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RESONANT TRANSFER OF VIBRATIONAL ENERGY IN MOLECULAR COLLISIONS

’ *
Bruce H. Mahan
Inorganic Materlals Research Division of the
Lawrence Radlation Laboratory and Department
of Chemistry, University of Californis,
: Berkeley, California o

ABSTRACT
The crosg section for resonanﬁ vibration-

vibratién enérgy,exchange between infrared active
moleculés>due to the lbng range dipole potential is
formulated. It is found that despite certain

‘ ~restrictions imposed by rotational selection rules,_
energy exchange Cross sections may be as much as |
0.0l to O.l.times as large as the molecular gas
kinetic éfOSS'section, and are greater thah'thosg
estimated usiﬁg iny an exponential repulsive 1nter-

action between molecules. .

. ' . . A
. Alfred P. Sloan Foundation Fellow.
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There have been very few experiments that have yielded
an estimate of the rate of transfer of molecular vibrational
energy by & resonant exchange process.  However, by close
analogy to other resonant collision processes .like eIectronic»
excitation and charge exchange, resonant transfer of vipra~
tional energy can be expected. to be quite probable. In

particular, processes like
co(v=2) + CO(v=0) —> 2C0(v=1)

and 1%ts reverse may be of considerable importance in esta-

blishing an equilibrium distribution among the lower vibra-

tional states.

1,2,3

Previous theoretical investigations of resonant

vibrational energ; transfer have indeed suggested that this
process 1s considerably mbre probable than the corresponding
vibration-translation exchange. These treatments have in
effect ignored the role of molecular rotation, and'have usé&
only the usual short range exponentiallrepulsion‘for tﬂe
intermolécular potential, One can expect,'however, that due
to exchangé degeneracy, a long range potential acts between

a vibrationally excited molecule and an.otherwisé identical
unexcited species. If the vibration involved is infraréd
actlve, the resonance interaction shbuid diminish at great
distances as r-s. Such a long range interaction might result
in a large probability of ene}gy transfer evenvforvgrazing
collisions. The purpose of this paper is to investigate the

magnitude of the contribution of this long range resonance

interaction to the vibrational energy exchange process.
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In what follows we use the simplest form of semiclaésical
inelastic colliéion theofy. Only collisions with large impact
parameters are considered explicitly, so we assumé the molecules
move classically with constant velocity along straight line |
paths. For such grazing collisions an evaluation of the inter-.
action energles and transition probabilities by first order
perturvation theory is. appropriate.

The unperturbed wave functions for the colliding diatomic
molecules a and b are taken as products of the usual molecular

vibration-rotation eigenfunctions. At infinite molecular ¢

-separation, the states

Va(alvo(p)s ¥o(a)ya(n), ¥y(a)yy (o)

are degenerate. Here the subscripts indicate harmonic oscil-

“lator quantum numbers, and the rotational gquantum numbers

have been suppressed. Finding the perturbed energies involves
- A
matrix elements of the term in the dipole expansion4

3 b

2 p_p. '
V = (QE) —§~9[-200s9acose
r

+ sin@as;nebcos(@b¢?aﬂ

where p,,p, are the vibrational coordinates of the individual
molecules, (du/dp) 1s the dipole moment derivative, the angles

specify the orientation of the molecules, and r 1s the separ-

- ation ol thelr charge centroids. The term involving the

permanent dipole moment of the molecules has been left out,

since 1t does not contribute to the vibrational energy transfer.

To evaluate the matrix elements, we integrate first over the
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vibrational coordinates and obtaln the transitlon dipole

moments of the molecules. These vanish except when the vibra--

tional quantum numbers of thé individual oscillators in the
v - initial and final states differ by unity. The angular part

o? the potential.éiQes rise to the well known direction cosine

matrix elements? which vanish except when AJ = ¥1, &M = 0, *1

for each molecule. | | .

The problem at this stage is analogous to that of deter-

. »-mining the intermolecular potential between two permanent
dipoles, except that the coefficient of the r_3 term in the
potential now involves the product of the vibrational trans-
ition dipole moments, instead of the product of permanent
dipole moments. London6 and Margenau'7 have shown that the
first order perturbation energy of inter action of two rigid
rotating dipoles a and b vanishes except when lJa~Jbi = 1.
There are, however, no restrictions on the magnetlc quantum
numbers, and consequently the expressions for the nonvanisning
matrix elements, while readily-available,'7 are moderately
vcomplicated. The secular determinant has roots which are often
irregularly spaced except for symmetry about the unperturbed
energy. The exact ekpreséidns for the roots are over detailled

and cumbersome for the present application, particularly for

A

the larger values of J that are of interest. It is possible,
nowever, to obtain an order of magnitude estimate of the

resonance splitting by adopting Margenau's expression7

-for the
root mean square resonance interaction energy of rigid perman-

ent dipoles:
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o |
rms - \9 L(20+1)(23+3)1% % 9

Here again J 1s the greater of the two rotational quantum
numbers, and “Ol’“Zl are now the transition dipole moments,

- given by8 : ‘ | .

\

_VZ (%_) (n_h.z)l/z {z}

Pn,n=1 72 dp k
where v 1s the frequency, and k the force constant of the
oscillator.
To estimate the excltation transfer cross section Q, we

- 9
use the impact parameter version of the Born approximation:

[

Q =.2n j;_qu(b)odb

o
2
1 1 1
=2 o] - HE_-E_)t|at
"pq .ﬁBIJ[ Vap o0 = F(E,7Eg) ]
-C0 :

{

v

i ' _
Here an is the probablility that the system initially in state

&

P 1s transferred to state g as a result of the collision, D

Ep,Eq are the energies of the initial
and final states at infinite molecular separation, and qu is

tne matrix element of the interaction potential between uhper-

is the impact parameter,

turbed states. For resonant systems the éxponential factor
becomes unity even 1n the distortion approximation. The

assumptvion of a stralght line trajeétory means the distance
of closest apprpach is equal to the impact parameter and occurs

at t = 0, so
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there v 1s the projectile velocity. If we let qu = C/r",

the transition probaoixity becomes

2
o - 4c Jf
P 42,° 2)1/2
= 40%/nByEp* . (3)

Equation (3) is at best valid only at large values of
the impact parameter, equal or greater than some value bc‘

For b less than bc, we assume the system has equal probabllity

of being found after the collision in one of the three degen-
erate combinations of vibrational states, and consequently qu
is taken to be 1/3, independent of the impact parameter. Under

these assumptions, the cross section for transfer is

. b o) !
c 2 . \
iQ = %wjf bdb + 8202 Jf 9%
' Atv b b™
[¢]
= (n/3)p% + 4nc®/n’v ol

Ve determine bc by

qu(bc) =1/3

Q = (4ﬁ/31/2)(C/ﬁV) 7 | . : (4)
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To evaluate this cross section approximately, we replace

Vv oy AE
gp Y “rm
use of Eq. (2) to get

(W3/6)(an/ap)® (nv/K)

5> assume J 1s large compared to unity, and make

e

C

i

2N (e e A2
Q ="(4n"/3)(au/dp)“(v/kv)
Dipole moment derivatives have been tabulated by Gribov
Smirnov;loand use of their compilation gives for carbon monoxide

and hydrogen chloride respectively

~ -11
Qo = 4f4x10 “/v
~ R
QHCl = 1.1x10 " /v
in c¢gs units. Thus cross sections of the order of 10-15 cm2

can pe expected at room témperature.
These cross sectlons appear to be quite large, but it

must be remembered that they refer to pairs of molecules that

 satisfy the condition 1Ja—Jbl = 1, and such pairs are found in

a relatively small fraction of the total number of collisions.
To get a more useful estimate of the importance of resonant
transfer, we should multiply the cross sections by the fraction

£ of palrs of molecules with J differing by unity. This is

£ = 35 §: (2J+l)exp£—J(J%l)/q](ZJ‘l)QXP{;J(J'I)/Q]

T =1

vinere J 1s again the greater of the two quantum numbers, and

g is the rotational partition functlon. Converting the sum

to an integral gives
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2 = (1/2)(n/20)Y 2(1-1/a)

ForICarbon monoxide at room temperature, g = 108 and f'0.0S!
wnile for hydrogen chloride, q = 19.9 and f = 0.13. These
fac%ors suggest that resonant transfef'occurs approximately
once in every one hundred gas kinetic collisions of the excited-
molecule. This is at least tén‘times faster than wnhat would
be pfedicﬁed from the one dimensional theory wnich uses the
exponential repuisive potential.

Somé.comments conéerning the validity of this calculation
are invofder.v An exchange cross section of approximately 10-15
cm2 corresponds to a criﬁical impact parameter and distance'of
closest approach of approximately 3 A. Thé latter 1s of the
crder of molécular dimensions, and consequenﬁly the assumptions
of ideal dipole interaction and straight line tréjectories'are
in some measure violated. This is particularly true if the
transition dipole moments of the colliding molecules are small.
Of these two assumptioné, the failure of the ideal dipole
apprO"imation'gxnld be the mére serious as long &as the critical
impact pargmeter;is no smallér than the‘Lennard=Jones ¢ of the
molecule. | |

The inteféction energies at small separation of classical
dipoles of finite size may be greater or less than those of
ideal dipoies;4 dgpending on their orientation, and it is not
clear.whethef the present calculation'overestimates, under=-
estimates, or is a reasonadle approximation to the average

transition probability when bc approaches molecular dimensions.
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The calculation is somewhat conservative since it uses AErms in

place of the exact values of qu,

AEr*s' .If in contrast one uses the maximum classical dipolar
il B

some of which are larger than

interaction energy in place of VbQ’ for CO at a velocity of
4x1043cm/séc the value of b, is & &, large enough to ve consistent
with the assumptions made in the calculation. Thus the present
calculation becomes most reiiable in circumstances where the long
" range interaction becomes most important; when the transition
- moment is large and the velocities small. ‘

For molecules in which the transition dipole moment 1is
small, D, as determined from the condition P(b, ) = 1/3 will Dbe
less than the Lennard-Jones ¢ for the molecule, and the formu-
lation given above for the cross section must be abandoned. In
these cases an estimate of the importance of the contribution
of the long range dipole interaction to the Cross section may

' be obtained by evaluating Eq. (3) with b = o. Comparison'qf
this probébility to that derived from the one dimensional t}eatf
ment which uses only a repulsive pofentiai will give somé
.indiéation of the relative importance of the two contributioné
to the cross,secfion.' The accuracy of elther transition prob-
ability remains open to gquestion, however, because of the
" possible failure of the‘idealvdipole approximation in the
N present case, and because the one dimensional treatment evaluates
the transition probabiliiy for the most atypical collision, one
with o = O. | )
To extend this treatment to polyatomic molecules we note

that the coefficient of the r ° term in the potential will be -



nonzero if the infrared dipole sélection rules are satisfied
by Doth molecules for the transitions contemplated} Further-
more, the full resonant cross section will be attained if there
is an energy match Ep = E_ and if the diagonél matrix elements

a
of the potential V__ and V__ are zero or equal.

j9Y aq
For linear molecules- in which the transition moment is
parallel to the‘aXis of the molecule, the cross section is the
same as for diatomics. For transitions ih which thé transition
moment is perpendicular to the molecular axis, such as the
bending mode of COZ’ the selection rule AJ = O is added, and
’coﬁsequently "sure" vibration-vibration interchange is allowed.
Since the resonance condition is more easily met in this‘caée;
energy interchange among the perpendicular vibrations should
ve correspondingly more rapid.

"For symmetric top molecules in which the vibrational
transition moment lies along the figure axis, we can again Fake'
use or the results of Margenau.7 In contrast to the diatomﬁc
case, the f—S term makes‘a finite contribution to the first
orderwperturbation energy for arbitrary total angular momentum
quantum numberé J as long as neither K quantum numbér is not
zero. The root mean square inﬁeraction energy averaged over

the M values is7 .

< )1/2 X5 Hoika
3

[Ja(Ja+l)Jb(Jb+1)]l/2 r

- e iz ;
and the selection rules™  are &K = 0, &J = 0, tl. Thus again

pure viobrational exchange is possible. The higher X values



. =10-
\
tnat make the interaction stroﬁger and the transition more
probable tend to be.diminished in importance by Boltzmann
factors. | }
It should be noted that because of its electronic angular
momentum, the diatoﬁié moleqﬁle NO can be considered a sym-

metric top with X = @ = 1/2, 3/2. Consequently, resonant

‘exchange of vibrational energy can occur even between molecules

which do not satisfy [Ja—Jb|’= 1. One migh@ expect that this
could lead to enhancement of tﬂe energy exchange rate for
molecules in the lower J states, but for the larger values of
J, the interaction eneréy and the transfer cross section would
fall. Tor both molecules in the Q = 1/2, J = 1/2 state, the
exchange cross section is calculated to be 0{48xlo_l¥/v cgs,
while for J = 19/2, the expected cross section is only
l.2x10_13/v cgs. Even the first of these cross sections is

small enough to. violate the assumptions of the derivation,. and

\

it appears that because of a small transition dipole moment,

long range interactions are ﬁot important in the resonant
relaéation'of NO. |

The foregoing caléulations, while highly approximate,
suggest that resonant transfer'of vibrational‘energy among
infrared active molecules with large transition'moments may be
even more rgpid than has been indicated by calculations
involving-feﬁu;sive interactions. Some experimental support
for this is available. For example, the deactivation of the

second level of the v, vibration of SOZ‘must proceed very

rapidly if the second, long relaxation time is to be observed.l°
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This deactivation should occur oy resonant transfer to form
tvwio 802 molecules both in the first excited level of Voo A
similar rapid depopulation of the second excited level of the

CO, bending mbde appears necessary to explain the operation of

2

the CO, laser. However, more experiments explicitly désignedv

2 .
to test the accuracy of the calculated resonant cross section
are needed. Application should best be limited to the lower

excited states of molecules, for only then are the assumptions

of exact energy matching and vanishing diagonal vibration

matrix elements satisfied.
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