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Vibrational energy transfer from #0(00°1) to deuterated toluene has been studied by use of the Wentzel
Kramers-Brillouin (WKB) semiclassical procedure in the distorted-wave approximation in the temperature
range of 106-500 K. Energy transfer to the CD stretch modeg @ndvy) on the methyl group of £DsCDs

is shown to be the principal pathway occurring through long-range interactions. The energy transfer to the
CD stretch modesvg, v, andv,) on the benzene ring are found to be of minor importance in removing
vibrational energy from BD(0®1). Energy transfer to these ring modes is shown to occur through short-
range interactions where the energy mismatch is supplied by the translational motion. In all cases, energy
transfer probabilities decrease with increasing temperature.

. Introduction AE = —36 cnT?, NO(0(P1) 4+ CsDsCD3(v20=0) — N.O(0(°0)
Gas-phase energy transfer in molecular collisions has beent CeDsCDs(v2g=1) + AE = —38 cnT?, N;O(00°1) + CqDs-
the subject of continuing interest in chemistry and physics for CD3(¥2=0) — N20(00°0) + C¢DsCDs(v2=1) + AE = —62
the past several decade$.In recent years, collisions involving €M™ ) . . )
large organic molecules have been studied extensively, revealing We present the models of interaction between nitrous oxide
valuable information on the rates and the mechanisms of @d GDsCDjz in Figure 1. The model presented in Figure 1a is
deactivation of the excited molecules through vibration —@ppropriate for the interaction of® with the methyl group
translation (VT) and/or vibrationvibration (VV) processes. ~ CD, whereas Figure 1b is for the interaction ofO\Nwith the
Such collision processes as well as collision-induced intramo- Penzene ring CD stretch. To simplify the analysis, we make
lecular VV energy transfer are attractive systems for study, since the following assumptions. _ _
a larger molecule can provide a number of near-resonant energy (i) A two-dimensional model is used, meaning that the
transfer pathway%:18 The importance of such a near-resonant colliding molecules and the center of mass of the system lie on
condition has recently been examined by Poel, Alwahabi, and the same plane. To compare the calculated result with the
King in their study of energy transfer from,®(00°1; 2224 ~ observed data, however, we will employ the modified wave-
cm1) to large organic moleculés! Since the CD stretching number approximation, which will enable us to introduce the

frequencies of many deuterated hydrocarbons are 22280 impact parametel by replacing the collision enerdy by E(1
cm 1,19 NLO(O(P1) is a particularly useful reagent in preparing — b70*?) in the range 0< b < b*, where b* is chosen such
large organic molecules in an excited state. that energy transfer probability is small for> b*.2° _

In this paper, we use the Wentzé{ramers-Brillouin - (||) .Energy transfer takes place at molecular separations
(WKB) semiclassical procedure to study the vibrational excita- Significantly larger than CC, CD, NN, and NO bond distances
tion of tolueneds by the collision partner pO(0(1). In N,O- so that approximate intermolecular ateltom distances can

(00P1)—CsDsCDs, either methyl group CD stretches or benzene be determined. These distances will be used to derive the
ring CD stretches can gain energy from the asymmetric stretch |ntermplecular potgnual including both repulsive and attractive
of N2O. The main purpose of this work is to study energy erms in exponential forms. _ N
transfer efficiencies of these stretches and then to establish the The interaction energies needed to describe the collision of
principal energy transfer pathways. We also study the temper-N20(00°1) with the ground state ¢DsCD; must have terms
ature dependence of these energy transfer efficiencies in the"e@sponsible for the coupling of the asymmetric mod®tN,O

range 106-500 K. with the methyl group or benzene ring CD stretéh The
. interaction coordinatesx( Ry, Ry, Rs) for N;O—CgDsCD3, the
Il. Interaction Model bending coordinates){, 3-) of N-O, and the orientation angles

The nearly exact resonance betweepO(®1) and its (0, ¢) are defined in Figure 1. Hereis the distance between
collision partner occurs when the energy is removed by the the centers of mass of @ and GDsCDs. We express the
methyl group CD mode,’; 2223 cntl): N,O(001) + CeDs- instantaneous NN and NO bond distandgs + Adyn anddyo
CD3(vy'=0) — N,O(00°0) + C¢DsCD3(vy'=1) + AE = +1 + Adno, whereAd is the displacement of the bond from its
cm1. Another system that is very close to the resonance equilibrium distanced.. These bond displacements are related
condition is NO(0®1) + CgDsCD3(va=0) — N,O(0F°0) + to the normal coordinates as follows??

CeDsCD3(vy=1) + AE = +8 cnrl, where v, represents
another methyl CD stretch. The next nearest resonant processes Adyy = 111Q; +115Qs, Adyo = 131Q; +125Q; (1)
involve energy transfer to the benzene ring CD stretchO-N

(00°1) 4+ C¢DsCDs(r7=0) — N,O(0(°0) + CeDsCDs(v7=1) + wherel’s are constants dependent on masses and bond distances
of N,O and their explicit forms are given in the Appendix. The

 Theoretical Chemistry Group Contribution No. 1168. angles determining bending displacements are

10.1021/jp9908799 CCC: $18.00 © 1999 American Chemical Society
Published on Web 07/14/1999



Collision of N;O (0(P1) with Tolueness J. Phys. Chem. A, Vol. 103, No. 30, 1998031

between the center of mass ofigCD3 and the ring carbon to
which the methyl group is bondedicc = 1.530 A is the
equilibrium bond distance between the ring carbon and the
methyl group,dcp = 1.091 A is the equilibrium CD bond
distance, andr = 109.5 is the tetrahedral angle.

We introduce the above distances in the following interaction
potential expressed as a sum of the three Morse-type terms and
the dipole-induced dipole energy:

U(x,0,0,Q1,Q,,Q3,8) =
3 O piin,o (3 €SO + 1)
Z [e(Rie*R)/ai _ ZéRie*R)/Zai] _ (3)
= 2(4.7'[60)2X6

whereR is the equilibrium value oR,, ac,p, is the polariz-
ability, un,0 is the dipole moment, andy is the vacuum
permittivity. We consider that the D atom is in interaction with
each atom of PO in the field created by the two molecules, so
we useD anda of the NbO—CgDsCDs3 interaction forD; anda;

in eq 3, whereD = 288k?* We expect the range parameter
to be significantly larger than 0.2@.25 A, the values that have
often been used for simple collisiob#t.is physically reasonable
to treata as proportional to the Lennard-Jones range parameter
o. Then USinW(Nzo_CGDg) =475 A, O(Nzo_C5D5CD3) =
4.90 A24 anda(N,O—CsDe) = 0.33 A8 we can estimate the
range parameter for J0—Ce¢DsCDs to be 0.34 A. When we
use the polarizability of 13 Aestimated for toluerfé and the
dipole moment 0.166 D for D 23 the dipole-induced dipole
energy is—1.8 x 107293 cosf + 1)/x8 in joules, whereis in
angstroms. For example, at= 5.5 A, the orientation average
of this long-range interaction energy is1.6 x 10724 J. This
magnitude is very small compared kd = 4.14 x 1072 J at
300 K, but it is comparable t® = 3.97 x 10724 J. The main
effect of this term is to deepen the potential well. This effect
can be accounted for by converting the power dependerfce

Figure 1. Interaction models for pD with (a) the methyl group CD to an exponential form as ® = x5 (1 —bIny) =1+
and (b) the benzene ring CD of¢0sCDs. The arrows for the 6bliny+ 21b2In2y + 5603 Indy + ..., wherey = e*/2a and

displacements for the center N atom ofNrepreseniAy, and Az. b=2alX. For2>y>0,Iny=(y— 1) — Yy — 1)+ Y5y
i — 1)® + .... Thus, the dipoleinduced dipole terms can be
0, = sin (Ay; + Ay,)/(dyy + Adyy)l, written as

0, = sin '[(Ay, + Ay,)/(dyo + Adyo)]
Ug_ig(%8) = Wx, ®[3b(7b — 1)é* @ — 6b(7b — 2)d ™2 +
where Ay's are the displacements of N and O from their (1— 9+ 21p%)] = D[ﬁle(xefx)/aJr zﬂze(xefx)/z‘eur B (4)
equilibrium positions depicted in Figure 1. The explicit forms
are given in the Appendix.

We will derive the interaction potential energy for,OH
CsDsCD3 here. The atomatom distances displayed in Figure
1 are typically 4-5 A, whereas NN and NO bond distances are
1.128 and 1.184 A, respectively Therefore, in terms of the
normal coordinates of }D and the methyl group CD amplitude
(dep + &), we can derive (neglecting higher-order terms) three

where W is the coefficient ofx 6 in eq 3. After expanding
the exponential parts containing vibrational coordinates, the
interaction energy appropriate for treating energy transfer
from N,O(0(®1) to the methyl CD stretch can be obtained in
the form

atom—atom distances as U(x,0,6,Q5,&) = De% a1 + t@o)dwia
Ry = X+ [(myly3 — Mul9)/M]Q; — (dyy +115Q4)[cOs 6 — g LODNI geosla L g ] — 2 [{attr} — B, + DB; —
(L + K&) sin6 sing/R)] — (L + K&) cos¢ (2a) Dele/a g-o%/a[q cosg + {[g — |, KF (0,6)]fun(6.¢) +
R, = X+ (Mylys — Myl,)/M]Q; — (L + KE) cos¢  (2b) 15K Sin 0 sin IR} €M+ {[g +1,Kf, (0,0)]f\o(0.6) +
Ry = x4 (Myly3 — Molg)/M]Q; + (dyo + 1,4Q5)[cos O — 15K Sin 6 sin g/R,g & MNP Qu/a? — 2 attr} =
(L + KE) sin@ sing/R,] — (L + KE) cose (2¢) Uo(x,0,¢) + U'(x,0,6,Q3,8) (5)
whereL = [(d + dcc)? + dep? — 2(d + dec)dep cosa]¥? K = whereg = (myliz — Mol23)KIM, fL(0,¢) = (sin® — L sin 6 sin

[dep — (d + deo)cos oYL, d = 0.940 A is the distance  ¢/Roo), fun(6,¢) = cos¢ — dun Sin 8 sin ¢/Ree, andfno(8.¢) =
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c0s¢ + dyo sin 0 sin ¢/R,. Here{attr} is the same as the first 107 [ , , ,
part includingDe—»/a except thata is replaced by &. .

The energy mismatcAE is transferred to or from translation.
We do not consider the participation of rotational motions of
N.O and GDsCDjs in transferring energy mismatch to be
important. In related systems pfCgHF, with Hp, Dy, and N,
where the organic molecule is in an excited state, Mudjijono
and Lawrance have shown that there is no evidence of
vibration—rotation (VR) energy transféf.|t is also of interest
to note that the contribution of VR energy transfer is not
significant in the de-excitation of highly excited,®y N,O
and CQ.%> However, in the collision involving large molecules,
the direction of approach significantly modifies interaction
energies, thus influencing energy transfer processes. A reason-
able approach to account for this aspect is averaging eq 5a over
6 and¢. While N,O can be oriented at all different directions
between 0 and /2 only the methyl side of the target is
responsible for energy transfer (see Figure 1a). Thus, we average r
the interaction energies over= 0 to zz/3 (i.e., /6 both sides 103 —_—
of the methyl group). This picture changes when we consider 100 200 300 400 500
energy flow between PO to the ring CD stretching vibration, Temperature (K)
in which case any one of five ring CD stretches can remove gigyre 2. Temperature dependence of energy transfer probabilities.
energy from NO. Therefore, a physically reasonable approach The top two curves are for J0(00°1) + CsDsCDs(v4'=0) — N,O-
is to average ove¥gth the ring, leaving the methyl group region  (00°0) + C¢DsCDs(va'=1) + AE = +1 cni* and NO(00°1) + C¢Ds-

out. We write the orientation average of eq 5 in two parts as CDs(va=0) — N20(00°0) + C¢DsCDs(va=1) + AE = +8 cni* based
eq 7. The lower two curves are for,@(0(°1) + CsDsCD3(v7=0) —
0 (=) (e=X)/2 N,O(0®°0) + CsDsCDs(v7=1) + AE = —36 cm* and NO(0CL) +
Ug(X) = D[Ae”e '@ — 2Be™ " 4 8] CoDsCD3(v20=0) — N,O(00°0) + CeDsCDs(v2=1) + AE = —38 cnrt
— - - based on the short-range interaction model of ref 18. The experimental
I J— T / I /2
and U'(xQz8) = D[A e — oprgle™ Qs point @) is taken from ref 10.

102 | .

C,D,CD,(v,,)

| CDCDy(v,) !

Energy Transfer Probability

whereA, B, A', andB' are thed,¢-average of the corresponding  integral yields the energy transfer probability expression
terms in eq 5. A more rigorous approach to the interaction model
is to use a full dimensional potential energy surface based onP(E) = 3271/4D(a/h)2|[(DOOl,O|Q3§|OOOO,1[]]2|

ab initio calculations. However, such calculations do not appear Aly — 2B’

. O : . v (Ay ) o i Ay—B
possible at present for collisions involving large molecules. Until 0 7 Y 7 P R —
such a PES becomes available, the present procedure of (Y;Yy) (B”+ AE/D)

D

E

formulating the exponential interactions in terms of atestom 12 [Y+ (E/ID)Y2 12 12 2
G G ofg ] 5 ol 2] -

and long-range attractions is of practical value in handling p y 20
collisions involving large molecules.
pnB

WE coq..} dy® (7)

lll. Energy Transfer to Methyl Group CD Stretch Modes

where Y = (—Ay + 2By + E/D)Y2 y = ek/2a and
[0CP1,0/Q3£]00°0, s the vibrational matrix element. In eq 7,
cog..} is the same as the first cosine factor except thag
replaced byE+AE throughout. Here the value &f, determined
_ 14 numerically, is the distance where energy transfer is most likely
Pi(EX) = c{2mE — Uy(x)]} to occur. To study the temperature dependence of energy transfer
(2m)1/2 " _ 1o processes, we average eq 7 over the Boltzmann distribution of
cog fxoi[E = U] X[, x> X, (6a) collision energies and integrate over the impact paranteter
' - after replacings by E(1 — b%b*?) in the range of 0< b < b*.

Y(E+AEX) = c{ 2m[(E+AE) — U,()]} **cos With this modification, we now have the probability as a

For the near-resonant energy transfer frosO0®1) to
the methyl group CD stretch, we use the WKB wave func-
tions?®

(2m)1/2 function of bothE andb, P(E,b) and theE,b integration gives
{ f X [(E+AE) — UO(X)] 1z dx}, X > X, (6b) P(T). For endoergic energy transfer from translation to vibration,
h ol ' the lower limit of the Boltzmann integration {E|. For the

energy transfer from MO(01) to GDsCDs(vy"), the energy
in the distorted wave approximatiéh?® where the pertinent  mismatch is only+1 cn! and Av = 2, the smallest number
step is the evaluation of the perturbation integial( EX)[A'ete 2 possible for VV energy transfer. At 29%C the calculated
— B'ee 02y E+AEX) dx. Here ¢ = (2imBY4, ¢ = probability is 0.033, representing a fairly efficient energy transfer
[27m(E+AE)]Y4, wherem is the reduced mass of the collision  process. This value compares well with the observed probability
system andk, is the turning point. Since eqs 6a and 6b describe of 0.0231° The temperature dependence of calculated prob-
the waves on the right-hand side of the turning point, they are abilities over the temperature range +@&DO0 K is shown in
appropriate for treating vibrational energy transfer processesFigure 2. The probability is as high as 0.059 at 100 K, but it
taking place at long range. The evaluation of the perturbation decreases to 0.024 at 500 K, a negative temperature dependence
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that is characteristic of near-resonant VV energy transfer perturbation integraly;(EX)[Ae%/a — B'eX 28] 1)((E4+-AE,X)
processe$.However, over this temperature range, the change dx takes a maximum value &. Recognizing this situation for

of probability is not very large. Even at a temperature as high the exponentially varying wave functions, we have already
as 1000 K, the probability is found to be 0.016. We note the derived a probability expression appropriate for the present
upper limit of they (or x) integration range in eq 7 corresponds process in ref 18. The values of and v,y excitation prob-

to x* = xe + 2aIn y*, wherey* is determined numerically to  abilities obtained by use of this probability expression at 295
be 0.559. Since = 4.90 A for O—CsDsCDs, we can estimate K are 0.0033 and 0.0039, respectively, which are 1 order of
the equilibrium distance = 2Y% = 5.50 A. Hence, this  magnitude larger than those obtained above for the long-range
upper limit corresponds to 5.90 A, which clearly indicates the model. For the-, 10, andv» excitation processes, corresponding
transfer of vibrational energy from #(00°1) to GDsCDs to AE = —36, —38, and—62 cnt?, respectively, the most
taking place at long range where the attractive interaction is probable distanceg at which the transfer of energy mismatch
of primary importance. Thus, for resonant or near-resonant occurs are 5.27, 5.24, and 4.99 A. Since the potential minimum
energy transfer, such long-range interactions result in nega-distance of the BD—toluene interaction is 5.50 A, these
tive dependence of energy transfer probability on tempera- distances lie just inside the repulsive region and they are
ture. Thevy" curve shown in Figure 2 can be closely fit to the  significantly shorter than 5.90 A of the long-range model. For
linear equation log>(T) = — (1.17-9.32) x 10“T. Another  these excitation processes whih&| falls in the range of 36
near-resonant case is the energy transfer tovthenode of 60 cntt, it is likely that both long-range and short-range
the methyl group CD stretch: (00°1) + CsDsCD3(va'=0) interactions participate in energy transfer even though the former
— N20(000) + CeDsCDs(va=1) + AE=+8cni*. Theresult  interaction is of minor importance. Then it is reasonable to
for this process is only slightly different from the’ case  express the probability as a sum of short-range and long-range
(see Figure 2). The energy transfer probability is 0.030 at contriputions. For thev; and v excitation processes, the

295 K. o _ probabilities obtained summing the long-range and short-range
For the transfer of the D asymmetric vibrational energy to  contributions are 0.0036 and 0.0043 at 295 K. Therefore, the
the vz mode of the CD stretch on the benzene ringOkK0®’1) values plotted for these two processes in Figure 2 will rise

+ CeDsCD3(v7=0) — N2O(000) + CsDsCDs(v7=1), the energy  slightly, but the slope remains the same.

mismatch is—36 cnt ! but Av is still 2. Another process closely According to the short-range interaction model, the
related to this is thez&m‘)de excitation: ED(OOH) +_C6D5' excitation probability decreases from 0.0071 at 100 K to 0.0016
CD}&”ZO_O) — N2O(000) + CeDsCDs(vg=1) + AE = —38 at 500 K. The corresponding values for thg excitation are
cm. However, bothv; andvzo are CD stretch modes on the g 0475 and 0.0020 (see Figure 2). The temperature dependence

benzene ring, and rt]o describe tg.eir eXCitaéiO;;l p:jogeslf_es, it isof the energy transfer probability for both cases is linear. For
necessary to use the ateratom distances defined in Figure example, for the’; excitation the semilogarithmic plot closely

1b. The explicit fprms. of these disf[ances used to derive obeys logP(T) = A + BT, whereA = —1.97 andB = —1.69

U(x,0,¢_,Q_3,§) are given in the Appendix. The calculate_d W o 10K L n comparing the; andvzo probabilities, we note

F;Oba?”'t'es based onttgggn}?del %f }él}c;rzg;range?)lgtzeralc(t)gns for that the values for theyo excitation are slightly larger despite
€s€ IWo processes a are and .92x ’ a larger amount of translational energy being involved. This

respectively. These values are 2 orders of magnitude smallersituation results because the most probable distanaewhich

:gargctgatnic;fet?he; "t" inotrhveas:):icr:ta-trl'r?g dzazséil;lisoEgvtvh:emrggrtﬁirtt Olethe VT transfer takes place is shorter in thg excitation case.
9 9 9 Hence the potential energy at this distandec*) is slightly

of energy mismatch is S|.gn|f|car?t so the use of the mode[ that larger for thevso case. That isU(x*) = 6.02 x 1021 J for the
emphasizes long-range interactions alone may not be suitable.

. 1 .
As the colliding molecules approach each other, the VV process:ﬁ%g?srzrfog?grretﬂevgt?n?;‘?atligq ir‘1] Iﬁ:;'o:—rgg Iiggz t(;his
of N,O(00’1) to GsDsCDs(v+ or vy = 0) takes place efficiently S ) g . '

near 5.90 A and then the translational motion follows to supply y'e'd'F‘g a larger probability. Such a trend persists as long as
|AE]| (i.e., a VT process) so that toluene can reach the excited IAE] is less thgn_ 60 crt. When |.AE| exceeds this range,
state GDsCDs(v7 or voo = 1). Although the magnitude dAE| howevqr, the difficulty of transfgrrlng a Iarge. amount of the
is not particularly large, the inefficiency of the latter process is trfarlﬁlat:é) r_1atl enetr_gy to or frortrr]] V'brlat'(én doimnates th”e ef{/e_lr_:t
serious enough to bring down the probability of the overall 0 b eb'l'-m egration range, thus leading to a smalfler
excitation process by a large extent. Thus, this VT process is aProbability.

bottleneck step. We now look into this aspect in the following ~ The temperature dependence of the short-range model reveals
section. another important aspect of the®HCsDsCDjs collision. The

rate of change of the negative temperature dependerie@lpf
slows down as the magnitude of energy mismatch increases,
eventually becoming positive foAE| > 60 cnT!. For example,
When AE is large, the colliding molecules must approach for AE = —80 cn1* the energy transfer probability rises from
within close range of each other, where repulsive interactions 0.0014 to 0.0070 when the temperature increases from 100 to
are of major importance, for VT energy transfer to take place. 300 K. At 500 K, the probability is as large as 0.010. If we
We expect this range to lie well inside the distance 5.90 A of take the magnitude of energy mismatch as large 280 cnt?,
the long-range model. Therefore, the contribution coming from where the translational motion must now transfer a large amount
the wave functions that have penetrated into the left-hand sideof energy,P(T) is as low as 6.3% 1078, 7.82x 1076, 2.93 x
of the turning point will have to be considered in formulating 107° at 100, 300, and 500 K, respectively. Here we have set
the transition probability. On this side the wave functions Av = 2. For a larger quantum number change, we would obtain
decrease exponentially while the interaction potential increases.still lower probabilities. It is interesting to note a semilogarithmic
Such short-range interaction is inherent in describing the transferplot of these probabilities of the short-range model againgg
of vibrational energy to translation. Thus, the integrand of the gives a straight line, as shown in Figure 3. This BJ) —

IV. Short-Range Interaction Model
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0 to 5.74x 10~*at 60 cn1? is the result of the long-range model.
‘ Note thatP(T) = 0.034 forAE = 0. Real and hypothetical VV
I channels for the excitation of methyl group CD stretch modes
with Av = 2 and|AE]| supplied by the translational motion at
long range giveP(T) that falls on this curve. Equation 7 indicates
that the probability oscillates as energy mismatch continues to
increase. The first minimum of such oscillation occurs near 65
cm1, but as discussed above this equation becomes less reliable
for the collision with such a large energy mismatch. We consider
long-range interactions to play a major role in the collisions in
which the energy mismatch is sufficiently sma#tZ0 cnt?).
Beyond this range they predict energy transfer probabilities that
] are too small. On the other hand,|A&| increases, more energy
' ' ' : . will have to be transferred by translation, so the role played by
012 014 0l6 - 018 020 022 short-range interactions becomes increasingly important. The
T'"? curve in Figure 4 coveringAE| from 30 to 300 cm? represents
this case for the benzene ring CD modes wkh = 2; VV

109

Energy Transfer Probability
S

<
o

Figure 3. Temperature dependence of energy transfer probabilities

obtained using the model of short-range interactions wi= —300 channels with the VT step transferrifdr at short range follow
cm L, this curve. Thus, in BD—CgDsCDs, all those channels involving
the ring-mode CD stretches play a minor role in removing the
107 e IR ' T vibrational energy of BO(0(1). We note the linear temperature

i Long-range interaction -
, -OnETTang dependence of log(T) — T-13 seen above 100 cth is a

characteristic of VT energy transfer and shows the probability
E falling off by roughly a factor 10 for each 100 crof energy

sh . mismatch. The shapes of these two curves resemble those of
ort-range interaction ) . ) .

Y earlier studies summarized in Yardley's bdok.

(=)
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V. Concluding Comments

The WKB calculation of energy transfer probabilities for the
N.,O(0®1)-CsDsCDs collision shows the principal energy
transfer pathways are the excitation of ih¢ andv, CD stretch
modes of the methyl group. These energy transfer processes
with small AE and quantum number change of 2 are dominated
) ¥ by long-range interactions. In the excitation of theand v,
Energy Mismatch AE(cm™) CD modes on the benzene ring, the VT step taking place at

Figure 4. Variation of energy transfer probabilities with energy short range play_s an_lmportant role in transferrig. Thus, .
mismatch at 300 K. Results of both the long-range interaction model the transfer of vibrational energy to these two benzene-ring
for the methyl CD stretches and the short-range model for the benzenemodes is much less efficient. In the temperature range-100
ring CD stretches are shown. 500 K, the logarithm of energy transfer probabilities for all these
processes decreases nearly linearly with increasing temperature.
T-13 relation is not obvious in the form of the short-range
probability expression given in ref 18, but numerical integration
over the collision energy and impact parameter gives this linear
dependence, the well-known Landaleller plot of VT energy The coefficients of normal coordinates given by eq 1 fe®N
transfer®2° The sharp increase of P(T) with rising temperature gre
seen in Figure 3 reflects an increased role of short-range
interactions in transferring a large amount of energy by the I Mo
CdNN - 5( 2
| MM

104 & 4

Energy Transfer Probability

105 b L - PSR .
0 50 100 150 200 250 300

Appendix

translational motion. Such positive temperature dependence is ;=

indicative of the energy mismatch being transferred to or from

translation on the left-hand side of the turning point, where .

energetic collisions have taken place. li3=[sdy + ¢
Finally, we compare the results of the long-range interaction

model (i.e., eq 7) for the methyl group CD stretch and the short- - s

range modéP for the benzene ring CD stretch. In comparing l,; =|cdyo + ——75(Mybyo T+ rn,\,od,\,,\,)]ll’2 (A3)

my

12
(Mmydyy + ZmNdNo)]rl/2 (A1)

rno 1/2 1
mNZM (Mydyy + 2mydyo)|! (A2)

these two models, we remember that the entire amount of the | ( M)m

N,O(0("1) vibrational energy is transferred to toluene through c

a VV process when the colliding molecules are at long range. 3= [sqm - —1/2(modNO + m,\,odNN)]I”2 (A4)
Besides the obvious difference in the interaction model repre- (myM)

sented by Figure 1a,b, however, the short-range model then

considers the molecules approaching close range for thewherec = 0.9734,s= 0.2284,M = 2my + mp, Myo = My +
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