hydrogen atoms Hying and
Hret.

The important step in developing an interaction potential
model] is to start with physically reasonable interaction
potential energies, which are dependent upon the pertinent
collision coordinates. The interaction energies needed to
describe the collision of HF with MP must contain terms

(a)

HE e e e

(b)

Figure 1. Collision model. (a) The vibrational stretching and
bending coordinates included in the model. All carbon, nitrogen
and ring H atoms are coplanar. The star denotes the center-of-mass
(cm)} of MP. (b} The relative coordinate between HF and the c.n. of
MP (), the F<lo-H. ., distance (#1), the F-to-Hnany distance (#»), H-
t0=Hig distance (#3) and H-to-Hueuy distance (#4) are shown.
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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 #-4 in the interaction model as
defined in Figure 1b. The interatomic distances can be
expressed in terms of the instantaneous coordinates of the C-
Himetn1 bond, C-CHpeinyt bond, (C-C)ring bond, C-Hrine bond,
CCHnmetnt bend, CCCriemyi bend, CCH; g bend and HF bond.
That is, #i = rilr, x1, X2, X3, s, @1, ¢, &, xur, ) for 1 = [-4,
Here » is the distance between the ¢.m. of HF and the c.m. of
MP describing the relative motion of the collision system.
The values of equilibrium bond distances and other potential
parameters except HF are listed in Table [.'"*-° Each bond
length will be denoted by (di+xi), where x; is the dis-
placement of the ith bond length from its equilibrium value
di. Similarly, we express each bending coordinate as (¢ +
@), where @ is the displacement of the jth bending vibration
from the equilibrium angle ¢;.

The F-tO-Hring(.P‘|), F-tO-Hmem_\-1(?‘2), H-tO-Hring(fj) and H-to-
Hmeinni(#4) interatomic distances can be obtained as

n=Lv, + (dur + Xur) Hy — 29\ + Xurpcos(p — pr)]'

(la)
ry=[vs + (dur + xurY gy — 2y + xuP)pcos(p + p2)]
(1b}

rs=1v +{dyr t+ xHF)zﬂ;zr = 2wildnr + XHF)F
xcos(z—¢ +pi)]"* (Ic)

= ['1,% + (dyr + xur)’ ,ui- = 2valdur + xur)pir
x cos(1r — ¢ — )] (1d}

where, ¢ is the rotational angle of HF measured clockwise
from the line » connecting the centers of mass of methyl-
pyrazine and HF, g = sni/(omr + v, i = e/ (s + mor), am
is the displacement of the HF from its equilibrium bond
distance dyr. and vy and y: are distances between Hiin, and
Himenyt and the c.m. of HF, respectively, and defined as

==z + £ = 24(-—z) cos A%, (22)

Table 1. Potential and Spectroscopic constants

8 C‘Hrfna ¢-C C'CHB C‘Hmcm)'l

Stretches G=T) (=2) (=3 (=4
Dissociation energy D,, (VY 4.770¢  5.637° 4.336° 3903
Bond Distance d, (AY 1.088*  1.400° 1497° 1.089
Frequency (cm™ ') 30687 1494 1208 3003
Range parameter &, (A) 0.555 0482 0523 0515
Bends i 2 &
Frequency (cm™) 1312° 344 14607
Bond angle (%) 1204 121.77 109.3°
Force constant (Jrad2~107'%) 0.521 0912 0.667

“Reference 24. “Reference 25. ‘same as those for wluene (Ref, 17).
“average of the three ring verr modes, 3085, 3067, 3053 em™. “average of
the three melhy | yeu modes, 3037, 3007, 2965 cm™
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ya=[(r —z)*+ B>+ 2B(r — z) cos A'?, (2b)
Here,

z=¢18in(140°)/siné, A4 = c28in{ & —29.55°)/sin 6,
B =¢151n(140° - 6/sind

o= sin'][ésin 9] = sin"[ﬁsin(fr- 9)]
) Y3

o1 =g +{d + 1)+ 2&d +xi)eos(¢ — A2 - )3,
2= (G + (ds + x4)* = 2G(ds + xa)c08(107.6° + ¢ — H)'2,
G =[0.8987 + (ds + 13 — 1.896(chh + x3)c05)',

g=[d —0.894 d cos(60° + 1) + 0.1998]'2, d=1400 A,

E=sin""[0.948 singh/G],

A=2sin""[x/3"" d)],

n=sin"'[0.447 sin(60° + A)/g].

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

The above distances and relations detenmine the coupling
of the translation to vibrational motions {i.e., the coupling of
Fwith x1, X2, X3, X4, @1, @2, ¢, and xr).

The overall interaction energy is the sum of the Morse-
type intermolecular terms, Morse-type stretching terms and
the hanmonic bending terms of MP, and Morse-type stretch-
ing term of HE,

V=2 (ry) + U x) + Ug(@) + Ugplxgr) (3}
Where,
U(r,) = Dle 20T = 14
Uz =X DT, i=1-4
U($)=12% k¢, j=1-3

e'-" el 5::;-‘]

(Foa—Ta)d

Ugr(xgr;) = Dyrll =

For the intermolecular interaction, we take D = 379.9%%p,
the Lennard-Jones (LI} parameter for the well depth for the
collision pairs calculated by the usual combining rule,*
where kp is the Boltzmann constant, and ¢ = 0.276 A.>
These parameters are taken from Toluene-HF system.!! For
the ith stretch, we use b = QDVuw?)'?, where D, = Dy; +
V2P (e, to determine the exponential range parameters listed
in Table 1. The potential and spectroscopic constants for the
HF are DY . = 5.869 eV and axr/27c = 4138.32 em™ 28
The exponential range parameter ur is 0.225 A detenmined
from the relation bur = (2Dur/geur) "/ axr. The equilibrium
distance of HF is dir = 0.968 A.*®

The equations of motion which determine the time
evolution of the relative motion (trajectory), 4 stretches and
3 bends for the given incident angle fare

Hdreyld’ = —g_ A, X503 Xy Pisenes By, 0, O, (3a)

A = = 15 e . 0= 14
K, (3b)
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L peyde* = ‘(9—(7 V(¥, X1yer Xt Py O, 30T, O), j = 1-3
% (3c)

i ertlde = _&xi V(s X1y Xty Plaves 5, 511 )y
HF (3 d)

where # is the reduced mass of the collision system, g; is the
reduced mass associated with the /th stretch and 7 is the
moment of inertia of the jth bend. g is the reduced mass of
HF. We use the standard numerical routines®™ to integrate
these equations for the initial conditions at £ = 7, and their
conjugate quantities {(didnilty), (didixir), (didrydlr), and
(didf (o), where the derivatives are evaluated at 7 = .
From owr preliminary calculations, we know that the infer-
action near 8=87° 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 MP in the 8= 87° direction, where the CHuery-HF
and CHine-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, 4
stretches and 3 bends of MP, 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 trajectories for
each vibrational energy content, Fr, at 300 K, where the
sampling includes determining collision energies (E) chosen
from the Maxwell distribution. To study the temperature
dependence of energy transfer, the calculation will also be
carried out at 7= 200 and 400 K. 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. 10. We vary the initial
vibrational energies of the C-Hijne and C-Hyeny bonds (ie, ¢
=1 and 4) systematically, while maintaining the rest of the
vibrational motions in the ground state. Each vibrational
phase is a random number &; = 2ss; with flat distribution of
s; in the interval (0,1). The initial separation between the
centers of mass of MP 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 successfully backintegrated.

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 dissociative events
can be readily recognized by studying the time evolution of
the methyl (or ring} CH bond trajectory and the CHpepyi (O
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CHiring) vibrational energy, as well as all intermediate modes
in the interaction zone, which are conduits for the energy
flow. The bond dissociation probability is defined as the
ratio of the number of dissociative trajectories to the total
number of trajectories sampled, which is 40,000, in each
run.

We define the ensemble-averaged energy transfer <AE>=
<Ema— 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 MP,a V —
T energy transfer process. The ensemble average of the
vibrational energy of each mode consists of kinetic and
potential energy terms. The dissociation of a highly excited
bond occurs when the bond gains energy from the incident
molecule (T — V pathway) or from adjacent bonds through
intramolecular energy flow or both.

Results and Discussion

Dependence of Energy Loss on the Total Vibrational
Energy Content. In Figure 2, we show the dependence of
ensemble averaged energy loss on the total vibrational
energy content Er at 300 K. The smallest value of Et
considered in this figure is 13,492 em™ or 1.673 eV, which
corresponds to the vibrational energies of C-Hpenw and C-
Hrine being 3,250 ¢cm™ (0.403 eV) and 10,242 cm™ (1.270
eV), respectively. That is, both bonds are simultaneously 3.5
eV below the dissociation threshold of each bond. At this
total vibrational energy content, the energy loss is 271 em™
or 0.0337 eV. For pyrazine-Ar collision, Yoder ef al. have
shown that the average vibrational energy transfer is 204
em™ for Er=25,000 cm™ at 300 K, which is comparable to
our value for the similar collision system.”* Below Et =
45,000 cm™', the magnitude of energy loss increases gra-
dually with increasing total vibrational energy content. As
shown in Figure 2, for example, when Et is raised from
13,492 em™ to 45,752 em™', —<AE> increases from 271
em™ to 778 em™', which are nearly 2% of Ev. The latter Er
value, 45,752 cm™ corresponds to C-Hmeyt and C-Hying
having the initial vibrational energies of 19,380 c¢m™ and
26,372 c¢m™, respectively, which are 1.5 eV below the
dissociation threshold of each bond. As the total energy
content continues to increase, however, —<AE> now de-
creases gradually, and then finally begins to increase again
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Figure 2. Tnergy loss against the total vibrational energy content
Erat T=300K.
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Figure 3. Dependence of energy loss on the total vibrational energy
content £t at 7=200, 300 and 400 K. The 7= 300 K curve is taken
from Figure 2.

slightly from Er= 65,000 cm™. This trend is very similar to
toluene-HF system.“ In latter system, however, toluene
gains energy from incident HF near the dissociation
thresohld. In the study on the toluene-N> system 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 3,000
em™' 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 2 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 photo-
isomerization of cycloheptatriene at 308 nm shows the
appearance of a maximum value at higher Ev, which is
nearly the same Et at which the maximum appears in the
present study.

We also consider the variation of MP's energy loss with £t
at 200 and 400 K in Figure 3. They are very close to that at
300 K up to 50,000 cm™', which means that the temperature
dependence is insignificant. Such a negligible temperature
dependence has also been noted in experimental studies.”
But, from 50,000 cm™' toward dissociation threshold the
energy loss decreases further as the temperature is increased.
Thus, the gross feature of the Er dependence of —<AE> at
these temperatures for the initially excited MP molecules is
that the amount of energy loss increases with increasing
vibrational excitation which exhibits negligible temperature
dependence. The increase of energy loss is weak up to a
moderate amount of the vibrational energy content. How-
ever, as Et continues to increase, energy loss decreases
gradually and then again increases slightly when the total
vibrational energy content is increased toward the disso-
ciation threshold. Furthenmore, the temperature dependence,
even though it is weak, begins to show up near the disso-
ciation threshold.

Bond Dissociation. We now discuss the collision-induced
C-H dissociation of the highly excited MP molecule. We
plot the dissociation probabilities at 300 K in Figure 4. Here
we take as before both C-H bonds have their initial
vibrational energies which are below their respective
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Figure 4. Dissociation probabilities 0f C-Huenyt and C-Hi,e bonds
against the total vibrational energy content £t at 7= 300 K.

dissociation threshold by the same amount. When each of
them is 0.8 eV or 6,452 cm™' below the threshold, the total
vibrational energy content is 57,044 cm™’ above the zero
point energy with 32,018 cem™ in C-Hiing and 25,026 cm”' in
C-Hnemy- At this energy the dissociation probabilities are
Peiamenyl = 0.0026 and Perring = 0.0005. Here dissociation
probabilities are very small because a large amount of
energy has to deposit in either one of the C-H bonds. From
Figure 2 we note that the ensemble-averaged energy loss by
MP for Er = 57,044 cm™ is only 378 cm™ or 0.0469 eV.
Since the C-Hpeny {or C-Hring) bond is 6,452 em™ below its
dissociation threshold and the molecule loses only 378 em™,
this bond has to gain at least 6,830 ¢m™ from C-Hying (or C-
Hmem1) through intramolecular energy redistribution to
dissociate. This fact explains the very low dissociation
probabilities. As shown in Figure 4, Peamenmy 18 always
greater than Pe.uine 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 57,044
em™ toward the dissociation threshold, the probabilities rise
very rapidly. When Er is as high as 68,335 cm™, which
correspotids to each bond's vibrational energy only 0.1 ¢V
below the dissociation threshold, the dissociation probabi-
lities are now Petmenyt = 0.306 and Peing = 0.062. Such
large values indicate that the vibrational motions of a highly
excited molecule can be readily perturbed by the incident
collision partner and the molecule needs only a small
amount of energy to dissociate. The ensemble-averaged
energy loss by nondissociative MP in this case is 302 em™.
In such a highly excited molecule, both C-H bonds can
dissociate. However, the probability of simultaneous disso-
ciation of C-Hmegyr and C-Hiing is quite small. For example, it
is only 0.0005 when Et is as high as 68,335 cm™', which
shows that the majority of dissociative events involve
breaking only one C-H bond.
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The hifetine distribution for the CHiine bond dissociation
displayed in Figure 5a' shows an induction period of =0.2 ps
before the distribution rises sharply to the maximum at 7=
0.55 ps, beyond which it decreases exponentially. In contrast
to this process, the lifetime distribution for CHmery bond
dissociation shows no induction period with most dissocia-
tive events occurring immediately after the collision with
HF (see Figure 5a), when the energy imparted to Hpyem
rapidly flows t0 CHpenyl leading to the bond dissociation.
The distribution decreases sharply between 7=0.1 and 0.3
ps, the dependence being nonexponential. The behavior of
Figure 5a which is quite different from Figure 5a' represents
the collisional transfer of translational energy into the
CHpeiny stretch.,

When the initial excitation is Jowered, a larger amount of
energy has to flow from CHmeinn t0 CHiing to cause the CHying
dissociation, the process which is less efficient than the
higher excitation case. In fact, when each of the two CH
bonds is 0.9 eV below the threshold, Pciying = 0, but the
extent of CHpein1 dissociation is still significant.

The disparity in the two induction periods reveals a subtle
aspect of the collision dynamics in which two very different
energy transfer mechanisms operate, which can be discussed
by comparing the results of Figure 5a with those of a
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Figure 5. Dependence of the CH dissociation probability on the
dissociation time 7 for (a) the CHyney) bond and (2"} CH,ie bond at
E1=68,335 cm™. Time cvolution of the collision trajectory and the
CH bond trajectory for (b) CHyenyr and (b'} CHypy at Er = 68,335
cm™!. The same scale is used for both figures. Time evolution of the
CH vibrational energies for (¢} CHuepyt and (¢'y CHiine, Note that
the energy scales are different. However, the time scale is the same
for (b), (b'), (¢} and (c').
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representative reactive collision (Figs. Sb and 3¢) for the
CHpemy1 dissociation and the results of Figure 5a' with those
of a representative reactive collision (Figs. 5b" and 5¢'} for
the CHying dissociation. The time evolution of the CHpenvt
bond trajectory is shown in Figure 5b, where the large
amplitude motion of the excited bond suddenly diverges as
HF approaches. The time evolution of the CHmewy vibra-
tional energy shows a sharp energy jump, the bond gaining
nearly 0.13 ¢V (see Figure 5(¢)), which exceeds the amount
needed to dissociate. The energy jump oceurs in a single step
over a short time period of =30fs, which is approximately
one period of the excited CHpemyl bond stretching. From a
significant change in the slope of the collision trajectory
before and after collision shown in Figure Sb, we notice that
the energy jump is mainly detenmined by T — V energy
transfer from HF.

For the trajectory representing the CHing dissociation
shown in Figure 3b', the CH;ing bond trajectory takes nearly
0.7 ps before diverging. During this period, which corre-
sponds to the induction period shown in Figure 54', energy
flows from CHmepyt t0 CHring, ie., the energy imparted to
Hreim1 flows to Hying, since direct T — 'V energy transfer to
the CHiing bond in the HF-CHiing interaction is inefficient.
The time scale of the energy buildup in CHine closely
matches that of the energy loss in CHpeiny, as they are linked
by the energy flow path (see Figure 5¢'). For the represen-
tative trajectory depicted in Figure 5¢/, the C-Hpenw bond
loses 0.7 eV while the C-Hring bond gains 0.13 eV. Therefore,
the overall energy loss during this collision is 0.57 &V
(=4,600 cm™). Note that the overall energy loss AE for the
entire ensemble of all Er = 68,355 em™ is only 300 cm™.
Once a sufficient amount of energy deposits in the CHiing
bond, the dissociation can occur rapidly, as shown by the
large values of dissociation probability between 7= 0.5 and
2.0 ps (see Figure 5a'). It is important to notice in Figure 5¢'
that the activation of CH;ing 0ccurs in a series of small energy
transfer steps, the variation which is significantly different
from the one-step excitation behavior of the CHyepyl
activation seen in Figure 5¢.

For a more comprehensive study one might include the
main frame, that is, inner vibrations of the methylpyrazine
molecule in addition to the reaction-zone vibrations consi-
dered in this study. As a matter of fact, this enlarged model
has already been employed in the similar collision systems,
toluene + Ar'”'® and toluene + HE."

Concluding Comments

We have studied CH bond dissociation and energy transfer,
both intennolecular and intramolecular, in the MP-HF
collision system using classical trajectory procedures. The
collision system consists of the interaction zone, where the
incident molecule interacts with both CHpueyt and CHiing
bonds.

Energy loss is found to be small, but slowly increases with
the total vibrational energy content initially stored in the C-
Hienyt bond and the adjacent C-Hgne bond. Energy loss takes
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a maximum value as the energy content increases toward the
dissociation threshold. Although the extent of energy lost by
excited MP via V — T energy transfer is not large, intra-
molecular vibrational energy flow between the C-H bonds is
efficient and takes place on a subpicosecond 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-Hpyemi bond is
found to be larger than that of C-Hrne bond. Collision-
induced bond dissociation and energy transfer processes in
MP are mainly controlled by the CHpeinvi-HF interaction.

Further excitation of the CHpeny bond toward the
dissociation threshold as well as the relaxation of the highly
excited CHpenn1 involve a large amount of energy transfer
(>>kT} occurting essentially in a single-step process in
strong collisions. The CHpeny bond dissociation occurs
without an induction period. The dissociation of the highly
excited CHiing bond is a result of intramolecular energy flow
from CHpemyl with the CHrine bond acquiring its energy for
dissociation in a series of small steps over a period longer
than 0.5 ps. Unlike the CHpem dissociation, this reaction
thus occurs after a considerable induction period.
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