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FOREWORD

The ACS Symposium Series was founded in 1974 to provide
a medium for publishing symposia quickly in book form. The
format of the Series parallels that of the continuing ApvANCES
N CuEMIsTRY SERIES except that in order to save time the
papers are not typeset but are reproduced as they are sub-
mitted by the authors in camera-ready form. As a further
means of saving time, the papers are not edited or reviewed
except by the symposium chairman, who becomes editor of
the book. Papers published in the ACS Symposium SErIES
are original contributions not published elsewhere in whole or
major part and include reports of research as well as reviews
since symposia may embrace both types of presentation.



PREFACE

One of the main goals of chemistry is to understand and predict chemi-
cal changes. Toward this end chemists have attempted to charac-
terize reactive intermediates and to study the rates of various elementary
chemical processes, A complete understanding of a chemical reaction
requires knowledge of the microscopic rate constant for evolution of a
system in a single reagent “quantum state” (translation, rotation, vibra-
tion, and electronic state) to a single product “quantum state.” Conven-
tional bulk rate studies are incapable of resolving these states and merely
provide average rates. Although much has been learned from these
average rates, further understanding demands less averaging. Fortu-
nately, technological developments—such as molecular beams and lasers
—are providing us with the tools necessary to probe these states, and the
direct measurement of some of these fundamental microscopic “state-to-
state” reaction rates has begun to be feasible. :

The papers assembled in this volume represent the proceedings of
a symposium held at the 173rd ACS National Meeting, March 21-23,
1977, in New Orleans. The purpose of the symposium and this book is
to present a snapshot of the exciting and rapidly developing field of
state-to-state chemistry, The papers represent early attempts to answer
such questions as: “Which quantum states are most likely to react?” and
“Which quantum states are most likely to be formed?” Few papers
actually represent studies of the evolution of one quantum state into
another (except some of the theoretical papers), attesting to the present
difficulties in performing such experiments. Instead, collision processes
(both chemical reactions and energy transfer collisions) are studied
with varying groups of quantum states specified.

In the area of state-to-state chemistry the interaction between theory
and experiment is strong, with theory suggesting new experiments and
new approaches and experiment providing calibration for the theory.
This marriage has been very productive in the generation of chemical
“scope” or understanding, but some practical children have also been
born. One past example of this is the infrared chemiluminescence experi-
ments of Polanyi (1961) showing that HCI was preferentially formed in
vibrationally excited states in the reaction of H atoms with Cl,. These
results were essential to Kasper and Pimentel in their development of
the first HCI chemical laser (1965). While other studies have led to still

other lasers, the emphasis has recently been reversed: lasers are being

xi



used to alter the course of reactions. This raises the tantalizing possibili-
ties of laser chemistry where lasers are used to choose a quantum state
of the reagents which may react faster or form different products from
the ground state. Currently there is considerable interest in the possi-
bility that laser-induced chemistry may be attractive for large-scale
chemical processing. '

The papers in this volume have been grouped under three main
headings: Reactive Collisions, Energy Transfer Collisions, and Theory.
In addition, Reactive Collisions has beeen further divided into Beam
Studies and Bulk Studies. The assignment of a paper to a particular
group in many cases was somewhat arbitrary. It should be recognized
that there are strong complementary interactions between research
activities in each of these areas.

The editors hope that this book will help the reader share in the
exciting developments in state-to-state chemistry. It is a pleasure to
thank the contributors and publishers for their excellent cooperation,
without which this volume would not have been possible. A special note
of thanks goes to Dorothy D. Butler for her assistance in assembling the
manuscripts.

July 1977 Panre R. Brooks
Epwarp F. Haves
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State-to-State Cross Sections and Rate Constants for
Reactions of Neutral Molecules

RICHARD B. BERNSTEIN
Chemistry Department, The University of Texas, Austin, TX 78712

Recent experimental and theoretical advances have
led to the development of a new field known as "state-
to-state" chemistry. It is now becoming possible to
measure directly (and interpret, on a sound theoretical
basis) the relative probabilities of formation of nas-
cent reaction products in specified internal states
from reagents in selected states.

In addition to a number of important practical
applications (e.g., the discovery of new laser-induced
reactions and the development of improved chemical las-
ers) there are many fundamental implications for the
field of gas-phase chemical kinetics. The basic com-
ponents of the reaction rate constant are the state-to-
state rate coefficients, say ki¢f(T), or, at a more

fundamental level, the state-to-state reaction cross
sections, ci;f(E). Here i and f denote initial (reag-

ent) and final (product) states, respectively, T the
translational temperature, and E the total energy.

The theoretical framework for dealing with state-
to-state kinetics was laid down by Eliason and Hirsch-
felder (1) in 1959, who established the relationship
between the transition probabilities, the detailed dif-
ferential state-to-state cross sections, the reaction
cross sections, state-to-state rate coefficients and the
thermal rate constant. A number of subsequent fundamen-
tal papers have advanced the understanding of state-
to-state reactions (2-4).

Reviewing briefly (5), the gas-phase bimolecular
thermal rate constant can be expressed

k(T) = £ P(T)k,(T), (1)
1

where Pi(T) represents the relative population of
3.



4 STATE-TO-STATE CHEMISTRY

reagent_state i at the given temperature T, and ki(T)
is the total rate constant out of state i,

ki (T) = >1:: kisg (T (2)

summing over all final states f.
Consider an experiment at a given translational
energy distribution characterized by a certain value of

the average relative translational energy Etr' The

state-to-state rate constant is the expectation value
of the product of the relative speed times the cross
section, i.e. \

Kisg(Epp) = <vr°1'+f(vr)>ﬁ (3)
: tr

where o (ZEtr/u)é. Thus
ki+f(Eté) Ivoie(vi)plv, |E L (4a)

= (2/wtro, (£, JEE P(EIE, DdE (4b)

tr

where p and P represent the normalized probability den-
sity functions (pdf's) for Vel and E, , respectively.

Considering the total rate constant out of state i,

ke (E) = (2/m)¥redo ()P (EIE)aE (5)
where oi(E) = §0i+f(E) (6)

(drbpplng the subscript tr).
For the special case of a Maxwellian translation
energy«distribution (for which E = 3kT/2),

P(E|3kT/2) = 2(E/m)¥ (k1) 3/ Zexp(-E/kT) (7)
so Ky (1) = (md¥(2/k1)¥ 2rEo, (E)exp(-E/KT)E  (8)

from which k(T) is obtained via Eq. (1). For the limit-
ing case of a line-of-centers cross section (risin

from threshold at E=E,, to a 1imiting value of wd?

and assuming no state dependence, Eq. (8) yields the
usual Arrhenius-like temperature dependence for the

rate constant

k(T) = (8kT/mu)®nd2exp(~Eo/KT). (9)
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Eq. (9) is not applicable to reactions of excited-
state reagents and non-Maxwellian translational dis-
tributions; one must.use Eq. (1), which requires a
knowledge of P,, together with Eq. (5), which requires

both P(E) and oi(E) for all populated reagent states i.

As will be seen later, for reactions with an energy
barrier 9y is extremely sensitive to the state of in-

ternal excitation of the reagent, and therefore so is
ki‘ For many practical situations involving laser ex-

citation the translational distribution can be taken

to be essentially Maxwellian and so Eq. (8) may be used.
In 1969 Parker and Pimentel (6) made a significant

advance in connection with their chemical laser study

dealing with the exothermic F + H2 > HF+ + H reaction,

which gives rise to a vibrational population inversion
in the HF product. (The dagger denotes internal exci-
tation.) From the ratios of the rate constants for

the formation of the various vibrational states of the

HE' (see Fig. 1), they deduced (via detailed balance)
that the rate of the reverse, endothermic reaction
would be strongly enhanced by vibrational excitation
of the HF reagent. The possibility of preferential
utilization of reactant internal excitation energy
(vs. relative translational energy) had already been
suggested on dynamical grounds by Polanyi (7) in 1959
(and, on the basis of trajectory calculations a decade
later by Polanyi et al (8, 9) and Raff et al (10)).

In 1969 Anlauf et al (11) showed how to make use
of microscopic reversibility to predict the vibrota-
tional selectivity in endoergic reactions from.the pop-
ulation-inversion data for the inverse (exoergic re-
action), usually obtained from infrared chemilumines-
cence data (12).

Consider the state-to-state atom—diatomic exchange
reaction, written in the exoergic direction:

A + BC (v,J) % AB(v',d') + C; AEo,< 0, (1)

At a given value of the total energy E, microscopic re-
versibility yields (2, 3, 11):

(vd+v'd'|E) cal . Vgt 4
oelvdsv'a'| E%_]x [ tr]x [ZJ +1J (10)

o (V' I>VI[E) § Ee 2J +1
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50 ke(vd+v'd'|E) [EL]3QZ[EEr]%X[2J‘+1} ) (11)
m

K. (VITVITE) ~ E,..| “|20 +1

]

Several valuable reviews have been published (5,
13-16) dealing with experimental and theoretical-com-
putational studies of nascent product state distribu-
tions for exoergic reactions (which are found to be
almost always non-Boltzmann).

Recently, Levine et al (17-20) presented a theo-
retical analysis of the effect of reagent energy on
reaction rates. They employed the information-theore-
tic method (21-25) to deal with the problem of the
selectivity of energy requirements. In the course of
their work they considered also the implication of
detailed balance.

Kaplan et al (19) showed that for a Maxwellian
translational distribution, detailed balance yields

P : 3/2
ke(vd>v'd'|T) . ,
f _|u 20'+1
K [V I>va[T) -[ ] [ZJ 11X exp(-6,E/kT) (12)

u

where 61E = AE, + lejl - GvJ; (13)

here GvJ is the vibrotational energy of the reagent vJ
state, Gv'J' that for the product v'Jd' state.

In the special case for which the rotational states
of both reagent and product molecules are Boltzmannized,

Eq. (12) leads to the detailed-balance result:
. 2(23'+1)exp(-G,,/kT)
kg lwrv S T) - oo Ty (w4 %exp(-6,E/kT)
kr(v’+v]T) (24 +1)exp(-GJ/5T) u
J (14)
where §,E = AEo + G4 - 63 (15)

here Gv is the vibrational energy of the reagent in its
rotationless state and Gv' that of the product. Egq.

(14) is essentially that used by Parker and Pimentel
(6) in their analysis of the vibrational dependence of
the "reverse rate constant", mentioned above.

On the experimental side, an early yet elegant ex-
periment in the ion-molecule field played an important
role in stimulating research involving excited neutral
reagent molecules. This "textbook example" is the work
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of Chupka et al (26) in 1969 on the endoergic ion-
molecule reaction H;(v) + He =+ HeH+ + H, from which a

direct comparison could be made (27), at constant total
energy, of the comparative effect of reagent vibration-
al energy vs. relative translational energy upon the
reaction cross section. Enhancements of more than two
orders of magnitude were observed, which have been the
subject of considerable theoretical attention (17, 28).

A number of other ion-molecule studies showed im-
portant vibrational energy effects, but in the field of
neutral-neutral kinetics results on selectivity of en-
ergy requirements (14) were forthcoming with more dif-
ficulty. These are the subject of the review which fol-
lows. Not to be discussed are the closely related but
well-reviewed (13-16) subjects of vibrotational and
translational energy disposal in exoergic reactions,
nor the Targe body of computer-simulation studies.

Early "bulk" experiments involving vibrationally
excited reagents.

In 1970 Stedman et al (29) produced evidence from
a discharge-flow experiment that the rate of the re-
action C1 + H2 is enhanced by H2 vibrational excita-

tion. 1In 1972 Heidner and Kasper (30) reported that
the rate constant for the process (predominately re-
active) H + Hz(v=1) - Hz(v=0) + H exceeded that of the

H-exchange reaction with ground-state Hz by a factor of
ca.103. They attributed this to the efficient utili-
zation of the 12 kcal mcﬂ'1 excitation energy in over-

coming the barrier (corresponding to a 7.5 kcal mo]'1
activation energy).  On the other hand, Birely et al
(31% in 1975 found in a similar discharge-flow experi-
meént that vibrational excitation of the Hy, was ineffec-

tive in overcoming the barrier corresponding to the

10 kcal mol'1 activation energy for the reaction of
H2 with oxygen atoms.

Bauer et al (32) in 1973 reported observations of
a laser-induced exchange reaction: H2 + 02 + 2HD, in-

terpreted in terms of a vibrational enhancement mechan-
ism. They deduced from a computer analysis of their
experimental data that the exchange reaction proceeds
with a measureable rate for Hz(v34). However, there

is some doubt about the interpretation of the experi-



