Product quantum state distributions in unimolecular reactions involving

highly flexible transition states
R. A. Marcus

Noyes Laboratory of Chemical Physics, California Institute of Technology, Pasadena, California 91125

(Received 10 March 1986; accepted 8 July 1986)

An expression for the distribution of quantum states of the réaction products of unimolecular
dissociations is gbtained, based on statistical theory. A recently formulated RRKM-type
treatment of unimolecular reactions with highly flexible transition states is used to obtain a
distribution of quantum states of the products, by introducing an adiabatic approximation for
motion from transition state to products. Any impulsive (nonadiabatic) exit channel effects
are neglected thereby. Both the final yields of the quantum states of the products and the time
evolution of these states are considered. The time evolution of the yield of the products can
permit a direct test of non-RRKM effects and, additionally via the long-time component, of
other aspects of RRKM theory. The long-time component of the yield of individual quantum
states of the products then provides a test of the additional (here, adiabatic) approximation.
Such tests are the more definitive the narrower the distribution of initial E ’s and J’s of the

dissociating molecule.

I. INTRODUCTION

In treatments of unimolecular reaction rates attention is
usually focused on the dependence of the reaction rate on the
energy of the dissociating or isomerizing molecule. Also of
interest has been the distribution of the reaction products
among the various rotational-vibrational quantum
states.””'2 Energy distributions of the reaction products have
been measured using a variety of initiation techniques, in-
cluding chemical activation and infrared multiphoton disso-

ciation.'® Overtone excitation methods (OH and CH) have ;

also been used, permitting initiation with a more sharply
defined energy.*®*!" Theoretical calculations'? for distri-
butions (final yields) found in studies of Wittig,* Crim,° and
their co-workers have been made using phase space theory
(PST),>** some modified version of PST,® and the statisti-
cal-adiabatic channel model (SACM).>® More recently,
time-resolved rates of formation of the individual product
states have been obtained by Zewail and co-workers using
picosecond experiments and molecular beams.””®

In the present paper we describe how, with some added
assumptions, a recent implimentation'* of RRKM theory
for unimolecular dissociation rates can be applied to the
problem of yields of the individual quantum states of the
reaction products. Rates of formation of these states are also
considered, as are (briefly) non-RRKM effects.

The RRKM theory of the rate of a unimolecular disso-
ciation (or isomerization) of a molecule utilizes a character-
ization of the transition state and a statistical assumption for
the probability per unit time that the system passes through
it.! The theory also yields a distribution of the quantum
states in the transition state. To then obtain a distribution of
quantum states of the products some added assumption
would be needed, namely for treating the motidn after the
system leaves the transition state. Only when the fragments
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rotate freely in the transition state can such an additional
assumption be avoided, since the distribution of the quan-
tum states of the products is then the same as that in the
transition state. In the present paper an adiabatic assump-
tion is used for treating the dissociative process after passage
through the transition state: The present treatment for quan-
tum states of products can be regarded as complementary to,
or competitive with, phase space and adiabatic channel the-
ories, depending on one’s point of view.

In Sec. II the treatment in Ref. 13 is adapted to this
problem of calculating the distribution of products’ quan-
tum states. In the adaptation one possibility would have been
to use classical trajectories to obtain the final distribution of
product states for the so-called (largely classical) transition-
al modes, using the distribution in the transition state as
initial conditions. An adiabatic approximation would per-
haps be introduced for the remaining modes, the “conserved
modes,” which are usually of higher frequency and are treat-
ed quantum mechanically. This procedure appears to be fair-
ly straightforward.'>'* A second approach, the one adopted
in this article, is to introduce some simplifying dynamical
approximation connecting the distribution of states in the
transition state with those of the separated fragments. As
already noted, an adiabatic approximation will be used for
this purpose.

A main purpose of introducing such approximations is
that they provide a basis for comparing and analyzing the
experimental results, and for identifying thereby possible
nonstatistical (non-RRKM) and nonadiabatic exit channel
effects. Some recent comparisons*® with theory (PST or
SACM in those instances) are described later. We also con-
sider non-RRKM effects and their detection via time-re-
solved studies in Sec. ITI. The various results are discussed in
Sec. IV and concluding remarks are given in Sec. V. The
principal equations derived in the present paper are Egs.

-(3),(7), (8),and (10). Equations (12) and (16) alsoplaya

role..
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It is planned to apply the present treatment in a subse-
quent paper.

1. THEORY

In RRKM theory the rate constant kg, for the dissocia-
tion of a molecule of energy E and total angular momentum
J is given by""?

kg; = NxE.l/hpEJD (1)

where p; is the density of states of the dissociating molecule
whose energy is equal to E and which has a total angular
momentum J. The center-of-mass system of coordinates of
the reacting molecule is used, so E excludes the translational
energy of the center of mass. The quantity ¥V L, is the mini-
mum of N, (R), plotted as a function of the reaction coordi-
nate R.!>"5 Here, N, (R) is the number of quantum states of
the dissociating molecule, at any R, having an energy less
than or equal to E and an angular momentum J. The aim in
the earlier papers in this series'> was to provide a calculation
of N, (R) and hence of N}, and of ki, for highly flexible
transition states. In these transition states the hindered rota-
tional (vibrational) motions of the fragments can be strong-
ly coupled to each other and to the orbital motion.

In PST one of the approximations is to neglect these
angle-dependent interactions of the separating fragments.
Thereby, the orbital angular momentum (quantum number
1) becomes a constant of the motion between the value R * of
R in the transition state and R = <. One improvement over
PST is to include™*!? the influence of the angle-dependent
terms on N &;.

Two limiting approximations will be considered: In the
first of these [ is not required to be a constant of the motion
between R¥ and R = «. We then use an adiabatic approxi-
mation to relate the distribution of quantum states in the
products (R = « ) tothatat R ¥, yielding Egs. (3) and (8).
Analternative limiting approximation is to assume that /is a
constant of the motion between R* and R = «.'® An adia-
batic approximation is then again employed, but now at each
value of J, yielding Egs. (7) and (8). This second treatment
can be shown to reduce to PST, in the limit of vanishing
angle dependence of the fragment-fragment potential
These two limiting situations presumably bracket the actual
statistical behavior and, indeed, should approach each other
when / becomes the dominant contribution to J which is a
constant of the motion. In addition to assuming a statistical
behavior for formation of the transition state, both limiting
cases neglect impulsive (nonadiabatic) exit channel effects.

To introduce the adiabatic approximation we first note
that when the energy eigenvalues for the degrees of freedom
transverse to R are plotted vs R, each eigenvalue changes to
some limiting value at R = . In part, the change is due to
the decreasing magnitude of the centrifugal and attractive
potentials as R approaches infinity and, in part, the change is
due to the changing nature of the levels themselves, because
the angle-dependent interactions of the separating frag-
ments decrease as R increases. The energies of the adiabatic
states at R* differ from those at R = o because of both
changes.
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At a given J and E, an adiabatic approximation can be
introduced as follows: The states lowest in energy at R* cor-
relate with the lowest statesat R = oo of the same symmetry,
because of the noncrossing rule for states of a given symme-
try. For each (E,J) an energy E ' is then defined,'” such that
the number of states at R = « with energy equal to or less
thanE’, N Z.;,equals N i ;, the number of states in the transi- -
tion state with energy less than or equal to E and for the
given J,

Ni,=Ng, (definition of E'). 2)

In the adiabatic approximation, because of the noncrossing
rule, the states which constitute N % also constitute N .. In
particular, the states lowest in energy at R?Y are the lowest
ones at R = o, with the same J, and similarly for successive-
ly higher tiers of states. [ When there are states of different
symmetry, their eigenvalues can cross when plotted vs R,
and Eq. (2) would be applied and an E’ defined for each
symmetry. ]

When the adiabatic approximation is introduced the
probability p, (EJ) that the system is in any of the final quan-
tum states with an energy E; in the ith internal coordinate of
the products is given by

Pi(EJ)zNEO'—E‘J/NE'J’ (3)

where N 3. _ g ; includes all quantum states at R = with
given J, with an energy E, localized in the ith coordinate,
and with an energy equal to or less than E '. For each EJ the
sum of the p, (EJ)’s over E; equals unity.

As an alternative to Eq. (2) we have, for the case that /is
a constant of the motion between R* and R = oo, the rela-
tion

Ni,=Ng, (definition of E'), (4)

where N1, is the number of states in N}, with the given /.
N g.,, is the number of states at R = oo with the givenJand/,
with an energy E; localized in the ith coordinate, and with an
energy equal to or less than E". In the adiabatic approxima-,
tion the states that constitute N %, in Eq. (4) also constitute
N g.,. The Ni, in Eq. (1) equals the sum over these N }.,,’s.

NiEJzzNIEJl' (5)
T .

When the adiabatic approximation is introduced the prob-
ability p, (EJ) that for the given / the system is in any of the
final quantum states with an energy E; is

pi (EJl) = N}E"~E,JI/N§§JI’ (6)

where N ., includes all quantum states at R = oo with
an energy localized in the ith coordinate, with a given J and I,
and with an energy equal to or less than E '. For each EJ/ the
sum of the p, (EJI)’s over E, equals unity.

The distribution function for / in the transition state is
N1, /Ni, sothat the probability p, (EJ) that the ith coordi-
nate at the given E and J has an energy E; is N1,/N%,
multiplied by the p; (EJI) in Eq. (6) and summed over /.
Thereby, one obtains

pi(E)) = (Z N;'—EIJI)/N%J N
7
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instead of Eq. (3). A sum of the p, (EJ)’s over the E,’s equals
unity.

In the following treatment p; (EJ) is given by Eq. (3) or
(7), accordingly as / is not or is required to be a constant of
the motion, respectively.

We consider an ensemble of molecules that are excited
at ¢t = 0 with an optical pulse, and consider those molecules
whose E ’s and J’s after this excitation permit them to react
sooner or later. The distribution function P; ( « ) for the final
yield of the product having an energy E, in the ith coordinate
is obtained as the product of the p, (EJ) given by Eq. (3) or
(7) and p%,, integrated over E and summed over J. Here,
p%,dE is the probability that the parent molecule which ulti-
mately does react is formed with an energy in the range (E,
E + dE) and with a given J. This quantity p%, involves a
convolution of the original energy and J distribution, the
absorption coefficient, and the laser profile. We now have

2wy = 5 [ p(BD iy a. (®
J=04J0

A second measurable quantity, is the time evolution of
the population P, (¢) of individual quantum states of the
products,”® as distinct from their final yields P, (0 ). This
time-evolving distribution function P, (¢) is defined as the
probability that the product fragments at R = o« and at time
t have an energy E; in the ith coordinate. We denote by
Py (2)dE the probability at time ¢ of finding the parent mol-
ecule with energy (E,E + dE) and with a specified J after
the excitation. Since these molecules disappear with a rate
constant k,, the rate dP, (¢)/dt is given by

dP, = [~
717: z J; Pi(EDYk gy ppy (1)dE. 9)
7=

Further, p.; (¢) equals p%, exp( — kg;¢t). Equation (9) then
yields
Pty=3 J P (ENP%, (1 — e “*"VdE, (10)
J=0J0
where p; (EJ) is given by Eq. (3) or (7). Ast tends to infin-
ity, this P, (¢) approaches the final yield P, ( « ) given by Eq.
(8).

We have considered until now the case where RRKM
theory'? can be used to calculate the distribution of quan-
tum states in the transition state. We consider in the next
section the case where the intramolecular energy redistribu-
tion is not instantaneous, and hence where non-RRKM ef-
fects appear. In such a case if one assumes a kinetic model'®
one finds there that time-resolved studies may still permit

_the application of the above results, though only to data ob-
tained at sufficiently long times.

lil. NON-RRKM EFFECTS

The existence of an intramolecular energy redistribu-
tion slow enough to influence an observable is sometimes
termed a non-RRKM effect. Indirect information on the lat-
ter has been obtained from pressure effects on chemical acti-
vation studies.'®?® In recent time-resolved studies’”*' a
biexponential behavior has been reported in some
cases®*2122 and one interpretation of the latter has been that
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it represents a non-RRKM effect. (An alternative possibil-
ity, at the present time, is that the behavior is due to there
being contributions to the rate from a distribution of £ ’s and
J’s.?) Classical trajectory calculations have also sometimes
yielded an apparently slow intramolecular relaxation,?
though in some cases tunneling corrections may be impor-
tant in reducing the time for intramolecular energy trans-
fer.™

Kinetic models for intramolecular energy transfer have
been used in various studies, e.g., Refs. 8, 18, 20, and 24-26.
One such treatment'® was used to interpret the detailed re-
sults of a trajectory study.?® We shall utilize results obtained
in this kinetic treatment, and recall some relevant ones in
which the role played by the RRKM rate constant kggxm
was discussed.'® We consider a subdivision of the phase
space of the parent molecule, the populations in each being
N, and N,, such that the products are formed from N, and
such that first-order kinetic equations can be written for N,
and N, with rate constants k;:

k

N 1—; products, (11a)
ky
N=N,. (11b)

K,
Let the initiation step be such that different amounts of ¥,
and N,, N9 and N, are initially populated. The surviving
population N(£)/N(0) = [N,(2) + N,()1/[N) + N3] is
found to be

N(t)/N(O) =ce "+ (1 —c)e ™, (12)

where c is a constant given later. It depends on N ¢,N 9 and
on the rate constants k, to k,. The eigenvalues A, and A, of
the first-order kinetic equations arising from the scheme in
Eq. (11) have a sum and a product given by'®
A+ A, =k +ky+ky A A=kks (13)
The usual RRKM rate constant & griy, for this system,
i.e., the k;;; in Eq. (2), can be defined when none of the k;’s
in Eq. (11) vanishes. It equals'®*’®
_kiks
ky, + k5
It then follows from Egs. (13) and (14) that when the
smaller of the two eigenvalues, 4, say, is much less than 4,
and when k, <k, + k,, the larger eigenvalue approaches
k, + ks, which is the rate constant for the equilibration of ¥,
and N, in Eq. (11b), and 4, approaches kggxnm:

(14)

RRKM —

Ay~k, + ks, (4,4, and k,<k, + k3).

(15)

Thus, when there is a non-RRKM effect described by
the first-order processes in Eq. (11), the time decay of the
dissociating molecule is not a single exponential, but the
long-time component is described by kggxy under the con-
ditions given in Eq. (15). A similar result is expected for a
larger phase space decomposition, as seen, for example, in
Ref. 12 when there were three components N,,N,,N; to the
phase space.”’‘® Implications of Egs. (12) and (15) for
time-resolved studies are discussed later.

The value of ¢ in Eq. (12) can be shown to be given by

Ar=Krrim
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kS~
/{l —12

(16)

b

where f{ =NS/(N{+N9J). When A,>4, Eq (12)
shows that there will be a rapid initial decay of N(¢)/N(0),
equal in amount to ¢. When 4,>4,, Eq. (16) yields
c:ﬁ[flo————-‘ ks ]L (17
Ay ki+k, + ks
According to this result, c is small if k, €4 ,, and doubly small
if, at the time the initial fractional population f¢ has its
equilibrium value k,/(k, + k3). There is then roughly a sin-
gle exponential decay, exp( — A,¢); a not unexpected result
since the fast exponential ¢ exp( — A,¢) in Eq. (12) then
represents the preliminary intramolecular equilibraticn.
However, there will be some systems for which the
scheme in Egs. (11)—(15) will clearly be inapplicable. For
example, in the dissociation of van der Waals’ complexes
I,---X, where the I, in the complex is initially excited to a
high vibrational state the distribution of the I, states in the
products is highly nonstatistical. Frequently the transfer of
even one vibrational quantum of the excited I, to the I,---X
bond serves to rupture the latter,?® so that the system never
explores the total amount of phase space. That is, the scheme
(11a) and (11b) is inadequate for such systems. Again, if
there is in a system any significant number of nondissociat-
ing states, the scheme in (11a) and (11b) is not applicable.
[ The existence of quasiperiodic (trapped) trajectories is not
necessarily evidence of such states.'*]

IV. DISCUSSION

We consider first the final yields P; () of quantum
states of products, represented by Eq. (8), and next the time
evolution P;(¢) represented by Eq. (10) and any non-
RRKM effects given by Eqgs. (12) and (16).

We have already noted the relation between the present
treatment and PST: In the limit of vanishing angle-depen-
dent interactions of the fragments the treatment based on
Egs. (4) and (7) reduces to PST. There is frequently a need
for having some inclusion of the angle-dependent terms so as
to explain the absolute values of the high pressure bimolecu-
lar association rate constants, which can sometimes show
marked deviations from the loose transition state (PST) val-
ue.?®

In the presence of angle-dependent interactions, the fi-
nal distribution of product states deduced from Eq. (8) and
Eq. (3) or (7) may differ from that in PST: The spacing of
the energy levels at R* is larger than at R = o, since the
energy levels of hindered rotations are more widely spaced
than those of free rotations. Thereby, the energy drop £ — E’
in Eq. (2), or for a given / in Eq. (4), will be greater than in
PST. As a consequence, the higher rotational-vibrational
states will be less accessible than they would be in PST.
Thereby, the distribution of the final states is shifted to lower
energies when angle-dependent terms at R ¥ become signifi-
cant. A similar behavior has been noted for SACM.®

Wittig ef al. have compared their data* on the yields of
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various rotational-vibrational states of the CN and NO
products of the dissociation of NCNO with PST.> They
found excellent agreement when the excitation energy was
below that leading to vibrational excitation of the products.
At higher energies, the agreement was still comparatively
good, though an improved agreement was obtained using
some assumed modification of PST (their “SES” method).
In an experimental study® of the dissociation of H,O,
induced by OH overtone excitation®® the population of the
rotational states j, of OH was compared with PST and
SACM values. Current with new experimental studies of the
rates® a new examination of the comparison PST, is under
way.?! For comparison, it is planned to make a similar analy-
sis of the experimental data using the present treatment.
We consider next the time evolution of the population
P, (¢) of the ith energy level. Such a time evolution was re-
cently studied for the formation of rotational statesj, of CN
in a picosecond study of the dissociation of NCNO.” The
formation of each was a single exponential. The rate con-

_stant for this formation differed for the two j,’s studied.” A

possible explanation within the framework of statistical the-
ory arises, but only when there is a distribution of initial £ s
and J’s. In this case the time evolution of each j; can differ
from that of other j,’s, because the integrand in Eq. (10) can
peak in the vicinity of some E and J which depends upon j;,
as one sees as follows:

The initial distribution function p%; can be factored into
a term which is a function of the vibrational energy E — E,
and independent of J, and a term dependent on J. Here, E;
denotes the initial rotational energy of the parent molecule
(which depends on K, the projection of J along a body-fixed
symmetry axis, but for purposes of the present illustration
only we average over K). The rate constant & z; appearing in
Eq. (9) increases with increasing E — E;. Because of a cen-
trifugal effect, k5, also increases with increasing J at fixed
E — E, . Sincealarger E — E, at fixed J favors the tendency
to form states of larger j; the typical k, in the ensemble in
Eq. (9) for the states with largej;, will be higher than that for
those for lower j;’s. Moreover, at fixed E — E;, very low
values of J tend to discriminate against the formation of
large j;’s. Thus, the two effects can cause the position of the
peak in the integrand in Eq. (9) to depend on j;. Related
effects are expected to occur in PST and SACM as well.

The time evolution of the dissociation of H,O, has been
studied in picosecond experiments using an excitation of the
fifth OH overtone.® The behavior was biexponential. One
source of deviations from a single-exponential time evolu-
tion is the non-RRKM effect described in Sec. III, and we
consider it now. It is seen there, assuming a particular first-
order kinetic model, that the decay is the sum of exponen-
tials, asin Eq. (12), rather than a single exponential and that
under the conditions given in Eq. (15) the longest time con-
stant for the decay is predicted to be 1/kgrxnm and the
shorter one to be k, + k5. In the case of the experiment in
Ref. 8, the two time constants were approximately 600 and
60 ps.*! (Strictly speaking, it was not the total H,0, decom-
position that was monitored but rather the formation of a
particular quantum state of OH.) The 600 ps could be re-
garded as being in the vicinity of a calculated value of 1/
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k rrxm.® but, as the authors indicate, a more detailed calcu-

lation of the latter should be made, e.g., as in Ref. 13 and

taking into account the range of initial E’s and J’s.

A second source of deviation from a single exponential
is the possible existence of an initial distribution of £’s and
J’s.

V. CONCLUDING REMARKS

In summary, equations are given for the distribution of
final yields and for the time evolution of quantum states of
products, using RRKM theory and an adiabatic approxima-
tion for the motion after the system leaves the transition state
region [Egs. (3), (7), (8), and (10) ]. Alternative adiabatic
approximations are given, according as / is or is not required
to be a constant of the motion. Because of the sensitivity of
kg, in the exponent in Eq. (10) to £ and J, the time evolu-
tion given by Eq. (10) may provide a more sensitive test for
deviations from statistical models than the final yields given
by Eq. (8). Another feature of time-resolved studies, when
the behavior is not a single exponential, is that they may
permit a separate evaluation of RRKM and non-RRKM
effects. In particular, we saw that, assuming a kinetic model
and the conditions in Eq. (15), the behavior at long times
can be compared with statistical theory, whereas the behav-
ior at short times depended on the intramolecular redistribu-
tion rate. The interpretation is the less ambiguous the nar-
rower the initial distribution of £ ’s and J’s.
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