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In theories of chemical kinetics emnploying the concept of a critical surface, it is usually assumed that the point of inter-

section of the critical surface and the reaction coérdinate has a fixed value.

The example of a rotating anharmonic diatomic

molecule provides a case in which this assumption must be relaxed for the treatment of dissociation by means of unimolecular
rate theory. Also, the region of phase space from which collisional deactivation may occur is found to be dependent on the

nature of the collision process.

The limitations of the random phase approximation are investigated. Explicit calcula-

tions are made for the high-pressure limit of the rate constant, and the effect of the centrifugal barrier leads to a some-
what larger pre-exponential factor than is obtained by ignoring rotational effects.

Among the various theories of gas reactions are
several approaches which employ the concept of a
critical surface in phase space which partitions the
space into two parts, one corresponding to re-
actants, and one to products.?® With few ex-
ceptions (for example, see references 4 and 5),
these papers ignore interactions between rotations
and vibrations, and they also assume that the inter-
section of the reaction coérdinate and the critical
surface is independent of temperature.

We shall concern ourselves with a classical
approach to unimolecular reactions, and shall
follow the methods of Slater?® and Thiele?® as they
apply to the simplest of all possible unimolecular
reactions, the dissociation of diatomic molecules.
(Experimentally, of course, diatomic molecule dis-
sociation can be studied only in the low-pressure
limit.) The critical surface which immediately
suggests itself is that corresponding to the top of
the rotational barrier in the effective vibrational
potential function. The results of this choice of
critical surface will be investigated. However,
this choice implies that the change in angular mo-
mentum of the diatomic molecule when it collides
is negligible, which is not a particularly realistic
assumption (but which is not significant in the
high-pressure limit). We then briefly investigate
a model in which large changes in the angular
momentum of the molecule may occur on collision.
The assumption of instantaneous collisions leads
to certain mternal inconsistencies, which we in-
vestigated. Lastly, the effect of rotations on the
ligh-pressure limit of the dissociation is computed.

The Hamiltonian of a rotating diatomnic mole-
culeis

H = (p r2/2l‘) + Veff("np)

Vets = V(r) + (p*/2ur%) (1)
where V() is the potential energy of the bond, u
is the reduced mass, pr is the momentum conjugate
to 7, and p is the total angular momentum of the
diatomic molecule. If p remains essentially con-
stant during a collision, a natural choice of the
critical surface in phase space is7 = ry(p?), where 7,
is that value of  for which

(QVess/0r)p = O
(9?Vers/0r), £ 0 (2)
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Consideration of a rotating molecule instead of a
non-rotating one eliminates the arbitrariness in the
specification of the reaction coordinate noted, for
example, by Thiele.®

The critical codrdinate is at the internuclear
distance corresponding to the top of the rotational
barrier; a molecule ‘‘deactivated” at a larger
value of » will remain dissociated, since we here
assume a negligible change in p2.

Following Slater for the moment, we write

b=
ﬂl”““‘fo’"(ﬁ)f 7 exp(—ws)w exp(—8H );dpedrdp

5
fcj7 fc; v f_m exp(—gBH)p dp drdp

where 8 = (kT)™1, w is the kinetic collision con-
stant, and 7(p) is defined by eq. 2. pmex is the
value of p which satisfies (QVes1/07)p = 0, (Q2-
Vet/dr?), = 0; this is the maximum value of
the angular momentum for which bound states of
the molecule can occur. s(r,p,,p) is the time re-
quired for a representative point starting initially
at 7, p,, p to follow along its trajectory until it
passes out through the critical surface. In this
equation we have already performed the inte-
grations over the angle variables and components
of angular momentum.

If we now change variables to 7, H and p, and
integrate with respect to, we find that

(3)

E=
pox (v
—_ C —_ * : —_
fo fI i L= exp(—ws*)] exp(—8H)pdlidp

1}(“#\!' o (4)
fo me;n(p) s(H,p) exp(—BH)pdHdp

Here

ro(p)
* =2 -)d
=z [0 b

where r1(H, p) is the classical turning point of the
motion for unbound states. For bound states, s =
S (u/p)dr; for unbound states, s = s*. Huin(p)
is the minimum total energy possible when the
total angular momentum is p, Hais(p) is the mini-
mum total energy for which dissociation may
occur, given that the total angular momentum is

. Limiting values of % at the high-and-low-pressure
limits can easily be extracted from eq. 4; the low-
pressure limit is

(6) E. Thiele, Doctoral Dissertation, University of Rochester, 19¢1.
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as one would expect.

In our approach the effective temperature de-
pendence of the intersection of the reaction co-
ordinate with the critical surface has been con-
cealed by making the critical surface a function of
p, as well as r. This temperature dependence can
most readily be displayed by calculating the aver-
age value of the reaction coérdinate with respect to
the molecules which react. The distribution func-
tion the instant after activation of the molecules
which react is readily seen to be

(rp,peB)drdpdp =
w exp | — ws[por,p,rd P} e B pdrdp.dp )
TS Jwesp (= aslprr,prlp)]] eBpdrdpdp %)

in which the limits of integration are the same as
those in eq. 4, so that

(ro) = S S S ) (7,0,pn8)drd pedp. (7)

(rg) is obviously a function of temperature unless it
is independent of p.

The above treatment of diatomic molecule
dissociation assumes that the angular momentum
of a molecule changes negligibly on collision even
though the vibrational energy may change drasti-
cally. This led us to a critical surface which is a
function of both 7 and p, in marked contrast to the
usual type of critical surface, which is a function of
codrdinates but not momenta.”

We now relax this rather artificial restriction,
and permit a strong collision mechanism® to oper-
ate with respect to angular momentun, as well as
to vibrational energy. After an initial activating
collision, the molecule will undergo at some later
time a subsequent collision, which will, in general,
change V.. The position of the representative
point relative to the rotational barrier in this new
Ves will determine whether reaction or deactiva-
tion has occurred. We use the same Hamiltonian
as before (eq. 1); we let p; be the total angular
momentum before the deactivating collision, and
pa be the total angular momentum of the molecule
after the deactivating collision. A natural choice
of critical surface is now r = 7,(ps), where 7,(p,) is
the value of » for which 1 (r) + (p2)2/sur? goes
through a maximum. If the molecule is collision-
ally deactivated while » < 7y(p2), it will drop into a
bound state; if it is deactivated when » > 7¢(p.), the
atoms will continue to fly apart.

We now set up the expression for the rate con-
stant k(ps) for dissociation of molecules whose
final angular momentum (after deactivation) is
P2 in exactly the same manner as before, except
that the limits on the p; integration are now 0
and <, and the limits on the r-integration are 0
and 7,(p.). We then average this over a suitable
distribution function for p» to get the observed rate
constant.

In the same manner as before, we find that

(7) See ref. 1, far example,
(8) F. P. Buff and D. J. Wilsan, J. Chem. Phys., 32, 677 (1950).
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k(p2) =

P11l — exp|— ws*(p, H,p2)| e BdpdH

4] Ha(p1)
.I‘O an.;n(px) s pdHdp:
(8)

where s = s* in those regions in which s* is defined;
otherwise it is given by & (u/pr)dr, as before; in
this region s is not a function of p;. s* the time
required for the representative point to pass in
through the critical surface, reach the classical
turning point and pass out through the critical
surface, is evidently a function of ps.

Let g(8, p2) be the normalized distribution func-
tion of pz; then

b= [ sepkpin 9)

One possible reasonable suriiise for g(8, p.) is to
assumme that (ps)2/sure(pe)? = B, and use the re-
sulting very sharply peaked distribution function
as a rough approximation. Alternatively, one may
assume that (p«2/ouro(p2)? has a Boltzmann dis-
tribution. In either case, the procedure is equiva-
lent to choosing a critical surface independent of
P2 but dependent on the temperature.

There are several points in connection with the
employment of Slater's ‘“‘new approach to uni-
molecular rate theory” which appear particularly
clearly in the discussion of diatomic molecule dis-
sociation. The first of these is the implicit as-
sumption that the collisions are instantaneous
compared to the time scale associated with the
vibrational motions of the molecules.” The period
of molecular vibration frequencies is of the order
of 1013 second, which is about one-third the time
required for the average molecule at 1000°K. to
travel a distance of one angstrom, and of the order
of one-tenth the time during which a colliding pair
of particles will have appreciable van der Waals
interactions. For complex molecules, whose acti-
vated states have lifetimes of the order of 10~ to
10~ second or so, the assumption of instantaneous
collisions is probably a good one, even though the
collisions are evidently by no means instantaneous
on the molecular vibrations time scale. For
simpler molecules, such as nitrous oxide, the as-
sumption of instantaneous collisions would appear
highly dubious.

If one accepts the assumption of instantaneous
collisions and all the implications of this assump-
tion, additional complications arise. For all un-
bound trajectories in phase space, collisions oc-
curring when the representative point is sufficiently
near the classical turning point will not be effective
in deactivating the molecule. This is readily seen
from Fig. 1, in which are drawn trajectories in the
pr—r phase plane. The outer trajectory is the
one being traced out by the representative point;
the inner trajectory is the trajectory of the most
energetic bound state having the same angular
momentum as the outer trajectory. If the mole-
cule undergoes an impulsive collision while its
representative point is on the arc ABC, it cannot
possibly be deactivated to a bound state. For the

(9) See J. C. Light, J. Chem. Phus., 36, 1011 (191i2), for a treatment
avoiding this assumptian.
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sake of simplicity, we here assume that there is no
change in the angular momentum of the molecule
upon collision. One could obtain an upper bound
to the magnitude of the discrepancy by simply
denying the possibility of any collisional energy
transfer occurring while the representative point is
in this “non-vulnerable’ region. These observa-
tions are explored in the Appendix for a single
harmonic oscillator.

Another difficulty arises from the assumption of
initial random phases the instant after collisional
excitation occurs if we rigorously follow the impli-
cations of our instantaneous collision assumption.
The nature of the difficulty is illustrated in Fig. 2,
which is a phase plane diagram of the trajectories
followed in the p.—r plane before and after the
exciting collision. It is generally assumed that
collisional excitations to any and all points on the
unbound trajectory to the left of the critical
surface are all equally probable; that, within the
restriction that the phase be such that the repre-
sentative point lies on the “reactant side” of the
critical surface, the initial phase is perfectly ran-
dom. If our collisions are instantaneous, however,
the initial phase will be restricted to correspond to
only those points on the unbound trajectory be-
tween A and B and between A’ and B’.

In actual fact, the non-impulsive nature of the
collisions in all probability makes the approxi-
mation of ignoring the last two difficulties a much
better one than the above analysis would indicate.
The finite durations of the collisions make a much
larger portion of the trajectory accessible as initial
conditions, and also should permit deactivation
from portions of the trajectory from which in-
stantaneous collisions could not induce deactiva-
tion.

Although the mapping of the pressure depend-
ence of 2 requires machine calculations for general
intramolecular potentials, the qualitative trend
may be assessed by the evaluation of k., which
yields a much simpler result. In the high-pressure
limit, the formalism reduces to that of transition
state theory for the escape of a particle over a
barrier arising from the superposition of a centrifu-
gal potential on the anharmonic intramolecular
potential. This calculation does not involve the
ambiguities discussed above, which apply only

tion,

under conditions of finite pressure. Thus®
ko = 472 [ S S pe/2u! 8(r — rolp]le 87 dpedrdp?/Q =
@ wax)?
4_75_2 0 e~Bps 2 dp 2 /2 j;(i’ e—Vernr) dp2 (10)

where Q is the partition function for the molecule,
and 6(r — #[p]) is the Dirac delta function peaked
at the maximum of the rotational barrier of Veg.
We note that at the barrier maximum the following
relations hold

P2 2ur? = r/2dV/dr
(11)

The equality applies at the limiting (horizontal)
point of inflection » = »*, corresponding to maxi-
mum angular momentum.

It is convenient to change the integration variable
from p to 7, and for this purpose it is noted that

48] e AU

cdur dr

. . o dV .
Ulr) = Vir)y +¢/2 @ (12)

The desired expression for k., may thus be written
in the forms

2,p T2 © 7 L
- 8riu x? (,i_g e—BU(=) dx; x = p/rT =

B8Q 1 dx
!

8rfur 2\ v fm _ gl
50 ‘1 i +21 [1 i ]de\
(13)

It will be noted that the final integrals are quite
similar to those encountered for the second virial
coefficient of gases, the latter being capable of in-
terpretation in terms of the virial theorem or,
for monotonic potentials,’® in terms of thermally
averaged scattering cross sections.

For the desired estimate of eq. 13, Q is adequately
approximated by

Q ~ 872ur,2eBE/3%
the harmonic approximation, provided that 8E,>> 1,
where 7. is the minimum of V(r), v is the natural

frequency for vibrations of small amplitude and E,
is the activation energy; BE, will be taken to be

kco

(10) J. O. Hirschfeider, C. F. Curtiss and R. B. Bird, ”Molecular
Theory of Gases and Liquids,” John Wiley and Sons, Inc., New York,
N. Y., 1954
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40. The value of the remaining terms in k. will
not be qualitatively affected by the representation
of V(r) by a 12-6 Lennard-Jones potential, for
which it is found that U(r*) = 0.8E; and »+ =
1.237.. The final result is
ko = ve=8P0 (r¥/r2[28 U(r *)]V3 1(2/8) =~

2.1 (BEo)Y3 ve=6E0  (14)

The explicit use of the centrifugal potential thus
tends to increase k. over its familiar value ye 55
(see ref. 1, for example), which is obtained by
taking the critical codrdinate at infinity. This
result may be of interest in view of the high values
of the pre-exponential factors of some unimolecular
rate constants at the high-pressure limit.

Appendix

It is the purpose of this appendix to illustrate
that at finite pressures Slater’s criterion of “in-
teresting’’ states is inconsistent with the random
phase assumption.!’ Here it is sufficient to con-
sider the second order limiting rate constant %, for
the simple case of a non-rotating harmonic oscil-
lator. This system is characterized by the Hamil-
tonian

H = p*/2p + pwq?/2 (AD)

with interesting states defined by ¢ < ¢o and H 2>
E, uw?qe?/2. The trajectory time s* for these
states is readily found to be

o* = 1 (1 __cos™! \/E07H>
v

T
(11) See N. B. Slater, Proc. Roy. Soc. (London), A194, 112 (1948),
p. 119, for comment on this point.

(A2)

CHRISTIE Vol. 84

where v is the natural frequency of the oscillator.
The limiting rate constant may be exhibited in the
alternative forms

ko = 48 f;:: =81 s*(H)AH

%] fm f e B dJdy
0 g < ¢o

Equation A4 is written in terms of the angle vari-
able ¢ and action variable J = H/v. The in-
equality ¢ < ¢o, defining the interesting states,
restricts the angle variable to

cos L o/

s

(A3)

or

ko (A4)

so that upon substitution and partial integration

e—BEo fw ¢ —BEou2
o 1+ u?

s
The first term of eq. A6 constitutes the random
phase assessment of 2, The correction term pos-
sesses an upper bound given by

— by + e~gP = ¢=pF2/2/BEyr (A7)

For representative cases of 3, = 40, the correction
term decreases ky about 5%,.

This example illustrates that the time scales for
the collisional activation process and the subse-
quent dissociation require future clarification.
Thus, vertical activation processes which would
exclude states with ¢ < —¢, would double the cor-
rection in eq. AY.

ku e~ BF0 — due (1\6)
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The Recombination of Halogen Atoms
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Previous results on iodine atom recombination in the presence of rare gases have shown that the measured rate of recom-
bination in a mixture containing a verv low ratio of molecular iodine to rare gas is less than that calculated from the additive

effect of molecular iodine and rare gas as third bodies.

vihrationally excited iodine, formed as the initial product of the recombination, is the rate-determining step.

It is suggested that, under these conditions, the deactivation of the

The data

for iodine and bromine atomn recombination arc discussed in relation to the various mechanising of atomic recombination

which have been proposed.

The recombination of atows in the gas phasc
X+X+M=X+M
follows the kinetic law
d(X.)/dt = kB(X)? = kuM(X)?
In a mixture of gases
ke = kuM
M

where ky is the third-order constant relating to
species M. The function of the third body, M, is
to remove some of the excess energy possessed by
the two atoms and thus allow formation of the
diatomic molecule.

The first extensive work on iodine and bromine
atom recombination was that of Rabinowitch!

(1) E. Rabinowitch, Trans. Faraday Soc., 88, 283 (1937).

who derived values of %y for a variety of gases
fromn photostationary measurements. The develop-
ment of flash photolysis has made possible the direct
measurement of the recombination of iodine?—7
and bromine*® atoms. Iodine wvalues for kwm
for some thirty gases have now been obtained;
the values vary over a range of a thousand, helium
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