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Atheoretical approach has been developed for computing collisional self-relaxa-
tion probabilities of the first excited level in the lowest vibrational mode of simple
molecules. The bending (v2) vibration in triatomic molecules, in which the average
translational and rotational velocities are of the same order of magnitude, was examined.
The approach was based on the assumption that both the velocities should be taken into
account as a convolution of the corresponding Maxwell’s distribution functions. The
model was checked for the SO, molecule in the temperature range from 130-1100 K.
The calculated temperature dependence curve (the Landau-Teller plot) exhibits a
minimum at about 150 K. The data obtained is discussed in relation to some experimental
results. The comparison indicates that the problem was treated in correct manner. Some
additional aspects of the relaxation, like intermolecular interactions and the steric factor,
are also briefly considered. It is believed that this approach offers quite a good basis for
further improvements of theoretical treatments.

Keywords: vibrational relaxation, molecular collisions, convolution, velocity distribu-
tion, SO2.
INTRODUCTION
Vibrational energy transfer in molecular collisions is often the essential step
in excitation or deactivation of molecules. It is important both for understanding
reaction kinetics and for planning energy pumping into a molecule in order to excite
it up to a certain level.

This work deals with the self-relaxation of the lowest vibrational fundamental
in small and simple molecules, mostly from the theoretical point of view. The
intention is to highlight some specific aspects of energy transfer among molecules
in collisions, which are not so often taken into account.

Several years ago we developed an approach to the problem of collisional
energy transfer! which was based on the assumption of a vibration-rotation (V — R)
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mechanism. It started from the treatment given by Cottrell et al.2 It is basically a
vibration-translation (V - T) approach. The relative translational velocity and re-
duced mass of the colliding pair in that model were substituted by the corresponding
rotational parameters — wd and //d? (W — angular velocity, / — moment of inertia, d
—distance from the axis of rotation to the rotating atom), respectively, see Fig. 1(ii)).
This idea gave a simple model, with a potential function which includes both
attraction and repulsion between the colliding partners. It was further applied for
the calculation of vibrational self-relaxation probabilities for water-like molecules
(group VI hydrides and deuterides). The method enabled the prediction of tempera-
ture dependence, isotope effects, etc.3 However, this model was still limited to
encounters in which a translationally slow vibrator was colliding with a light rotator,
e.g., where the rotational velocity of the colliding partner is larger than the relative
translational velocity of the pair.”

A qualitatively new problem appears when the colliding partners have similar
values of rotational and translational velocities, neither of which can be neglected.
Both velocities contribute to the duration of the encounter and, thus, to the relaxation
probability. Such molecules will in the following be called "intermediate" relaxants.
An analysis of some aspects of their self-relaxation is the main aim of the present
work. A typical example of an "intermediate” relaxant is the SO, molecule. The
self-relaxation probability of the lowest vibrational (bending, v2) fundamental of
the SO molecule, which is a general indicator for the overall relaxation of a mole-
cule, will be considered in this work. Sulphur dioxide is a triatomic, non-linear
asymmetric top molecule, similar to water, with three different moments of inertia.
Due to its molecular mass, moments of inertia and dimensions, the ratio of the
rotational velocity of any degree of freedom and the relative translational velocity
of a colliding pair in an encounter at the maxima of the corresponding Maxwell’s
distribution functions are around unity, Table I. As can be seen from the Table these
ratios for water, which is a "light rotator", are above 2.

THEORY

The theory of Cottrell ez al.,? as mentioned earlier, was adapted for the calculation
of the relaxation probabilities of water-like molecules (H2O, D20, HS, ...). The results
of the calculation were in good agreement with the experimental values, especially in
treating the temperature dependence of the probabilities, isotope effects and the relative
ratios between the absolute values. However, when that method was applied to the
relaxation of SO3, which is by structure similar to the above hydrides, deviations from
the experimental points by at least six orders of magnitude were observed (if results are
presented as Landau-Teller plots — In P = £ (T1/3) in either the V-R or V-T version). It
was, thus, necessary to improve the approach by taking both kinds of velocities into
account. This is the main focus of this work.

* In this scnsc translational or rotational vclocity means average valucs of those velocitics according to the
corresponding Maxwell’s distribution functions
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General. According to the Ehrenfest s adiabatic principle, expressed through
the adiabaticity parameter,* & = 1/t,, where T is the duration of the collision and #,
is the period of the vibration for a vibrating molecule, a collisional process will be
non-adiabatic (efficient transfer of energy) if § < I, e.g., if the duration of the
encounter is shorter than the period of vibration, T < #,. The duration of the encounter
can be expressed as T = a/U, where a is the range of the intermolecular interaction
and U the average value of the relative velocity of approach. This means: the higher
the relative velocity of approach of a colliding pair in a single collision, the higher
the efficiency of energy transfer. Accordingly, the lower the velocity of the atoms
moving along the corresponding chemical bond within the oscillator (smaller
vibrational frequency, #, = v-1), the higher the efficiency of transition. Thus, for an
cfficient transfer we can write U > aVv. The velocity is generally a function of absolute
temperature and molecular mass, U = (8k7/Tum)1/2. A steep intermolecular potential
(small @) also has a postitive contribution to the efficiency of the transfer. If the
attraction between the partners is significant, i.e., if the potential function has a deep
well, it will strongly accelerate those partners during the collision and contribute to
the overall velocity. Another contribution might come from rotation (see Fig. 1(i)),
in cases where it must not be neglected.

The idea. The idea is based on the assumption that the probability of relaxation
in a single collision, as a function of velocity of approach of the colliding pair, should
be averaged over the thermal distribution of velocities to obtain the macroscopic
probability. This value can further be compared to experimental data.

The corresponding equation, based on the expressions published earlier!-3 is

o]

P1Zy = [ p1o(L)R(V)dv (1)
0

where P is the average macroscopic relaxation probability of level 1 in a certain
vibrational mode; p1q is the relaxation probability in a single collision; U is the
relative velocity of approach of the colliding partners at an infinite distance apart
(in the basic theory it was understood to be purely translational); R is the distribu-
tion function of velocities v at a certain temperature; Z is a so called steric factor
(introduced into the theory to account for non head-on collisions).

Here p1 is taken to be2
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where m is the reduced mass of the colliding pair (used here associated with the
relative velocity L), v is the frequency of the (1 — 0) transition, / is Planck’s constant,
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W is the effective mass of the relaxing harmonic oscillator and o, A and Y are
parameters of the potential function describing the intermolecular interaction
(Morse type equation, V(r) = A.exp(—0r) — y.exp(—0r/2)). Equation (2) is obtained
from a semi-classical treatment: the translational motion was calculated classically,
the transition probability was treated quantum-mechanically. The model is a sim-
plification with respect to a full quantum-mechanical approach, as the dynamics of
the encounter are not regarded separately.

The above expression was derived under the conditions: (i) transfer of energy
takes place in a head-on encounter from a harmonic oscillator to a colliding partner;
(i1) the dynamics of the encounter are considered unaffected by the energy transfer
— transferred vibrational energy is much lower than the mutual kinetic energy of
the colliding pair.

There are two crucial questions relevant to the relaxation of "intermediate"”
molecules: (i) what is the real velocity in the case where neither translation nor rotation
can be neglected; (i1) what should be the corresponding velocity distribution function
(we shall call it the "generalized" distribution — R(V)). The velocity of approach in a
collision should not be the simple sum of the translational and rotational components,
since these components, in principle, can take any value from 0 to o at a temperature,
according to their own distribution functions. To obtain the velocity expressions
necessary for the new treatment we developed a unique procedure.® We concluded that
the "generalized" distribution is an ordinary convolution of the two functions, transla-
tional and rotational, which is given as the convolution integral

mu’ —_ I(u-v )2 (3)
R dN() ™ I(v - v)) —
(L) = Ndb IkT e 2kT e e 2 du,

Where dN is the number of molecules with generalized velocities between U and (U
+ dv), NV is the total number of molecules, m is the reduced mass of the molecules
in collision, k£ is Boltzmann’s constant, 7 is absolute temperature.

Finally, introducing velocity symmetrization into Eq. (1) and combining with

the convolution integral, the expression used in all calculations of self-relaxation
probabilities is obtained:

ﬂ@2ﬂ41nszm i - I(u-u) _170)
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CALCULATIONS, RESULTS AND DISCUSSION
The calculations were made by performing the integration of the convolution
integral R(L) within Eq. (4) first by the argument U;, and then by numerical
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integration of the generalized velocity L from 0 to co. We succeeded in obtaining an
analytical solution of the convolution integral.® Most of the integrations were
performed using Simpson’s method.

A value of 3 for the steric factor Zp as a good approximation for SOy was
assumed, as suggested in literature.” The value actually depends on the type and
size of the molecules in the encounter, as small and strongly interacting molecules
can be more easily reoriented during the collision, and, accordingly, deviate less
from linear geometry. A detailed investigation of the role of Zy was beyond the
central scope of the present work.

To perform the calculation it is necessary to supply Eq. (4) with numerical values
of corresponding parameters and constants. The fundamental vibrational bending fre-
quency (V2) was taken to be 518 wavenumbers,? the reduced mass of the colliding pair
m = M/2 (Table I); the effective mass of the harmonic oscillator was obtained as U =
f1(41BV2) = 3.4098 x1023 g, where f= 324 N m~! is the force constant for the "O-O
bond" in SO assuming central forces.? The moments of inertia and the distances from
the center of the masses to the rotating atoms for all three degrees of rotational freedom
arc presented in Table I, along with the corresponding data for HyO, for comparison.

TABLE 1. Moments of inertia — /, structural parameters (molecular mass — M", angle between chemical
bonds — 3 and bond lengths —r), distances® from the molecular center of mass to the peripheral rotating
atom—d, and the ratios of the rotational and translational velocities® at the maxima of the corresponding
Maxwell’s distribution functions —wd/V¢ for the SO and H2O molecules

Quantity SO Ref. HyO Ref.
Ia (g cm?) 1.3804x107 10 1.0220x10~% 11
I (gem’)  8.13067x107 " 1.9187x10~% "
Ic (gem’) 95337610 3 " 2.9376x10 "
M (®) 1.0636x10722 2.9912x107
B © 119.53 8 104.45 8
r (cm) 1.4321x10 8 " 0.958x10 * "
da (cm) 0.361x10® 0.522x10°®
ds (cm) 1.237x10 ® 0.756x10 ®
dc (cm) 1.288x107" 0.919x10°®
A 0.71 2.00
wd/v B 1.00 2.11
C 0.96 2.07
Calculated as the ratio of the relative molecular mass and Avogadro’s nullgber. ®Calculated using the
necessary molecular parameters given above. “Calculated as % = D;EZB
O

The distances d were computed by the methods of classical mechanics using
the geometry shown in Fig. 1(ii) and the necessary data for bond lengths () and
angles between them (3). The Morse potential function parameters are usually not
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Fig. 1. (1) Collision between a stationary oscillator and an approaching rotator. The velocity of ap-

proach is Us. The peripheral velocity of rotation is U, Its vector at the moment of collision is paral-

lel to the axis of approach. (ii) Geometry of the SO2 molecule with the three main axes of rotation
(a, b and ¢).

available in the literature for the majority of molecules. We had to extract them from
those given for the Krieger potential,!2 which is commonly used for simple and
polar molecules, by fitting one function to another. The least squares criterion was
used in a method taking points to be equally distant along the potential curve. The
data obtained are: Mk = 3.389x107 K, 10~10 o =2.363 m™!, y/k = 2.740x105 K.

Calculation of relaxation probabilities. Fig. 2 shows some of the results
obtained with the described procedure, along with some available experimental data.
All the calculated probabilities are mean values for three degrees of rotational
freedom. The calculated probabilities for the "pure” V-T or V-R transfer are also
included. The computing is based on the procedure given in Ref. 1. This approach
generated temperature dependence curves which showed the most important disad-
vantage of the method: the "pure curves" are situated many orders of magnitude
below the experimentally indicated level. They are not sensitive enough to the
method of fitting the potential function to the empirical one. It this sense, our
investigation showed that no significant help inreaching the area of the experimental
points can be expected from either the potential function or the value of the steric
factor, although all of these factors have an evident influence on the above curves.
Only a proper treatment of the velocity of approach in a collision can ensure great
progress in the entire theory. As mentioned in the introduction, this fact determined
the aim of this work.

The employed method of fitting the potential function ("equally distant points
along the curve") has shown itself to be superior to the other method used ("along
the r-axis") because it does not underestimate the steep parts of the potential func-
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Fig. 2. Temperature dependence of SO> (v2) self-relaxation probabilities (Landau-Teller plots): () —
measured values, Bass at al. 13; (0) — measured values ShieldM; (O) — measured values, Lambert et
al.ls; (—+—) — calculated values, Rao”; (++++) — calculated values, Shinl6; (V-T) — calculated using

the "pure" vibration-translation approach (this work); (V-R) — calculated using the "pure" vibration-

rotation approach (this work); K — calculated using the generalized approach (this work).

tions. Colliding particles exhibit the strongest changes of relative velocities exactly in
these parts. The investigation also showed that the calculated probabilities are extremely
sensitive to the position of the limits of the domain in which the approximation is carried
out. It can be a useful tool, especially when studying the dynamics of a collision at low
energy, i.e., at low temperatures, where the existence of long-range intermolecular at-
traction can be very important, and is often neglected in studies.

The K-curve in Fig. 2 is an example that represents the validity of the whole
method for several reasons. Firstly, it passes through the region of experimental
points,13-15 although its slope is a little steeper than that of a line which could be
drawn to fit these points. Secondly, it predicts the existence of a minimal probability
of energy transfer. It is unlike the curve calculated by Shin!® (also shown in Fig. 2),
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which shows no minimum in the specified domain. In addition, a conclusion of his
work was that vibrational de-excitation in SO2—SO3 can be explained in terms of
the mechanism of vibration-to-translation energy transfer. Another statement was
that all the atoms involved in the collision are heavy and the V-R transfer is not
expected to be an important process for the deactivation (!). In contrast to this, we
found that the V=R step is as important as the V=T channel. Sulphur dioxide is a
typical example where neither the translational nor the rotational mechanism can
be neglected. Similarly, another calculation (Rao!7), also included in the Figure,
was performed according to the SSH breathing sphere theory, using Lennard-Jones
potential function parameters. Only the V=T mechanism was considered. The ob-
tained curve is below our one, having roughly the same slope. It has no minimum
within the region of the calculations.
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YIIPOWIKREHW TPETMAH BUBPALIMOHE CAMOPEJIAKCALIMIE JETHOCTABHUX
MOIJIEKYIJIA TTPEKO KOHBOJIYIWJE BUXOBUX BP3NUHA

II'REINAH C. MUJbAHWER* u IYIIAH I. TOIOBOYAHWH**

*Qarxyaitieini 3a pusuuxy xemujy Ynueepsuitieiia y beozpady, i. ip. 137, 11001 Beozpao u **Unciiuiiyit 3a
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PasBujeH je Teopujcku IPUCTYIL 3a pauyHame BepoBaTHOhA cyjlapHe caMopenakcanyje
npeor noGybeHor BuGpanuoHor HuBoa (V2) jeJHOCTABHUX MOJIEKYJIA, y KOjEMA Cy CPEHHC
TpaHCIAIMOHE U POTAaEoOHe Op3uHe UCTOr pefa BemuwuuHe. IIpucTyn je 3acHOBaH Ha mper-
nocrasuy ja 6u 06e Op3uHe Tpebdao y3eTu y 063up Kao KOHBOJIyLHMjy oiroapajyhux Ma-
KcBesioBux (pyHKHMja pacnopesne. Mojea je npoepeH Ha npumepy mosekynaa SOz. M3pa-
JyHaTa KpHuBa TeMnepaTypcke 3aBucHocTd (Jlangay-TelepoB fujarpaM) nokasyje MEHAMYM
Ha oko 150 K. [loOuBeHn pe3ynraTu cy AUCKYTOBAaHU Y OTHOCY Ha TocTojehe ekcnepuMeHTamHe
nopnatke. Ilopebeme nokasyje fa je npodiIeM TpeTUpaH Ha HCIpaBaH HauuH. OBaKaB IPUCTYII
IpeficTaBiba JOOPY OCHOBY 3a Aajba MOOOJbIIamha METOJIA 3a TEOPHjcKe HHTEpIIpeTanyje.

(ITpumsbeno 27. okroGpa 1999)

REFERENCES

1. 8. S. Miljani¢, J. Chem. Soc., Faraday Trans. 2 80 (1984) 275

2. T. L. Cottrell, J. C. McCoubrey, Molecular Energy Transfer in Gases, Butterworths, London, 1961
3.8.S. Miljani¢, J. Chem. Soc., Faraday Trans. 2 81 (1985) 517

4.]. D. Lambert, Vibrational and Rotational Relaxation in Gases, Clarendon Press, Oxford, 1977
5. T. L. Cottrell, N. Ream, Trans. Faraday Soc. 51 (1955) 159

6. S. S. Miljani¢, D. D. Goloboganin, J. Mol. Liquids 54 (1992) 45

7. K. F. Herzfeld, T. A. Litovitz, Absorption and Dispersion of Ultrasonic Waves, Academic Press,
New York, 1959

8. P. Thirugnanasambandam, S. Mohan, J. Chem. Phys. 61 (1974) 470

9. G. Herzberg, Molecular Spectra and Molecular Structure, II. Infrared and Raman Spectra of
Polyatomic Molecules, D. Van Nostrand Comp., New York, 1947



VIBRATIONAL SELF-RELAXATION 369

10. JANAF Thermochemical Tables (second edition), project directors D. R. Stull and H. Prophet,
NBS, Washington D. C., 1971

11. W. S. Benedict, N. Gailar, E. K. Plyler, J. Chem. Phys. 24 (1956) 1139

12.J. O. Hirschfelder, C. F. Curtiss, R. B. Bird, Molecular Theory of Gases and Liquids, Wiley, New
York, 1954

13. H. F. Bass, T. G. Winter, L. B. Evans, J. Chem. Phys. 54 (1971) 644
14. F. D. Shields, J. Chem. Phys. 46 (1967) 1063

15.J. D. Lambert, R. Salter, Proc. Roy. Soc. A243 (1957) 78

16. H. K. Shin, J. Phys. Chem. 77 (1973) 346

17.Y. V. C. Rao, Chem. Phys. Lett. 62 (1979) 107.



