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The role of different vibrational modes in the energy transfer from highly vibrationally excitedi<CS
investigated in model classical trajectory calculations. The primary tool for this work involves determining
the dependence of the average energy transfer on the vibrational frequency of each mode. These calculations
show that the energy transfer is highly sensitive to the frequency of the bend and the symmetric stretch
mode. By increasing or decreasing the bend frequency the efficiency of the energy transfer decreases or
increases, respectively. Variation of the symmetric stretch frequency causes a comparable effect. Variation
of the asymmetric stretch mode frequency can lead to activation of energy transfer only if the frequency of
the other two modes is made so high that the energy transfer through those modes becomes negligible. If the
vibrational frequencies of highly excited €&e set to their “natural” values, the bending mode is the conduit
through which the energy “leaks out” of the molecule, similarly to the slightly excited molecule. Bending is
the gateway mode not only because it is the lowest frequency mode but also because of the shape of the
molecule: a sideways attack, which is much more probable than an axial attack, always interacts with the
bend mode but only to a small extent with the asymmetric stretch mode, independently of the actual frequencies.
The activity of a mode in energy transfer is determined mostly by its frequency, but the nature of the motion
of the atoms involved in the mode also play a role.

I. Introduction collisions involving polyatomic moleculeg:32 These methods

are widely uset46 for the modeling of collisional energy
transfer. Tests of classical trajectories against accurate quantum
scattering calculations showed good agreement of the average
guantities’4243and the average energy transfers were found

Collisional energy transfer from highly vibrationally excited
polyatomic molecules received considerable attention in the last
couple of years 10 since this is the way how energy flows

between molecules in the gas phase before and after reaction§0 be in reasonable agreement with the experird&#t# The

or external excitation. In the earl_ler experiments the rate of classical mechanical methods can help us to understand details
energy transfer was studied using, as a reference, some

unimolecular chemical reactions competing with energy of the energy transfer like the energy and temperature depen-

vansier = The evaliaon of these expermeis was done S°7C8 P STei0) L3EE POt o e Sverege
via model calculations: the master equation describing the '

process was solved and the parameters characterizing the energ |eId,4‘_"46v47anFj other dgtaﬂs. _ )
transfer were varied until agreement with the experiment was  An interesting question that has remained open is what are
found. The resolution of these experiments, even with the the properties of the excited molecule that determine the
introduction of the more refined chemical activation studies, is €fficiency of energy transfer. In this paper we present results
limited as the results showed limited sensitivity to the details ©obtained from classical trajectory calculations devoted to answer
of the energy transfer rate coefficients. The development of the question: how important are the properties of each mode
spectroscopic techniques opened a way to follow the populationin determining the efficiency of energy transfer from a highly
of energy levels of either the highly excited molecules or the Vibrationally excited molecule? The generally accepted picture
collision partner in real timé;416-22 is that energy is transferred through some gateway modes to
Although a large amount of experimental data was collected and from the excited molecules, namely, through low-frequency
during the past few years, the general rules governing the energymoded®° (which are, in actual molecules, usually bending
transfer remained unclear. Theoretical calculations supportingmodes). The basis of this statement is the large body of
the experiments are also needed. Because of the large numbegxperimental data on energy transfer from large molecules
of internal modes and/or open channels in the collisional energy having low enough vibrational energy to allow state-to-state
transfer involving a polyatomic molecule, quantum scattering experiments. The experiments show that the probability of
calculations have a limited range of applicabilfty?® in this losing a quantum from a low-frequency bend mode is larger
field. One may expect, however, that at the high densities of than that from stiff modes. In more recent theoretical work,
states characterizing the large, highly vibrationally excited Koifman et al®! proposed that in S&rare gas collisions at low
polyatomic molecules, classical trajectory methods may help excitation the energy is transferred from S@rough the
to understand the mechanistic details of energy transfer. The“active” rotational mode corresponding to the projection of the
technology needed for such calculations involves the machinerytotal angular momentum of the molecule on the principal axis
of Monte Carlo classical trajectory methods developed and corresponding to the smallest moment of inertia. Dashevskaya
applied earlier for reactive and nonreactive collisions of small et al>253developed a model based on the assumption that-atom
moleculed”-28 with some modifications specific to inelastic atom encounters during collisions are adiabatic. If the condi-
tions for adiabaticity are satisfied, the largest transition prob-
€ Abstract published irAdvance ACS Abstractdjovember 15, 1997. ability is expected if the frequency of a relaxing mode is F3w?
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In their analysis of the mechanism of supercollisRsn¥ in TABLE 1: Parameters of the Force Field and the
toluene, Clary et &7 found that multiquantum transitions occur ~ Corresponding Normal Mode Frequencies
with relatively large cross section if out-of-plane bending modes  f,.,qmdyn
are excited. From inspection of the trajectories corresponding Arad™?  fc dA1 Bs dA™! wvpendecm™ wvedem™t  vadem?
to some individual supercollisions, they concluded that in 57722 213875  1.1238 400.8 674 1532

supercollisions energy leaves the molecule through an out-of- 0.144 305  2.3875 1.1238 200.4 674 1532
plane bending mode. Reduced dimensionality quantum scat- 9.23552 23875  1.1238 1603.2 674 1532
tering calculations showed that the probability of multiquantum 0-57722  1.1937  5.1004 4008 1348 766
transitions is generally larger for a lower frequency méeé+243 82;; g% i%gg; Sgggé 288'3 g;‘; ;22
In our preliminary work on the energy transfer from Ofe 057722 05969 25522 400.8 674 383
found that the average energy transferred per collision is very 0.577 22 0.2984  2.6030 400.8 674 191.5
sensitive to the frequency of the bending mé&%dt is not clear, 0.144305  1.1937 2.3371 200.4 674 766
however, whether only the frequency of the possible gateway 2-308 8 11937 23371 200.4 674 766

. 0.577 22 2.3875 4.6717 400.8 1348 1532
modes controls the efficiency of the energy transfer or the nature 0577 22 1775 46717 4008 1348 3064

of the motion involved in the vibration in qUeStion also 9.235 52 2.3875 4.6717 1603.2 1348 1532

influences it. In other words, are the low-frequency bending 9235 52 2.3875 2.3371 1603.2 1348 766

vibrations the gateway modes because they have low frequen-9.235 52 0.5969 5.2040 1603.2 1348 383

cies, or does the bending nature of the motion also help? g-igg gg g-gggg i-iggi iggg %é o 233-8
In this paper we report trajectory calculations on the energy 0577 22 10503 5 8622 2008 1532 674

transfer from the model molecule gSa system we have
extensively studied befoR8:31.38475559|n principle, the precise aThe other Morse oscillator parameters ayg-s = 1.553 A,Decs
method for assigning which modes are active in the energy — 88-319 kcal mot; res-s = 3.106 A, De;s-s = 45.0 kcal mof™.
transfer would be that one calculates the analogues of the
guantum state-to-state transition probabilities. These can in
principle be calculated by extending the methods used in
quasiclassical trajectory calculations involving diatomic mol-
ecules. In a polyatomic molecule, the amplitudes of the various
modes can, in principle, be analyzed and the good action
variables that correspond to vibrational quantum nunt8ei%

using the procedure developed by Bruehl and ScHatn. this
method the rotational energy is obtained from the angular
momentum component perpendicular to the instantaneous plane
of the molecule, and the vibrational energy is calculated by
subtractingE;,: from the total energy of the molecule. This
way the contribution from thé quantum number (“the nona-

can be determined. An investigation of the temporal evolution diabatic part 5(1)f the rotation energy” in the terminology of
of normal and local mode coordinates of our model, highly Keifman et al”’) is counted as vibrational energy.

excited C$, however, showed that high excitation of these = The model molecule from which energy is transferredz,CS
coordinates does not produce quasiperiodic oscillations, so actioriS @ linear molecule with experimental vibrational frequencies
variables cannot easily be assigned to them. The oscillations401 cnT* (doubly degenerate bend), 658 th(symmetric

we observed at high excitation very often carry the signs of Stretch), and 1535 cm (asymmetric stretctfl We represent
chaotic intramolecular motion. As a result, even though the the force field of the molecule by three Morse oscillators for
good action calculations can be useful at low excitation, they the two C-S and the SS interactions and a harmonic bend
cannot help to clarify the mechanism of energy transfer from Potential for the SC—S bend mode (see ref 29). The
highly excited molecules. We have therefore chosen anotherParameters of these functions taken from earlier modeling are
way to identify the active modes in the energy transfer: we listed in the first line of Table 1, and yield freq_uenues of 401,
systematically modify the frequencies of the normal modes of 674, and 1532 cnt for the bend, symmetric stretch and
CS; and observe the consequences by monitoring the change2Symmetric stretch modes, respectively. This force field is
in the average energy transféhEL,. We considerAERi, easily modified so that new vibrational frequencies are obtained
as a measure of the efficiency of the energy transfer process While the dissociation energies remain unchanged. By changing
We also study the energy transfer probability distributions. the bend force constant by a factorafthe bending frequency
Section Il briefly reviews the methods and the details of the €an be varied by a factor at'’?, independently of the stretch
control of frequencies. In section Il we present the results and modes. This way CSwith bending frequencies of 100, 200,

in Sec“on [\ how we |nterpret them 283, 401, 603, 1134, and 1604 meas Created. Table 1
shows the modified parameters and the resulting frequencies.
Il. Methods Independently of the bending mode, the frequencies for the

asymmetric stretch mode were also modified to one-half, 766
We use the machinery developed earlier for the calculation cm™, and twice the original value, 3064 chh The present

of quantities characterizing energy transfer. The average force field does not allow independent variation of the symmetric
vibrational, rotational and translational energy transferred per stretch frequency. The symmetric stretch frequency can be
collision as well as the energy transfer probability distribution reduced below 401 cm (the frequency of the bend mode in
are determined by the single energy collision metkodt “regular’ CS) only if the asymmetric stretch frequency is also
Briefly, the classical equations of motion are calculated for a reduced. To compare the effect of the reduction of the
large number of collisions. The initial vibrational and rotational symmetric stretch frequency with that of the bending mode, we
energy are set to the same predetermined value at the beginningerformed a series of calculations in which the asymmetric
of each collision. The phase space of the excited molecule is stretch frequency is 766 crh and the symmetric stretch and/
sampled microcanonically. The initial relative coordinates and or bend frequencies are halved or doubled as compared to the
momenta for the collision partners are selected using Monte realistic model of Cg Note that the frequencies reported are
Carlo methods from a thermal ensemble. The parameters ofharmonic normal-mode frequencies. At high excitation the
the collision partner, CO, are sampled using the classical normal mode description is far from the real motion of atoms
description of a rotating-vibrating Morse oscillatSr.The total in the molecule. In addition, it is clear that the phase space of
energy of Cgwas separated into vibrational and rotational parts the molecule may be quite different (like the onset of chaos,
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Figure 1. Average vibrational energy transferred from hot,CS Figure 2. Average vibrational energy transferred from hot,CS
molecules to a heat bath of CO molecules at 1000 K as a function of molecules to a heat bath of CO molecules at 1000 K as a function of
the initial vibrational energy in GSat various bending frequencies of  the initial vibrational energy in GSat various frequencies of the
CS. The frequencies of the stretch modes axe= 674 cnt andvas asymmetric stretch mode. The frequencies of the other modes.ase

= 1532 cnT, = 401 cnt! andvss = 674 cnT?.

V|b init

location and extent of quasiperiodic orbits etc.) if the force field of [AEOSs so small that, because of the statistical error, the rate
is modified. Despite their lack of complete accuracy, the of change is hard to evaluate.
harmonic frequencies seem to be a reasonable way to character- The calculations show that if the molecule has a low-
ize the various force fields. frequency vibrational mode, the energy transfer becomes more
In the calculations of collisional energy transfer we used CO efficient. To see whether the mode must be a bending mode
as a collision partner: it is not as simple as a rare gas atom,or other types of motion can also facilitate the energy transfer,
and an extensive set of data has been collected GrHCSO we varied the frequency of the other modes keeping the bend
before”59 The temperature of the internal energy of the frequency fixed.
collision partner and the translational bath was taken to be 1000 The asymmetric stretch frequency of 1532 ¢roan be varied
K. The initial rotational energy of the hot G&olecules was with our model potential independently of the bending mode
set equal to the thermal average value at 1000 K. The Monte but the range is limited as the symmetric stretch also varies if
Carlo trajectory calculations provide average energy transfersone changes the Morse exponential paramgtfar the C-S
with nonnegligible error. Instead of calculating the character- mode. Figure 2. shows the effect of the variationvgfon the
istics of the energy transfer at a single energy, we found that it efficiency of the energy transfer. If one halves the asymmetric
is safer to calculate them at several energies so that thestretch frequency, the average energy transferred per collision
tendencies become more visible. Accordingly, 2000 collisions hardly changes indicating that this mode is not active in the
were run at each of 19 initial energies at each set of vibrational energy transfer. Decreasings further to 383 cm? (which is
frequencies. Energy transfer probability distributions are also lower than that of the bend mode) still does not cause any
derived in a few cases. For that purpose a larger number of significant change in the pattern of thkE,,[vs E dependence.

collisions (10 000) were run at the same initial energy. An enormous decrease by a factor of 8 to 191.5imneeded
to cause an observable increase of the efficiency of the energy
Ill. Results transfer. At this value the frequency of the asymmetric stretch

mode is way below that of the next lowest frequency mode,

The average vibrational energy transferred per collision from the bend mode. Larger effects can be observed, if the
the hot C$ molecules calculated at seven different bending asymmetric stretch frequency is varied when the energy transfer
frequencies as a function of the initial vibrational energy in CS through the other two modes is frozen by increasing the
is given in Figure 1. The stretch mode frequencies are kept frequencies of both the bending and symmetric stretching modes
fixed at 674 and 1532 cm. The average energy loss from to a high value. Figure 3 shows the changesXf,,Cwhen
CS; increases faster than, but close to linear with the increasevbend = 1603 cnm! and vss = 1348 cntl. In this case the
of the initial excitation energy, if the normal-mode frequencies average energy transfer is very small if the asymmetric stretch
are set to the experimental values (filled circles). As one makesfrequency is as high as in “natural” @SThis is in agreement
the bending mode looser by decreasing its frequency, an increasavith the observation made in conjunction with Figure 1, namely,
of the absolute value of the average energy transferred fromthat a large increase of the bending frequency will lead to a
the hot C$ can be observed. The largest increase is observeddeactivation of the energy transfer. In contrast to Figure 2,
when vpeng is decreased by a factor o2 then |[AEG| however, in Figure 3 we can see that a decrease.giby a
increases by about a factor of 2 at high excitation. Further factor of 2 does lead to an observable increase of the efficiency
decrease of the frequency by factors of 2 and 4 also leads toof energy transfer.
more and more efficient energy transfer but the rate of change The symmetric stretch frequency cannot be selected com-
becomes slower. In complete agreement with these observa-pletely freely when one applies our model potential. We studied
tions, if the bending mode is made stiff, the average energy its effect in a model molecule in which the asymmetric stretch
loss from C$ decreases. Ifpengis increased by a factor of  frequency is one-half (766 cm¥) of the “natural” value and
1.5, the average vibrational energy loss from the hot moleculesthe bending frequency is kept at the “natural” value (40T%Ym
decreases by about a factor of 2 (at or ab&yg ~ 40 kcal We have seen in Figure 2 that if the asymmetric stretch
mol~1. Making the bend mode even stiffer seems to decreasefrequency is one-half of that in “regular” G3he efficiency of
the efficiency of energy transfer further but the absolute value energy transfer is essentially the same as in the “regular”



9220 J. Phys. Chem. A, Vol. 101, No. 49, 1997 Lendvay

T T T ¥ T T

0.0 -ii*%x*ff*******ir -
< T x
01 | TogTHE 3w ifz 0.00 Ai

o e e

3 - E}
E : i
3 03 o1 cm” . =010 | E 1
w 383 cm E e I
A, 04F o 7860m” 1 g E
ﬁ; 05 e 1532cm™ Gl EI
v ' }: i -0.20 | Viena Vs Vas i ]
-0.6 | Vo =1603 em ', v, =1348 cm™ - 2
g ® 674, 1532, 401
~07 . . N : v D 1532, 674, 401
0 20 40 60 80 100 0.30 :1450;2' 1‘513% g;:
-1 =0. - 5 5
E,jont / kcal mol v 401, 674, 1532

Figure 3. Average vibrational energy transferred from hot.CS
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Figure 4. Average vibrational energy transferred from hot,CS

molecules to a heat bath of CO molecules at 1000 K as a function of -0.7 . " "
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Figure 6. Effect of the reduction of the mode frequencies of hot CS

molecules on the average vibrational energy transferred to a heat bath

molecule. Because of this we may assume that the changes,t co molecules at 1000 K as a function of the initial vibrational energy
that can be observed when varying the symmetric stretch i cs,.

frequency at this value of;swill also be valid for the “natural”
molecule. The average energy transfers obtained whgis the lowest frequency is assigned to the asymmetric stretch mode.
varied are plotted in Figure 4. The variation of the symmetric This is in agreement with the observation we made with respect
stretch frequency influences the energy transfer in the same wayto Figures 2 and 3. Taking into account all the available
as that of the bending frequency does. Whenis doubled, information, the asymmetric stretch mode seems to be much
making the frequency of the symmetric stretch mode the highestless efficient in the energy transfer than the other two modes.
in the molecule (1348 cm), the average energy transfers drop The relative efficiency of the bending and symmetric stretch
by about 20%. If, on the other handgis decreased by a factor modes of Cgin activating the energy transfer was studied by
of 2, the average energy transfer becomes approximately 2.5comparing the relative effect of increasing or decreasing the
times larger. frequency of one or the other mode. Figure 6 shows how the
The results show that the lowering of not only the bending efficiency of the energy transfer changes when the frequencies
frequency but also of the other modes will facilitate the energy of the modes, one by one, are reduced by a factor of 2. The
transfer. The next question is whether the reduction of the reference case igeng= 401 cnT?, vss= 674 cnTl, andv,ys=
frequencies of various modes promotes the energy transfer766 cnt?l. If the bending frequency is halved, the magnitude
equally well or there are some preferred modes. of the vibrational energy transfer increases by about a factor of
Figure 5 shows what happens if the same frequencies are2. If, instead, the symmetric stretch frequency is decreased to
redistributed among the modes. The most efficient vibrational 337 cnt? (in this case this is the lowest frequency mode in the
energy transfer occurs when the bend, symmetric stretch, molecule), the average energy loss increases by about a similar
asymmetric stretch frequencies are set to 1532, 401, and 674factor, at some initial energies about 10% larger than that. The
cm1, respectively, i.e., when the symmetric stretch is the lowest decrease of the asymmetric stretch frequency to 383 causes
frequency mode. (The other permutation of the frequencies a hardly visible increase of the efficiency of the energy transfer
among modes withss= 401 cnT! cannot be set with the model  even though in this case this mode has the lowest frequency of
potential we used). The least efficient is the energy transfer if the molecule. On the other hand, if the frequency of the modes
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frequency even though that was the least efficient mode in
00 } %%%iﬂ ~ § “natural” CS. The activating effect of the decreased symmetric
golel §§§ stretch frequency can be observed even if the bending frequency

§§§ is low.

w01y %E 1 The observation that a mode with a smaller frequency is more

E ﬁ i%} I § active in the energy transfer is in very good accord with the

§ _o2 | % % | results of the quantum scattering calculations. Reduced dimen-

A, Vies Vi Vs i E sionality studies of energy transfer from £8ere performed

5 0 401, 674, 766 in two model systems: in collinear collisions of £8ith He,

V. 03} 0802, 674, 766 % | when the two stretch modes of €&8re considereéf*? and
#401,1348, 766 I collisions in a T-shaped arrangement when the bend and

4401, 6741532 symmetric stretch mode was coupfédWe found in both cases

-0.4 ' ‘ . ‘ that the state-to-state inelastic scattering probabilities are larger
0 20 40 60 80 100 for that mode which has the smaller frequency (symmetric

-1
Eyip.m / keal mol stretch in the former and bend in the latter case).

Figure 7. Effect of the increase of the mode frequencies of ho CS  The information concerning the effect of the change of the
molecules on the average vibrational energy transferred to a heat bathygriciency of the energy transfer caused by the variation of the
of CO molecules at 1000 K as a function of the initial vibrational energy f f . . -
in CS,. requencies of various modes helps us to identify the modes
through which the energy transfer from £i@kes place. The
is doubled, the energy transfer is suppressed if the bend modemost active mode in “natural” GSs the lowest frequency mode,
is made stiffer, while the effect of the stretch modes is smaller the bending vibration. The efficiency of the energy transfer is
(Figure 7). If the bend frequency is increased from 401 to 802 most sensitive to the changes of the frequency of this mode. If
cm™1, the magnitude of the average energy transfer decreaseghe frequency of this mode is made high, the average energy
by a factor of 3 or more. The increaseif causes about 20%  transfer decreases significantly indicating that the energy transfer
decrease ofAEL)y, while when the asymmetric stretch fre- becomes much less efficient while a decrease of this frequency
qguency is doubled, the efficiency of the energy transfer activates the energy transfer. A more precise measure of the
essentially does not change (note that in the latter two casesefficiency of the energy transfer is the magnitude of the
the bend mode frequency is lower than that of either of the probability of transferring energy from levét to level E',
stretch modes). At other combinationsigtnqandvss higher P(E'\E), or in a more global context, the width of the entire
sensitivity to the bend mode frequency is observed if that was probability distribution at a fixed initial energyf’. The larger
and remains the lowest frequency mode. Similarly, the averageare the individual probabilities at nonzero energy trangfer
vibrational energy transfer is more sensitive to changes of the E, the more efficient is the collisional energy transfer. At the
symmetric stretch mode frequency if that is the lowest frequency same time, the larger are these probabilities, the wider is the
mode both before and after the modification. distribution P(E',E). (A small value of the average energy
The nature of the collision partner, in principle, can also transfer could occur when the two wings of the distribution
influence the “mode specificity” of the energy transfer. The balance each other, even if both are wide, i.e., energy transfer
collision partner applied in the calculations reported above is is very efficient.) To test whether the average energy transfer
CO, a diatomic molecule. In order to eliminate the possible adequately represent the efficiency of the energy transfer, we
effects of the internal degrees of freedom of CO, we performed calculated P(E',E) at various bending frequencies. 10,000
calculations with an artificial collision partner that behaves like trajectories were run at initial enerdy = 95 kcal mot™ in
the “unified atom” model of CO: it has a mass of CO, and the CS; at each ofvpeng = 100, 200, 401, 802, and 1603 cin
atom—atom interaction potentials are the same as between OFigure 8 shows the energy transfer probabilit&',E) as a
and S as well as O and C (which is in our model is identical to function of the energy gajs’ — E. The looser the bend mode,
the C-S and C-C interaction: for both pairs we use the the wider are the distributions. Considering a given final energy,
parameters of the NeAr and Ne-Ne Lennard-Jones potential). E', one can see that the probability of getting to this level
The results of these calculations show that the qualitative becomes smaller and smaller as the bending frequency increases.
observations, and in all cases the actual numbers (taking intoBoth the “down” and the “up” wings extend to higher energy
account the statistical error of the calculations) are very similar gaps with decreasing bending frequency, i.e., the probability

to the results obtained with the diatomic CO. that the collision transfers large portions of energy both to and
) . from the molecule also increases. This means that by decreasing
IV. Discussion the bend frequency the molecule becomes more active in energy

A general conclusion from the trajectory data is that the transfer. Similar behavior_was observed when the symmetric
efficiency of the energy transfer increases if the frequency of a Stretch frequency was varied.
mode is decreased. This is very clearly seen in the case of the The results presented in Figures4 show that it is probably
bending mode of CS increase of its frequency will deactivate the bending and to some extent the symmetric stretch mode
the energy transfer of the molecule and vice versa. The reasonthat participates in the energy transfer. The asymmetric stretch
why this is so clearly manifested is that this mode has the lowestseems to be inactive. A qualitative picture helps to understand
frequency in this molecule. Activation of the energy transfer why these modes can be the active in the energy transfer from
by a decrease of the asymmetric stretch frequency can hardlyCS. The molecule has a linear equilibrium structure. The two
be seen, if the bend and symmetric stretch frequencies are lowatoms at the ends of the molecule are the large and relatively
(Figure 2). The activation becomes more visible whggis heavy sulfur atoms. The “small” carbon atom is hidden between
varied by setting high frequencies for the two other modes them. When a collision partner approaches the molecule, the
(Figure 3). The physical reason for this is that the other two probability that it hits Cg along the axis of the molecule is
modes become deactivated, so that the only way the energyvery small. Most of the time the relative velocity of the partners
transfer can take place is through the mode that has the lowesthas a component perpendicular to the instantaneous “equilib-
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y T more active even if the frequency is the same. On the other
hand, if the normal mode behavior prevents easy interaction,
the mode will be relatively inefficient.

All probability distributions shown in Figure 8. are qualita-
tively of the same type: on the logarithmic scd®E'E)
descends first approximately linearly withE = E' — E but
has a long tail extending to largeE’s. This shape has been

“E))

m observed in several systems beféte?®5558 The energy
g‘ transfer probability as a function &fE cannot be described by
) a single exponential function. The most generally applied form
2] for this purpose is a biexponential functigfg335.38.646{note
= 7 i

% that Luther et al’ recently recommended another function that
g provides a qualitatively similar shape). The double exponential

function has the drawback that the form suggests that there are
two kinds of collisions described by the two contributiorzs
set of “weaker” and a set of “stronger” collisions. No
experimental or theoretical facts, however, have been found to
support such a distinction. The second exponential is needed
-1l 0 only to represent the long tail of the distribution.
E'—E /kcal mol When the frequency of an active mode like the bend mode
Figure 8. Energy transfer rate coefficieniqE' ) as a function of - is small, the probability of collisions transferring large portions
]Ehe energy gap, B~ E at E = 95 kcal mol” at different bending ¢ anargy (named supercollisidis®?) increases. The amount
requencies of CSn a heat bath of 1000 K CO molecules. Continuous - -
line, voena = 100 cn®: long dashed lineypens = 401 cnm; dotted pf the energy transferred .Wlth obs_ervqble probability qlgo
line, veng = 1603 cnTt. increases in accordance with the widening of the probability
) ) distribution. One could think then that the mechanism for
rium” axis of the molecule so that the bath molecule can gypercollisions involves energy transfer through the bend mode.
obviously interact with the bend mode. The symmetric stretch owever, when the molecule is “activated” by loosening the
mode of CS involves the motion of the two S atoms. To  pend mode, not only the probability of supercollisions increases
interact with this mode, the collision partner should hit one of put that of all inelastic collisions. It is true that most
the S atoms with a velocity component parallel to the instan- gypercollisions involve energy transfer through the bend mode
taneous molecular axis. This can easily happen as the S atoms,t the same holds for the “weaker” inelastic collisions, too. In
are large. The asymmetric stretch mode corresponds to angqgdition, if one “freezes” energy transfer through the bend mode
oscillation of the small and light carbon atom between the two 5nq “activates” the symmetric stretch mode, the shape of the
sulfurs. This mode is relatively hard to attack because the propapility distribution as well as the appearance of supercol-
carbon atom that should be hit with a velocity component |isions increase in the same way as when the bending frequency
parallel to the molecular axis is hidden and protected by the s modified. It seems to us that it is very probable that

large end atoms. As a result, due to the geometrical nature ofgypercollisions do not have a specific common mechanism.
the motions corresponding to the different modes of, @&m

the point of view of energy transfgr the bend mode is the V. Conclusion and Outlook
preferred one, the symmetric stretch is expected to have medium
activity and the smallest activity can be assigned to the The model calculations in which we varied the frequencies
asymmetric stretch mode. This order is identical to the order of the vibrational modes of GSshow that in a collinear
of frequencies of the modes, and the two factors act in the sameSymmetric triatomic molecule like GSat high vibrational
direction. excitation the energy transfer takes place with the participation
The picture outlined above is in very good accord with the of the bending and the symmetric stretching modes. The model
quantum and classical scattering calculations of Clary, Bern- classical trajectory calculations indicate that for efficient energy
shtein, Oref, and Gilbeff. They found that in the energy transfer the molecule must have low-frequency vibrations.
transfer from toluene to rare gas atoms the out-of-plane modesAnother factor acting in the same direction is the geometrical
are the most important. Toluene is a basically flat molecule nature of the motion corresponding to the bending motion: in
and offers the plane of the molecule for attack with the highest most collisions the collision partner will hit the molecule from
probability. Then, in analogy with the picture sketched above a direction that will cause an interaction with the bending mode.
for CS, the collider will very probably interact with the out-  As a consequence, the activity of the bend mode of i€8ue
of-plane modes. to both factors: the low frequency and the “out-of-line” motion
The experimental and the various theoretical observations corresponding to the mode.
seem to agree that the lower the frequency of a mode, the more The observation that the low-frequency modes make the
active the mode will be in collisional energy transfer. Our energy transfer more efficient is in very good agreement with
calculations on the variation of the frequency of a given mode the experimental results. The simple theoretical models of an
as well as the qualitative physical description of how the motion oscillator interacting with a colliding atom worked out in the
of atoms influences their interaction with the incoming particle, past (see, e.qg., refs 660), however, seem not to have focused
however, point to the existence of a “moderating” effect. The on the role of the frequency of the relaxing oscillator. The
frequency of the mode seems not to be the only factor that coupling of the vibrational mode to other modes and the
determines the activity of the mode: the nature of motion of occurrence of rotations make the picture even more complicated,
atoms involved in the given mode determines how large a “cross so that the field seems to be open for further qualitative models
section” the mode provides for the colliding partner. If the such as the one in refs 51 and 52.
character of the motion of atoms is such that it is “exposed”to A further factor to be taken into account is that it seems to
larger interaction with the collision partner, the mode will be be generally valid that the frequency of a mode is not the only




Energy Transfer from Excited GS J. Phys. Chem. A, Vol. 101, No. 49, 1999223
(19) Barker, J. R.; Toselli B. Mint. Rev. Phys. Chem1993 12, 305.

Barker, J. R.; Brenner, J. D.; Toselli B. M. In ref 2, Vol. 2B, p 135.
(20) Weismann R. B. In ref 2, Vol. 2B, p 333.

factor that determines the activity of the mode in energy
transfer: the kind of atomic motion corresponding to the given

mode _also mfluencgs the efficiency o_f the given mode. (21) Tardy, D. C.J. Phys. Cherm993 97, 5624-J. Chem. Phys1993
Similarly to CS, in other polyatomic molecules generally 99, 963. Tardy, D. C.; Song, B. Hl. Phys. Chem1993 97, 5628.
also the frequencies of the bending modes are the lowest. The (22) D. C. ClaryJ. Phys. Chen987, 91, 1718;J. Chem. Phys1981,

; i 75, 2023
results of the expenments_performed_on_ the collisional energy (23) Nalewajski, R. F.. Wyatt, R. Eohem. Phys1983 81, 357:1984
transfer from molecules with low excitation energy show that gs“117-1984 89 385.

in most cases the probability of the energy transfer from these  (24) Schatz, G. C.; Lendvay G. Chem. Phys1997 101, 3548.
modes is the largest. The explanation in that case is probably (25) Pan, B.; Bowman, J. M. Chem. PhysL995 103 9668. Bowman,
similar to that for C&: in addition to the low-frequency nature ~ J- M., Padmavathi, D. AMol. Phys.1996 88, 21.

f th d trical fact b ted t tin th (26) Truhlar, D. G.; Muckerman, J. T. Iitomic and Molecular
of the mode, geometrical factors can be expected o act In thecyjjisions: a Guide to the Experimentali@ernstein, R. B., Ed., Plenum

same direction so that the low-frequency bend modes can bepress: New York, 1979.
expected to be the most efficient modes in energy transfer. This_ (27) Raff, L. M.; Thompson, D. L. InTheory of Chemical Reaction

; ; ynamics Baer, M., Ed., CRC Press: Boca Raton, FL, 1985; Vol. lIl.
picture seems to be supported by our caIcngUons that are u!ndeP (28) Bruehl, M.: Schatz, G. CI. Chem. Phys1988 89, 770 J. Phys.
way involving energy transfer from nonlinear polyatomic cpem 1988 92 7223.
molecules. (29) Lendvay, G.; Schatz, G. . Phys. Chem1992 96, 3752.

(30) Lendvay, G.; Schatz, G. C. In ref 2, Vol. 2B, p 481.

(31) Lim, K. F.; Gilbert, R. GJ. Phys. Chem199Q 94, 72, 77.

(32) Bernshtein, V.; Lim, K. F.; Oref, 0. Phys. Chenil995 99, 4531.

(33) Bernshtein, V.; Oref, IJ. Chem. Phys1996 104, 1958.

(34) Lenzer, T.; Luther, K.; Troe, J.; Gilbert, R. G.; Lim, K.F.Chem.
Phys.1995 103 626.

(35) Lenzer, T.; Luther, KJ. Chem. Phys1996 104, 3391.

(36) Lim, K. F.J. Chem. Phys1994 101, 8756.

Acknowledgment. This research was supported by the
Hungarian Scientific Research Fund grant OTKA-T22824 and
by the US-Hungarian Joint Fund grant JF411. | thank Professor
George C. Schatz for helpful discussions and for critically
reading the manuscript prior to publication. | acknowledge the
use of the computing facilities made available by the grant

OTKA-C0020 as well as by a grant from CINECA, Bologna,

(37) Lendvay, G.; Schatz, G. Q. Phys. Chem1994 98, 6530.
(38) Lendvay, G.; Schatz, G. C.; Harding, L.Baraday Discuss1995

Italy. The support by the research group “Interaction of Oriented 102, 389.

Molecules” of the Center for Interdisciplinary Research at the
University of Bielefeld, where the manuscript was completed,

is gratefully acknowledged.

References and Notes

(1) Weston, R. E., Jr.; Flynn, G. WAnnu. Re. Phys. Chem1992
43, 559.
(2) Vibrational Energy Transfer lsolving Large and Small Molecules

Advances in Chemical Kinetics and Dynamics; Barker, J. R., Ed.; JAI

Press: Greenwich, CT, 1995.

(3) Hippler, H.; Troe, J. InBimolecular ReactionsBaggott, J. E,
Ashfold, M. N. R., Eds.; The Chemical Society: London, 1989.

(4) Barker, J. R.; Toselli, B. M. I?hotothermal Imestigations of Solids
and Fluids Sell, J. A., Ed.; Academic Press: New York, 1989.

(5) Flynn, G. W.; Parmenter, C. S.; Wodtke A. NI. Phys. Chem.
1996 100, 12817.

(6) Mullin, A. S.; Schatz, G. C., Edslighly Excited States: Relaxation,
Reactions, and Structurémerican Chemical Society Symposium Series,
in press.

(7) Unimolecular Reactiongzaraday Discuss1995 102

(8) Discussion Meeting on Unimolecular ReactioBsr. Bunsen-Ges.
Phys. Chem1997 March, Special Issue.

(9) Oref, I.; Tardy, D. C.Chem. Re. (Washington, D.C.199Q 90,
1407.

(10) Tardy, D. C.; Rabinovitch, B. $hem. Re. (Washington, D.C.)
1977, 77, 369.

(11) Robinson, P. J.; Holbrook, K. AJnimolecular Reactionsiley:
London 1972.

(12) Holbrook, K. A.; Pilling, M. J.; Robertson, S. Hinimolecular
ReactionsJohn Wiley & Sons: Chichester, 1996.

(13) Forst, W.Theory of Unimolecular Reaction&cademic Press: New
York, 1973.

(14) Gilbert, R. G.; Smith, S. CTheory of Unimolecular and Recom-
bination ReactionsBlackwell Scientific Publications: Oxford 1990.

(15) Lohmannstben, H. G.; Luther, KChem. Phys. Lett1988 144
473 1988. K. Luther, K. ReihsBer. Bunsen-Ges. Phys. Chet988 92,
442,

(16) Hold, U.; Lenzer, T.; Luther, K.; Reihs, K.; Symonds, Ber.
Bunsen-Ges. Phys. Chef97, 101, 552.

(17) Hartland, G.; Qin, D.; Dai H.-LJ. Chem. Physl994 101, 8554;
Ibid. 102 8677.

(18) Mullin, A. S.; Michaels, C. A.; Flynn G. WJ. Chem. Physl995
102, 6032.

(39) Bernshtein, V.; Oref, IChem. Phys. Lettl995 173 233.

(40) Lendvay, GFaraday Discuss1995 102 467.

(41) Lendvay G.; Schatz, G. C.; Takayanagi, T. In ref 6.

(42) Lendvay, G.; Schatz, G. @er. Bunsen-Ges. Phys. Cheb®97,
101, 587.

(43) Lenzer, T.; Luther, KBer. Bunsen-Ges. Phys. Cheh®97 101,
581.

(44) Lendvay, GFaraday Discuss1995 102 474.

(45) Lim, K. F.J. Chem. Phys1994 100, 7385.

(46) Lendvay, G.; Schatz, G. Q. Phys. Chem1991, 95, 8748.

(47) Lambert J. DVibrational and Rotational Relaxation in Gases
Clarendon Press: Oxford, 1977.

(48) Krajnovich D. J; Parmenter C. S.; Catlett, D. L., Ghem. Re.
(Washington, D.C.1987, 87, 237.

(49) Gordon R. JJ. Chem. Phys199Q 92, 4632.

(50) Koifman, I.; Dashevskaya, E. I.; Nikitin, E. E.; Troe Jl. Phys.
Chem.1995 99, 15348.

(51) Dashevskaya, E. I.; Nikitin, E. E.; Oref,J. Phys. Chem1993
97, 9397.

(52) Dashevskaya, E. I.; Nikitin, E. E.; Oref,J. Phys. Chem1995
99, 10797.

(53) Oref, I. Inref 2, Vol. 2, p 285.

(54) Lendvay, G.; Schatz, G. @. Phys. Chem199Q 94, 8864.

(55) Clarke, D. L.; Thompson, K. G.; Gilbert, R. Ghem. Phys. Lett.
1991, 182 357.

(56) Clary, D. C.; Gilbert, R. G.; Bernshtein, V.; Oref, Faraday
Discuss.1995 102 423.

(57) Lendvay, GFaraday Discuss1995 102 452.

(58) Lendvay, G.; Schatz, G. @. Chem. Phys1992 96, 4356.

(59) Sorbie, K. S.; Handy, N. QVol. Phys.1976 32, 1327;1977, 33,
1319.

(60) Schatz, G. CComput. Phys. Commut988 51, 135.

(61) Eaker, C. W.; Schatz, G. @. Chem. Physl984 81, 2394.

(62) Suzuki, I.Bull. Chem. Soc. Jpri975 48, 1685.

(63) Brown N. J; Miller J. A.J. Chem. Phys1984 80, 5568.

(64) Troe, JJ. Chem. Phys1992 97, 288.

(65) Orr, B. J.; Smith, I. W. MJ. Phys. Chem1987, 91, 6106.

(66) Rapp, D.; Kassal, TThem. Re. (Washington, D.C.}1969 69, 61.

(67) Benson, S. W.; Berend, G. C.; Wu, J.XXChem. Physl962 37,
1386;1963 38, 25.

(68) Nikitin, E. E. Theory of Elementary Atomic and Molecular
Processes in Gasg€larendon Press: Oxford, 1974.

(69) Nesbitt, D. J.; Hynes, J. T. Chem. Phys1982 76, 6002.



