A metastable complex model for vibrational relaxation
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The probability of vibrational relaxation of a number of molecules is known to increase at lower temperatures.
The role of intermediate complexes in such processes is discussed. A model similar to one previously
introduced by Tully and co-workers is used to describe complex formation and decay. An orbiting capture
cross section is assumed, and unimolecular theory is used to estimate the rate of vibrational predissociation.

Fair agreement with a large body of experimental data is obtained.

I. INTRODUCTION

The rates of most chemical processes increase with
temperature. In a number of cases, however, the re-
verse is true. Inverse temperature behavior has been
observed extensively in the gas phase for two types of
bimolecular processes. One is a chemical reaction in-
volving radicals such as NO, ClO, HO,, O, and S, for
which little or no activation energy is expected. The
other is vibrational energy transfer between molecules
having strong van der Waals (VDW) or hydrogen bonding
interactions. A mechanism frequently suggested to ex-
plain the anomalous behavior of these systems is the for-
mation of long-lived intermediate complexes. Such a
mechanism is plausible because both the capture cross
section for attractive potentials and the lifetime of the
complex vary inversely with collision energy. In the
case of energy transfer, the longer the complex lives,
the greater the opportunity for energy to flow into new
degrees of freedom.

Recent molecular beam experiments’? revealed an
inverse temperature dependence for VT energy trans-
fer, with large cross sections at low collision energies.
Such behavior is incompatible with the usual Landau-
Teller description of direct collisions, even when the
attractive part of the potential is taken into account. 1,3
The most likely explanation for these experiments is the
formation of a metastable intermediate. Further direct
evidence for complex formation is seen in the trajectory
calculations of Billing et al.* They found for HF relaxa-
tion that a major part of the VV and VT cross sections
is due to the occurrence of orbiting collisions.

In this paper we develop a simple model for energy
transfer based on the metastable complex mechanism.
Consider the collision of unexcited molecule A with
vibrationally excited molecule B' to form a complex
A-B™. (Throughout this discussion a dagger refers
to vibrational excitation of a chemical bond, while an
asterisk refers to vibrational energy in the normal
modes associated with the VDW bond.) This complex
is metastable since it spontaneously dissociates when,
through random fluctuation, sufficient energy resides
in the VDW bond. van der Waals molecules have the
unusual property that energy flows very inefficiently
between the chemical and VDW modes. If this were not
the case, the complex would dissociate almost immedi-
ately since the vibrational quanta of the chemical bonds
are generally much larger than the VDW bond strength.
The overall efficiency of energy transfer is neverthe-
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less large because of the many internal collisions that
A and B' undergo during the lifetime of the complex.
This mechanism has also been used successfully to ex-
plain the large cross sections for the spin-forbidden
quenching of O('D) by atmospheric molecules. ®‘®87

Recently, Coulson and Robertson,® Ewing, *® and
Beswick and Jortner!® developed a theory of vibration-
al predissociation of VDW molecules. Ewing® used
this theory to evaluate the role played by complexes in
vibrational relaxation. Third body collisions were as-
sumed to stabilize the metastable complex, producing
a Boltzmann distribution in the VDW modes. The rate
of vibrational predissociation (i.e., transfer from the
chemical to the VDW bond, followed by dissociation) was
found to have a negative temperature dependence, in
qualitative agreement with experiment. However, Ew-
ing noted that stabilization of the complex occurs only
at very high pressures, and consequently he concluded
that complexes do not play a significant role in vibra-
tional relaxation under normal laboratory conditions.

We have re-examined Ewing’s argument and conclude
that he was overly pessimistic. It is true that very high
pressures are required to obtain a stabilized, equilibri-
um concentration of complexes. In this limit the effec-
tive rate constant is independent of pressure. However,
it is also true that at low pressures metastable com-
plexes also can lead to a pressure independent rate con-
stant. Consider the following “energy transfer model”
of complex formation and decay:

R
A+B' S A-B™ B*AvB (1a)
r
-3
A-B™iM kss A-B'+M , (1b)
R
A-B" 2 A+B . (1c)

Here k. is the capture rate constant, %k, is the rate of
dissociation back into the original reactants, and &, is
the rate of vibrational predissociation of the metastable
complex. If the pressure is high enough, collision with
bath molecule M stabilizes the complex at the gas kinet-
ic rate £,[M]. The rate of vibrational predissociation of
the stabilized complex is denoted by %,.

Assuming a steady state concentration of A-B™ and
A—B', the overall relaxation rate is given by

”'[B]:keu[A] [BT] ’ (2)
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FIG. 1. Comparison of the average dissociation rate (&,)

(solid) with the stabilization rate &, [M] (dashed). The dissocia-
tion rate was calculated with the RRK theory for well depths
€=1 and 5 kcal/mole and s=4 or 6 oscillators. The stabiliza-
tion rate was calculated assuming a gas kinetic rate constant.

where k,,, is the effective bimolecular rate constant.
We consider three pressure ranges: (i) For k_[M]
> k,,

kot =k Ry ks/[kp ko+(Rpx+ k) Rog] (3)

For k, > ky* and k, k_ >k, kg, Ry is the same as Ewing’s
high pressure limit. (ii) For k_ [M]<«k,, we obtain the
pressure dependent result

_kokg[M]
T b+ ky»

B ko Ryx (4)

YTV R

(iii) Finally, for k [M]<k, +k,x, we obtain the single
collision rate constant

kolt =kc r > (5)
where the branching ratio T is given by
Ry *
L
B+ ” ()

Ewing showed that the high pressure limit has not been
reached experimentally. In fact, most, if not all, ex-
periments are conducted in the single collision limit.
Using the RRK model!! to estimate the complex lifetime
[see Eq. (14)], we calculated the flux weighted Boltz-
mann average of k,. The results for four and six ef-
fective oscillators, with VDW well depths of 1. and 5
kcal/mole, are plotted as functions of temperature in
Fig. 1. Also shown in k,[M], assuming a stabilization
rate of 107 sec™ at 300 °K and 1 Torr. We note that
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k(M]>k, can be achieved for polyatomic molecules at
low temperatures and high pressures. Under these
conditions the kinetic model predicts a pressure depen-
dent effective rate constant. Under normal laboratory
conditions, however, the single collision limit is main-
tained.

In the present study we examine in more detail the
metasable complex model for vibrational energy trans-
fer. In the following section a model is introduced for
calculating k., %,, and k,x. In Sec. III the Boltzmann
averaged transition probability is compared with a large
pody of experimental data, and in Sec. IV the validity of
the model is critically examined.

fl. THE MODEL |

The method used for calculating k,,, follows closely a
model first described by Tully® for quenching of O('D)
atoms. Consider a collision A +B' with initial veloc-
ity v, translational energy E, and impact parameter
between b and b +db. The microscopic capture rate
constant is given by i

EE,b) =210 P(E,b)bdb , (7

where P,(E, b) is the capture opacity function (i.e., the
probability of complex formation in a single collision).
The total reaction cross section is given by

o(E) =27 f” PE,b)T(E,b)bdb . (8)
]

The macroscopic rate constant is the flux average of
a(E):

boofT) =(“)”a @ fo " o(E) xedx 9)

™
where a is the most probable Boltzmann velocity and

x=E/kT. Finally, the thermally averaged transition
probability is given by

P(T) =k oy (T)/[(47) % a?]

where d is the hard sphere diameter.

(10)

To complete the model it is necessary to specify P,
and I'. For the capture probability we have used the
Langevin'? orbiting model, i.e.,

P.=1, forbsb,, (11a)
and

P =0, forb>b, , (11b)
where b, is the orbiting impact parameter. A steric

factor could be introduced here by setting the right hand
side of Eq. (11a) equal to a quantity less than unity. For
an attractive potential of the form

Vir)==C,r™ , (12)
the orbiting impact parameter is given by!?
m (m=2)/2m mC 1/m
bo_(m —-2) ( 2F ) ’ (13)

Ignoring the repulsive core of the potential has little
numerical effect on the capture cross section and great-
ly simplifies the subsequent calculations.

The branching ratio I' was determined with the RRK
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model assuming s classical oscillators. In evaluating
T it is necessary to take into account the effect of or-
bital angular momentum on &, and k,%. In one limit we
assume that this effect is negligible (i.e., that the exit
impact parameter is much smaller than »). This case
could arise, for example, if a large amount of orbital

angular momentum were converted to rotation. In this
case k, is given by the RRK expression!!
E s-1
B®-v(7) (19

where € is the well depth of the VDW potential, and v
is the oscillator frequency. The predissociation rate
k,x is equal to the internal conversion rate &, (i.e.,

the rate of converting chemical vibrational energy to
vibration of the VDW bond) averaged over the vibra-

tional states of the VDW oscillator, i.e.,

kP*(E):'./o‘eklc(E) Ev)Pv(Ev)dEv ’ (15)

where P,(E,) is the distribution function for vibrational
energy E, in the s active modes. Expressions for &,
have been given by Ewing®® and Beswick and Jortner.
This quantity has a maximum at some internal energy
E,, which is due to a tradeoff between two competing
factors.® At low E,, k,, increases because of an im-
proving Franck—Condon overlap between the bound and
unbound wave functions. At high E, &, decreases be-
cause of the increasing amount of vibrational energy
which must be converted to translation (i.e., there is
an “exponential gap” behavior). Generally, &, (E,) is
a sharply peaked function of width AE , having a maxi-
mum value which we denote by vP,. The RRK relation
for the internal distribution function is

10

PL(E)=(s 1) E—{E‘T'E%— (16)

Treating &, (E,) as a delta function, we obtain for the
predissociation rate

E -E -2
kyx = V(s = 1) PAE —E;—T);‘”{——— (17)

Finally, the branching ratio is given by

(s =1)P,AE (E + € = E ;)*
(s =1) PAE(E + € - E,,,)*"® +(E+€)"'

I(E) = (18)
We refer to this result, which is independent of impact
parameter, as model I.

In the other extreme, we assume that the initial and
final orbital angular momenta are equal. In this case
the centrifugal barrier increases the amount of internal
energy needed to break the VDW bond. Let V, be the
barrier height measured with respect to the separated
molecules, and let €, be the effective well depth mea-
sured with respect to the barrier maximum. For the
™ potential the barrier height is given by'?

V,,=(m 2>( mC, ! @™ (2p2E)m D) (19)
2m
The dissociation rate of the complex is given by

By=WE =V (E+e,-V,)sT . {20)

A further consequence of the centrifugal barrier is that

effective well depth is smaller than €. Since the energy
gap referred to previously is reduced, we may assume
that £, = €,. (See Table II of Ref. 3.) The predissocia-
tion rate is then given by

kyx=v(s = 1)PAE(E ~ V)53 /(E+e - V,)* (21)
and the branching ratio is
T=(s —1)P,AE,/[(s —1)PAE, +(E -V,)] . (22)

We refer to this limit as Model II. Note that the total
cross section, given by Eqgs. (8), (19), and (22), can be
integrated analytically for m =6.

A special situation arises for near-resonant VV trans-
fer. In this case energy can be transferred between
molecules A and B without predissociating the complex.
An appropriate single collision mechanism then is

* kp

k k *

A+B'=E A-B™ X AT-B" 2, A'4B . (23)
ky kvv

Assuming k, =%, and k, =k,x, a steady state analysis

gives, for the production of AT,

r= . (24)

Tk, + 2Ry,
In our model we have assumed the same functional de-
pendence for k,(E,) as for k,*(E,) in the predissociating
case. Since there is no energy gap, we setE, =
(or €,).

The thermally averaged transition probability P(T)
was calculated with models I and II for various values
of s, m, PyAE,, and E,,. In general, P(T) has a power
law dependence, and can be accurately represented by
the functional form

P(T)=AT™ . {(25)

In comparing theory with experiment our procedure is
to fit Eq. (25) to both the model calculations and the ex-
perimental data and then to compare the fitted parame-
ters A and n. The dependence of the model calculation
of n on PyAE, is shown in Fig. 2 for a typical calcula-
tion. As illustrated in the figure, the limiting value of
n for small &, is 2 for model I and 1+ 2/m for model II.

IHl. RESULTS

The empirical values of A and n are listed in Table I
for a large number of experimental systems. %% 1In
selecting data for analysis, care was taken to use only
low temperature points which show monotonic inverse
temperature behavior. Many of the systems have nor-
mal behavior at higher temperature, where a direct
mechanism is likely to prevail.

In applying the model to the data, Py,aE, was treated
as an adjustable parameter. The number of effective
oscillators was assumed to be four for the diatom + di-
atom and diatom + linear triatom cases, and six other-
wise. In model I we assumed E,, =0. 8¢, using either
published values of € or reasonable estimates. The re-
sulting value of n is not very sensitive to E,,. In most
calculations an »® potential was assumed. The C,4 co-
efficient was calculated from dispersion and induction
forces, *® using published values of the dipole moments
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FIG. 2. Temperature exponent for V7T relaxation of HCl as a
function of the model parameter Py AE,. In model I the effect
of the centrifugal barrier on dissociation is neglected, and

€ - E,, is set at 0.13 kcal/mole. In model II the centrifugal
barrier is included, and ¢~ E,,,=0.

and polarizabilities of the scattering partners. For
molecules with large dipole moments an » potential
arising from the electrostatic interaction was also con-
sidered. In these cases the rms value of C; was used.
The results of model calculations for versions I and II
are listed in Table I.

IV. DISCUSSION

As shown in Table I, the model is able to account for
the large cross sections and negative temperature de-
pendence of most of the experimental data. In most
cases the experimental values of n are bracketed by the
two model calculations. For the resonant processes
the ™ potential appears to be somewhat better, but this
is probably fortuitous. There are some discrepancies
between theory and experiment. For VT relaxation of
HC1 and HBr, and for the relaxation of ozone by water,
the experimental values of n exceed the model limit of
2. Also, the model predicts that A and n are inversely
correlated, whereas there appears to be a slight posi-
tive correlation between the experimental values.

There are two shortcomings of the model which may
at least partially account for these discrepancies.

First, k. and &, do not satisfy microscopic reversibility.

At constant energy, microscopic reversibility implies
that

pPrR1z=psky

where p; is the density of state ¢ and &,; is the micro-
scopic rate for the transition i~j. In model I, & /E,
varies as E¥ #¥/ms(E , ¢)*!, whereas the ratio of state
densities varies as EY*E +€)*!. It is implicity as-

sumed in the model that a compensating error in k,*
results in the proper energy dependence of T'.*°

A second shortcoming of the theory is the assump-
tion of a Langevin capture cross section. Although the
orbiting model has been used extensively for ion—~mole-
cule reactions, there is insufficient reason to believe
that it holds for neutral collisions. The calculations of
Billing and Poulsen*® for HF'+HF show that the frac-
tion of orbiting collisions at translational energies be-
tween 200 and 4000 cm™ varies approximately as E™L.
They also point out that even at the lowest energies a
significant part of the relaxation rate is due to direct
collisions. In a trajectory study of H*+ D,, Gerlich et
al.®! found that the Langevin model breaks down. They
obtained a capture cross section of the form
ap exp(— E/E,) for translational energy E between 0.1
and 2.0 eV.

Recently, Parmenter and Seaver® and Gordon®?
pointed out that the negative temperature dependence
of the transition probability can be expressed in the
form :

P(T)=A exple'/kT) , (26)

where €’ is related to the strength of the attractive po-
tential.3* Moreover, they found that €’ is the same for
different processes occurring on a single potential ener-
gy surface (e.g., VV transfer, VT transfer, and energy
exchange between different isotopic species), whereas

A is process specific. An appealing interpretation of
this observation is that the temperature dependence of
P(T) is governed by the capture cross section, while A
is determined by the branching ratio for the specific
process of interest. In contrast, the present model
predicts a power law dependence [Eq. (25)], with » tend-
ing to be larger for VT relaxation. Most experimental
data are of insufficient quality to distinguish between the
two functional forms. The very precise measurements
by Horwitz and Leone!® of isotopic VV transfer in HCI1
are somewhat better described by Eq. (25), but this is
insufficient for choosing in general between the two
functional forms.

A possible way of reconciling the present model with
the observations of Parmenter and Seaver and Gordon
is based on argument presented by Lin et al.®® Suppose
we take the thermal averages of k., k,, and k,* indepen-
dently. The number density of complexes may be esti-
mated by assuming that a complex forms whenever A
and B' come within some critical distance v, of each
other. The density of molecules suffering such en-
counters is given by

[A—B""]:[A][B']frc 2ng(r) vidr , (27)
0

where g(r) is the pair correlation function. ® For a
square well potential the integral has the value (1/3)73
x exp(e’'/kT). However, from Reaction (1a),

[A-B™]=[A][B"]k./(k, +kyx) , (28)
and

Botd(T) =ko(T) T(T) = 3 nr exple’ /kT) ky®(T) . (29)
The temperature dependence of k,.,(7) in Eq. (29) is
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TABLE 1. Comparison of experimental and theoretical rates.

Experimental Model Model 1P
arameters
P P, AE, PyAE,
System A n (kcal/mole) n (kcal/mole) = References

Resonant VV transfer®

DF 172 1.26£0.05 1.7-2° 1,14 5.8-3 1,03 13
(4.3-3 1.51)

“HCl? 976 1.64+0,03 6.0-3 1.18 2,0-3 1.07 14
(6.4-3 1.44)

HCl 64.5 1.37+0.05 1.5-3 1.27 3.9-4 1.15 15
(1.6-3 1.54)

HBr 112 1.38+0.05 2.6-3 1,25 7.1-4 1.13 15
(4.8-3 1.48)

co 2.68 0.89+0,06 1.9-3 1.24 5.3—-4 1.12 16

Nonresonant self-relaxation

HF 139 1.65x0,07 2.5-5 1.90 2.0-4 1.18 17
(3.8—7 1.99)

DF 80.5 1.77+0.12 3.2-6 1.95 4.9-5 1.21 17
(2.7-8 1.99)

HCl 2.1+4 3.48+0.05 5.1-8 1.99 1.3-6 1.24 18
(1.2-9 2.00)

HBr - 9L.7 2.4820.05 2.8-8 1.99 8.0-6 1.24 18
(1.5-9 2.00)

NO 0.66 _  1.48+0.12 7.5-8 1.99 2.6~-6 1.23 19

H,0 (2vy) 0.71 1.27£0.16 1.4-~3 1,52 1.0-2 0.9 20
(4.1-5 1.85)

H,0 (vqv3) 1225 1.600.44 5.8—-5 1,79 1.4-3 1,09 20
(38.6—7 1,95

NHg (vy) 288 1.35+0.08 9.0~5 1.76 1.7-3 1.08 20
(5.5—-6 1.91)

HCN () 118 1.640.11 1.1-5 1,92 9,0~-5 1.20 21
(1.1-5 1.92)

CO;, (vy) 0.23 1.64+0.19 <10710 2,00 2,2~7 1.25 22

N,O(¥y) 0.83 L.77 <1010 2.00 2.5-7 1.25 23

BFy 10.1 1.52+0.07 1.1-8 1.98 1.8-5 1.21 24

CF;H 0.064 0.92+0.07 <1010 2.00 2.4—-6 1.23 25

Mixed systems

HF+CO, 38.9 1.51£0.26 5.9-5 1.86 1.3-4 1.19 17

DF'+CO, 19.3 1.15+0.24 5.2—-4 1.71 7.2-4 1.15 17

COJ+HF 6.1 1.2310.06 4.8~5 1.88 1.0-4 1.20 17

CO}+DF 0.49 0.90£0.07 2.0-5 1.92 5.6—-5 1.21 17

HClT+CO, 2.1 0.87+09 3.7-4 1.69 2,8~4 1,18 26

HF'+ HCN 175 1.55+0.13 5.8-5 1.86 3.7-4 1.16 21

DF'+HCN 181 1.63+0.17 2.7-5 1.89 2,2~4 1.18 21

HCN'+HF 34.2 1.53£0.13 4.0-6 1.94 6.2-5 1.20 21

HCN'+DF 23.1 1.47£0.17 3.6-6 1.95 5.8—5 1.20 21

0} + HC) 1.76 1.06+0.05 1.2-6 1.96 4.8-5 1.19 27

ol+H,0 3.8+4 2.6%0,3 1.8-7 1,96 7.8-5 1.19 28

o} +D,0 3.8+4 2.8x0.4 3.1-5 1.87 2.3-3 1.26 28

3Quantities in parentheses were calculated with an 773 potential. The rest were calculated with an
»~§ potential,

PRelaxation is of the type 2CO(r=1)—~CO(r=2)+ CO(v = 1) except where noted otherwise,

©1.7—2 means 1.7x1072,

9Resonant isotopic vibrational energy transfer.
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dominated by the exponential factor. This argument is
of course only heuristic, and an explicit dynamic justi-
fication is still required.

Finally, it is interesting to examine the role of com-
plexes in radical reactions. The experimental reaction
probabilities at low temperatures can be fitted to Eq.
(25), with n generally less than 2. The most extreme
cases we are aware of are S +tetramethylethylene?®
with n=2.28 and C10+HO, (Ref. 37) withn=3.06. In
the single collisiod limit, the branching ratio in readily
evaluated with the RRK formalism. Let us suppose that
in general there is a potential energy barrier AE, in the
reactant channel and AE, in the exit channel, both mea-
sured with respect to the zero point energy of the reac-
tants. (Note that AE,>0, while AE, may be negative.)
Ignoring angular momentum effects, the branching ratio
is

re (E+E; —AE,)>!
T(E+E; -AE) 4+ (E+E; -AE)" ’

(30)

where E; is the internal energy of the reactants before
collision. For AE,=0 and AE, <0, T is only weakly en-
ergy dependent, and the temperature dependence of %,,,
is dominated by the capture rate. Further reflection,
however, indicates that the single collision description
is inappropriate here. The deep potential wells and
large number of effective oscillators in these reactions
result in much longer-lived complexes, which are readi-
ly stabilized by collisions.® The negative temperature
dependence of P(T), therefore, stems from the equilib-
rium concentration of complexes in the high pressure
limit, and an exponential temperature dependence re-
sults.
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