(ﬁ INTEHNATIONAL ATOMIC ENERGY AGENOY @
UNITED NATIONS EDUCATIONAL, BCIENTIFIC AND CULTURAL ORGANIZATION

INTERNATIONAL CENTRE FOR THEORETICAL PHYSICS

34100 TRIESTE (1ITALY) - P.0.B. 568 - MIRAMARE - STRADA COSTIERA 11 - TELEPHONE: 9240-1
CANLE:I CENTRATOM - TELEX #00392 -1

H4.SMR/3B1-24

COLLEGE ON ATOMIC AND MOLECUL AR PHYSICS:
PHOTON ASSISTED COLLISIONS IN ATOMS AND MOLECULES

{30 January - 24 February 1989)

REACTIONS OF VIBRATIONALLY EXCITED MOLECULES

J. WOLFRUM

Universitat Heldelberg
Physikalisch-Chemisches Institut
Heidelberg D 6900

F.R. Germany



)

L1}

3

Reactions of Vibrationally Excited Molecules

JURGEN WOLFRUM
Max-Planck-Institut fiar Stromungsforschung Gétingen, West Germany

and

Physikalisch-Chemisches Institut der
Ruprecht-Karls-Universitit Heidelberg, West Germany

1. Introduction . 108
II. Reactions of atoms wnh wbranonally excued dzatomu:
molecules . . 107
A, Reactions of wbrauonally excued hydrogcn molccules . 107
B. Reactions of vnbranonally excited hydrogen halides . 114
C. Reactions proceeding via complex formation . 130
II1. Reactions of vibrationally excited diatomic und mammlc
molecules . . . . . 133
A. The system AB(u) + CD(u‘) . . . . 134
B. The system A + BCD(») . . . . . 139
C. The system AB(v) + CDE(») . 140
IV. Reactions of vibrationally excited polyatomic molecules . 143
A. Reactions involving chemically stable reactants . . 143
B. Reactions of free atoms with polyatomic molecules . 144

L. Introduction

The energy dependence of the chemical reaction rate is traditionally studied
under conditions in which the rate of reaction is slow compared to that of
collisionai energy transfer. Under these conditions the energy of the reac-
tants can be characterized by a temperature; the temperature variation of
the reaction rate constant can be expressed often with sufficient accuracy
by the Arrhenius equation. Deviations of experimental data for bimolecular
reactions from the simple Arrhenius equation are discussed in detail in the
contribution by Fontijn and Zellner (Chapter 1). Arrhenius parameters
contain, however, no direct information on how the various degrees of
freedom in the reacting molecules and in the “activated complex” contribute
to overcoming the potential energy barrier of the reaction. Information on
chemical reactivity as a function of specific excitation of the reactanis can
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give important insights into the microscopic dynamics of a chemical reac-
tion, i.e. into the process of bond breaking under the influence of new
bond formation. This knowledge is also of basic interest for potential
practical applications in which external energy is used to drive chemical
reactions more sclectively than by using thermal heating. Despite the
progress mude in recent years in calculating wave functions for polyiatomic
systems, we are still far from obtaining such information quantitatively by
ab initio theoretical calculations for many systems. Experimental investi-
gations of reactions of state selected molecules are especially interesting
for degrees of freedom for which a nonequilibrium population of excited
states can be maintained for some time, so that the enhanced chemical
reactivity can compete with energy transfer processes. Excitation of relative
translation and rotation of the reactants will relax 10 equilibrium within
a few collisions, Longer lifctimes can be expected for vibrational and
electronic excitation. The chemistry of electronically excited species is
described in the following chapters by Breckenridge (Chapter 4) und
Slanger (Chapter 5).

A relation between chemical reactivity and the effectivity of vibrational
energy transfer was suggested fifty years ago by Franck and Eucken (1933).
Indirect experimental evidence for the dependence of the rates of bimol-
ecular atom exchange reactions on vibrutional excitation rather than on
total energy was reported by Bauer and Resler (1964). More systematic
studies have become possible only recently, especially with the development
of powerful laser light sources. The coherence, collimation, monochro-
maticity, high quantum flux, polarization, short pulse duration and tuna-
bility of laser light sources now available in the infrared, visible and
ultraviolet allow the preparation and detection of vibrationally excited
molecules with an unprecedented degree of selectivity. After the first report
on the isotropic selective dissociation of a highly vibrationally excited
polyatomic molecule in the electronic ground state by high power infrared
lasers (see e.g. Letokhow, 1975), a large number of experimental and
theoretical investigations were focussed on unimolecular reactions induced
by monochromatic infrared radiation. However, as discussed in Chapter
2 by Luther and Troe, near the dissociation threshold the density of states
becomes very high and intramolecular energy migration very fast. For a
more detailed understanding in terms of elementary processes, bimoleculer
reactions with lower potential energy barriers involving low vibrational
energy levels of the reacting molecules are more suitable. In the present
chapter examples for bimolecular reactions of vibrationally excited neutral
molecules in the electronic ground state and in the gas phase will be
considered. The examples are selected according to the total number of
atoms in the reacting system. Typical experimental arrangements are dis-
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cussed and experimental results will be compared with the predictions of
various theoretical models.

In this chapter A = 0.1 nm is used to identify interatomic distances.

II. Reactions of Atoms with Vibrationally Excited Diatomic Molecules

The simplest system in which the effect of selective vibrational excitation
can be studied is that of reactions of free atoms with vibrationally excited
diatomic molecules. The various channels for removal of the vibrationally
excited molecules BC(v) may be written as

A + BC(v)— A + BC(v")
= AB(v)+C
- AC(v") + B

-» (ABC)*
< N
A + BC(v) Products

As discussed in Chapter 1, most of the different reaction types mentioned
above show similar behaviour in the variation of the total reactive cross
section as a function of the relative translational energy of the reactants.
After reaching a maximum beyond a certain threshold energy the reactive
cross section decreases for high translational energies due to the shortening
of the interaction time of the reactants at high relative velocities. A much
more vatied picture is obtained for vibrational excitation. Thus, no simple
functional form or cotrelation could be found for experimental data on
reactions of vibrationally excited molecules.

}AH"sO

A. Reactions of Vibrationally Excited Hydrogen Molecules

The exchange reaction between a hydrogen atom and a hydrogen molecule
provides the simplest case where for neutral species the kinetic process of
bond breaking under the influence of new bond formation can be studied
experimentally and theoretically. In the development of microscopic models
for the theoretical description of chemical reactions, the H;-system plays
a central role as the simplest bimolecular reaction of neutral species. The
theoretical determination of macroscopic rate parameters in the Hj (and
any other systems) can be divided into three major steps:

1. Constructiop of the Born-Oppenheimer potential energy hypersurface
of the reaction complex, i.e. the determination of the potential energy
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as a function of the coordinates of the particles involved. Within the
framework of the Born—Oppenheimer approximation isotopic substi-
tution has no effect on the surface.

2. Description of the dynamics of the chemical reaction on the potential
energy hypersurface, i.e. the dependence of the temporal development
of the system from the given initial states and the calculation of trans-
mission amplitudes between initial and final states in the form of specific
cross sections.

3. Evaluation of macroscopic reaction rate constants assuming partial or
total Maxwell-Boltzmann distribution in the energy of external and
internal energy states of the reacting particies. In the case of reactions
with vibrationally excited species specific rate constants of selected
vibrational states can be compared with experimental results,

As shown in Fig. 1 it is often necessary to refer to different approximations
during the steps of the calculations. The recently reached standard in the
theoretical treatment of the Hj system is supposed to be very near to
quantum mechanical reality. The different steps will now be discussed in
detail.

Dynamical

Approximations Hypersurface
method Pprox P

aM

“aob iniio
Sisgbahn,
Liv (1978)
Truhlar,
Horowiiz {1978)

numencal
stfort

TST

Samuempinical
Poter,
Karplus [1964)
Yates,

Lastor {1974)

cr

Fig. 1. Survey of various methods for the theoretical determination of rate
parameters in the Hy-system (for symbols see text). (For references (a)-(m) see
Table I).
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Fig. 2, Characteristic energies for the D + H; (v) reaction.

1. Potential energy hypersurface of the H; system

More than half a century ago London (1928) first pointed out that the
H + H, reaction can be understood in terms of a quantum mechanically
calculated potential energy surface. London regarded the H; complex as
a superposition of three H, molecules. The potential energy of the H,
system was expressed in terms of three coulombic interaction integrals and
three exchange integrals. As shown in Fig. 2 this simple valence bond
calculation leads to a potential energy barrier E; = 36.9 kJ mol~*, not far
from the result obtained with modern high speed electronic computing
devices. However, a more precise treatment of the London method includ-
ing contributions resulting from overlap and three centre terms destroys
the good, accidental agreement with modern results. The unsatisfactory
results of the early ab initio approaches led to the development of semi-
empirical treatments. In the London-Eyring-Polanyi (LEP) procedure the
coulombic interaction integrals were approximated by a Morse function
multiplied by a constant factor. Sato (1955) later replaced this adjustable
factor by the square of the Heitler-London overiap integral. The best
modern semi-empirical H, surface was generate¢d by Porter and Karplus
(1964). They used the complete formulae for the non-ionic valence bond
treatment for the three-orbital three-¢lectron system given by Slater (1931).
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The integrals were evaluated by a combination of theoretical and semi-
empirical treatments. More recently it was possible to construct a modern
ab initio surface for the Hj system. Ab initio means in this case, that for
important and well chosen constellations of the hydrogen nuclei the exact
determination of the corresponding potential energy is achieved by starting
with the Born-Oppenheimer approximation and the Coulomb law without
using any thermodynamic or spectroscopic data. In the order of 150
thoroughly selected ab initio points were calculated by Siegbahn and Liu
(1978) and fitted to an analytical function which represents the potential
energy hypersurface mathematically in a smooth and easily handleable way
by Truhlar and Horowitz (1978). Although this surface is an enormous
advance in modelling chemical reactions, it should be kept in mind, that
the accuracy of the fit in the different regions of the surface depends
strongly on the choice of the ab initio points.

2. Reaction dynamics of the Hj system

The central point of chemical dynamics is the determination of the prob-
ability of ending with a defined final state of products from a well defined
initial state of reactants. In the context of quantum mechanics this means:
what is the probability that a given initial state, which can be described by
a linear combination of eigenfunctions of a system in the reactant region
couples with different product channels, which can be described by a linear
combination of eigenfunctions in the product region. In general one has
to consider a change in the coordinate system in the collision process, since
the eigenfunctions of the reactants and products are usually not orthogonal.
The probability Py for a transition of one initial state i to the final state can
be described by a transition matrix Si; so that

Py =[S (1)

The numerical effort of a dynamical calculation increases rapidly with the
size of the S-matrix, i.e. the number of coupled states that have to be
considered in the dynamical model, Therefore a number of quantum
mechanical approximation methods were developed in order to keep the
number of matrix elements as small as possible.

The most accurate approximation is the j,-conserving or centrifugal-
sudden approximation, where certain off-diagonal terms in the kinetic
energy expression, which couple the body fixed projection states, are
neglected (Elkowitz and Wyatt, 1976; Kuppermann et al., 1977). However,
this approximation still involves a considerable numerical effort.
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Searching for further simplifications one comes to the rotational sudden
approximation (10SA), which neglects the coupling between the different
rotational states (Bowman and Lee, 1980; Baer ef al., 1980}, Although
these approximations introduce considerable interventions into the system
(the j; conserving method interferes with the law of conservation of angular
momentum, and the rotational sudden approximation even affects the
law of conservation of energy) all the qualitative features of the
reaction dynamics are preserved and the introduction of these approxima-
tions into the system is the foundation for calculating more complex
systems.

Another quantum treatment of reactive scattering is the so-called
Distorted-Wave-Born-Approximation (DWBA; Sun et al., 1980; Clary and
Connor, 1980). The method involves the solution of a nonreactive elastic
scattering problem for reactants on the one side, and the analogous problem
on the product side. After that, the transition amplitude is calculated,
using the full potential surface. The DWBA approach can relatively easily
be generalized to other reactions in three dimensions and gives good results
in predicting the distribution of the states in the different product channels
(Shan et al., 1978; Clary and Connor, 1979).

Besides the various quantum mechanical approximations, the dynamics
of the chemical reaction can also be described as the motion of a
“billiard-ball passing through the mountains and valieys” of the potential
energy surface (CT). Contrary to the classical case, where initial conditions
like vibration, rotation and translation are continuously adjustable, quan-
tum mechanics in general allows only discrete values for the energy of the
system. The quantisation of the initial and final conditions of a system on
one side, and the maintaining of the picture of the classical trajectory on
the other side is characteristic of the quasiclassical theory (QC). With the
quasictassical complex trajectory method tunnelling probabilities can also
be determined quite accurately. Nevertheless, the method is rather difficult
to apply, particularly in three dimensions (Doll et al., 1973).

Another approach is transition state theory (TST) as discussed in detail
in the previous chapter. Rate constants derived from TST calculations
always provide an upper bond of the exact rate constant. To minimize the
TST rate some variational methods have been developed.

Recently the method of periodic orbit dividing surfaces (PODS) has
been introduced to treat a collinear atomic-diatomic system (Pechukas and
Pollak, 1979). By combining TST-methods with methods for determining
tunnelling probabilities, rate constants for the H + H; reaction in three
dimensions have been obtained, which are in excellent agreement with
quantum close coupling calculations (CC) on the Porter-Karplus surface
(Garrett and Truhiar, 1979, 1980a).
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3.Comparison of calculated and measured rates for vibrationally excited
H; molecules

As shown in Fig. 2 single quantum vibrational excitation of the Ha moiecule
exceeds the Arrhenius activation energy (£.), the threshold energy (£,)
as well as the classical barrier height (E,) of the reaction D + H,. This
reaction including the isotopic equivalents is therefore very suitable for a
detailed comparison of theoretical and experimental results on the effect
of vibrational excitation on the dynamics of a chemical reaction. Table I
gives an overview of the results obtained so far. Experiments however, are
hampered by the difficulties in preparing known concentrations of vibra-
tionally excited hydrogen molecules which are not infrared active. One
experiment (Gordon et al., 1978) employed a hydrogen maser technique
to measure the rate constant of hydrogen atom exchange with thermaily
generated H;, HD and D; in the (v = 1) state at 300 and 356 K. In another
experiment (Kneba er al., 1979) the excitation of H; (v = 1) was achieved
by an indirect excitation technique using energy transfer from laser-excited
HF (v = 1). The H atoms formed during the reaction D + H; (v = 1) were
followed by Lyman-a resonance absorption. The most recent experiment
by Glass and Chaturvedi (1982) used a microwave discharge for generation
of H; (v = 1) and ESR spectroscopy for H and D atom detection. As
shown in Table I there is still a wide scatter among the experimental data
and between experimental and theoretical results. The rate constant meas-
ured for the vibrational nonadiabatic reaction plus inelastic deactivation
channels is significantly lower than the total rate measured for the exchange
reaction. The dominance of the adiabatic route and the magnitude of the
experimental vibrational rate enhancement both depart considerably from
theoretical predictions. A central point in this comparison of calculated
and measured rates is the question of whether the observed discrepancies
are caused by insufficient accuracy of the potential energy hypersurface in
the region, which is important for the reaction of H; (v = 1). In calculations
using quantised periodic orbits a barrier has been found on the v =1
adiabatic surface in the entrance channel far from the saddle point (Pollak,
1981). Extension of this calculation to three dimensions (Pollak and Wyatt,
1983) gives a barrier of 18.3 kJ mol ™" in good agreement with exact quantum
calculations (Walker ez al., 1978). Since the barrier is found far away from
the saddle point where only a few ab initio points are calculated, more
points must be generated in this region for comparison with experiment.
Clearly, the disagreement between theory and experiment for this reaction,
which should be the best-understood of all chemical processes, surely
provides a continuing theoretical and experimental challenge. Better
agreement between experiment and theory is obtained for the

Table I. Companison of experimental and calculated rate constants for the Hs-system

Surface
and

Surface

and

Rate constant (300 K) (¢cm® molecule™s™")

Surface

and

Surface

and

2

Reactive
ko-m

H+

Reactive
k )==all

Total

Reartive

ki—o

dyn. method

dyn. method

dyn. method

Kie

dyn. method

-

PK, QC*

PK, QC

PK, 10SA'

YL QC*

YL, CC
SLTH, DWBA*

SLTH, QC
Exp.*

SLTH, QC*

PK, QC"
Exp.Ff

YL, QC*
YL QC

1.8 x 10°%#
6.0 x 107
1.7 x 107°%
7.3 x 107
3.0 x 1078

PK, 10SA'
YL, CC
SLTH, DWBA*

PK, QC
SLTH, QC

1.3 x 10~
1.6 x 107V
4.3 x 10°%2
55x 10
5.4 x 10~

SLTH, DWBA*
SLTH, TST*

SLTH, QC!
Exp.°

YL, CC

1.2 x 10°
9.3 x 10-
1.95 x 10°
2.6 x 1076

22 x 107

Rate constant (300 K) (cm’ molecule's™")

D+ H;

dyn. method

Surface
and

SLTH, QC
Exp’

Exp.f

Reactive
1.67 x 1072
0.98 x 1012
1.2 x 10~

Ikl-v-lll
* Garrett and Truhlar {1979);  Garrett and Truhlar (1980); “Mayne and Toennies (1979); * Redmon (1979);

SLTH, TST*
Exp.”

Surface

and

dyn. method
* Sun et al. (1980),

chatz and Kupperm

3.1 x 10

Reactive
2.2 x 1071

koo

y (1965); » Heidner and Kasper (1972); ¢ Gordon er al.

* Mayne (1979); ' Osherov er al. (1978); * Smith (1977); ' Bowman and Lee
; 'Glass and Chaturvedi (1982).

y (1973); ®Schuliz and LeRo

; * Mayne and Toennies (1981)

ann (1976); * Karplus e7 of. (1965);

™ Pollak (1981); " Mitchel! and LeRo:

(1978); "Kneba et al. (1979)

'8
(1979):
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O(CP) + H, (v = 1) reaction. Light (1978) has measured the rate of pro-
duction of OH (v = 0, 1) using laser-induced fluorescence.

A total reaction rate constant of 107 cm® molecule™! s~ was obtained
at 302 K with a branching ratio OH (v = 0)/OH (v = 1) 0f0.5. The reported
rate for H, (v = 1) is about 2 x 10? times higher than that measured for
thermal H; at room temperature and confirms a previously (Birely et al.,
1975) reported upper bound. The large vibrational rate enhancement led
to the suggestion that differences in the reported rate constant values for
thermal H, at low temperatures might be explained by the presence of
vibrationally excited H; in these studies. Theoretical calculation on the
O + H;reaction (Schinke and Lester, 1979; Clary eral., 1979) are consistent
with the experimental findings. They not only predict the observed large
vibrational reaction rate enhancement but also predict the branching ratio
OH (v =0)/OH (v =1),

Large vibrational rate enhancements have also been found for the q,
Br and I atom reactions with H; (v) in theoretical (Raff et al., 1970; Porter
et al., 1973; Gray et al., 1978) and experimental (Stedman er al., 1970;
Sims et al., 1975) studies. As expected, the most endothermic reaction,
I+ H,, gives the highest acceleration and the thermal reaction occurs
almost exclusively through excited vibrational states of H,. However, it
should be emphasized that a quantitative interpretation of the experimental
studies is difficult as they cannot separate the possibly large contributions
from the higher H, vibrational states and they do not measure the fraction
of excited H;. A dramatic reaction rate enhancement was reported for
Br + H; in a direct study using simuitaneous spin orbit and vibrational
excitation {Nesbitt and Leone, 1980).

B. Reactions of Vibrationally Excited Hydrogen Halides

Vibrationally excited hydrogen halides HX (X = F, Cl, Br, 1) are weli
suited for direct investigations of the effect of vibrational energy on the
reactivity. Hydrogen halides undergo a great number of atom reactions
with energy barriers that can be overcome by one or a few HX vibrational
quanta. It is relatively simple to prepare them in excited vibrational states
by exothermic prereactions or by direct optical pumping with hydrogen
halide chemical lasers and to study their behaviour in the presence of atoms
by observing the depletion of infrared chemiluminescence or the infrared
fluorescence decay. To distinguish between reactive and inelastic pathways
it is necessary to measure the absolute consumption of reactants and/or
formation of products. This is a general problem in direct studies of
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reactions of vibrationally excited molecules that have been overcome so
far only in a rather limited number of experiments.

An indirect method for deriving information about the detailed rate
constants and the energy consumption for endothermic reactions involving
hydrogen halides applies relationships based on the principle of microscopic
reversibility (Anlauf es al., 1969; Kaplan et al., 1976). The method is
especially useful in providing information on the vibrational state specific
rate constants of highly endothermic chemical reactions (Polanyi, 1972).
An information theoretic analysis of detailed rate constants may be used
to extrapolate to vibrational levels where direct measurements are not
available. This approach also gives some general rules for the utilization
of vibrational energy. Initially, the reaction rate will increase exponentially
with increasing reactant excitation. Once the reactant excitation equals the

Table IL. a. Rate constants for the reaction of HC! (v = 1) molecules with Cl atoms

HCl (v =1} + Cl— k(T) T range
Products (em’ molecule™'s™") (K) Remarks Reference
HCl(v=0)+Cl 10.5 x 1012 300 Exp. a

10.0 x 1071 298 Exp. b

(7.6 £ 2.3) x 1012 295 Exp. c

(58 £08) x 107" 295 Exp. d

51.5 x 10712 300 Theor, e

(27 = 8) x 10°% 295 - Theor. f

2 x 1074 300 Theor. g

(6.1 = 1.3) x 101 298 Exp, h

* Craig and Moore (1971);  Ridley and Smith (1971); ¢ Bott and Heidner (1976);
¢ Arnoldi and Wolfrum (1976); * Wilkins (1975); / Valencich er al. (1977); # Smith
and Wood (1973); * Kneba and Wolfrum (1979).

b. Rate constants for the reaction of HCI (v = 2) molecules with Cl atoms

HCl (v =2) + Cl- k(T) T range
Products (em’ molecuie™'s™') (K) Remarks Reference
HCl(v=1)+C1 (3.2 = 0.8) x 100 294 Exp. a
(34 x0.7) x 1070 381 Exp. ]
(3.7 £ 1.0y x 10 411 Exp. a
HCl (v =0) + CI (1.0 £03) x 107 294 Exp. a
(4.0 £ 4.0) x 1071 38 Exp. a
0+3)x 101 411 Exp. a

“Macdonald and Moore (1978),
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endoergicity, the situation changes. The rate constant will then increase
very slowly with further increase in the vibrational energy (Levine, 1978).

In this section experimental methods and resuits for reactions of different
atoms with vibrationally excited hydrogen chloride molecules are described
in some detail. A summary of results given in Tables 11-V,

Table IIL. Reactions of HCI (v) and DCI (v) molecules with H and D atoms

Reactants —» k(T) T range ‘
Products (cm’ molecule™'s™')  (K) Remarks Reference
HCl(v=1)+D— (11 £ 3.3) x 107" 295 Exp. a

HCl (v = 0) + D } (83+28 %1002 295 Exp. b
DCI+H (30 = 6.6) x 1078 295 Thear. ¢
DCl{(p=1)+H— (25 +0.5) x 10" 295 Exp. a
DCl{v=0)+H -12 .

HCl (v =0) + D } (143 2 6.2) x 10 295 Theor. c

DCl (v=1)+D— 2=07) %10 295 Exp. a

DCl (s = 0) + D (10 £2.5) x 1072 295 Exp. ¢

*Bott and Heidner (1976); ® Amoldi and Wolfrum (1976); * Valencich er al.
(1977).

1. Thermoneutral exchange reactions of the 1ype X + HX(v) and -

H + HX(v)

Simple thermoneutral halogen and hydrogen atom exchange reactions have
attracted special attention as model systems for testing theoretical calcu-
lations on the competition between energy wransfer processes and chemical
reactions under nonequilibrium conditions. However, it is still difficult 10
calculate accurate ab initio potential energy surfaces for such open shell
systems with many electrons.

(2) The reaction C! + HCI (v). In 1964 Klein ef al. measured the thermal
- rate of the reaction Cl + HCI by using the radioactive *Cl isotope and the
Cl + D; system as a reference reaction in a competitive method. With
more direct measurements for the reference reuction one derives from
their data an Arrhenius activation energy of 25 kl mol™'. However, quite
contradictory evidence on the potential energy surface was obtained from
the results of BEBO calculations by Truhlar ef al. (1972) on the propertics
of X—H—X (X = Cl, Br, on I) species. In the case of Ci—H—CI a wel}
depth of 6.5 kJ mol™! and a bond strength of 12.6 k] mol™! were predicted.
On the other hand, calculations by Polanyi (1963) using the LEPS methods

) -_....-sr_‘,

Table IV. a. Rate constants for the reaction of HCI {v = 1) molecules with O(*P) atoms

Reference

Remarks

T range
(X)

295

j)u:uolc.-.::ule"s")

KT
(cm

HCI (v = 1) + O°P)—

Products

{1l x02) x 0¥
1.3 x 167" x

196400
296

exp[1(528 = 100) K/T]

© = 1.3) x 10°8

}

OH (v = 0) + CI(*Py,)
OH (v = 0) + CI(*Pyp)

OH + Q1

HCl (v =0)+ O

208
298
298

0) + O(P)
* Brown et al. (1975); ®* Macdonald and Moore (1978); ¢ Kneba and Wolfrum (1978).

HCl (v

b. Rate constants for the reaction of HC] (» = 2) molecules with O(*P) atoms

Remarks Reference

T range

(K)

k(T
(cm

HCl(v=2)}+ OCF)—

Products

j)I:nolec‘-ulc:" s71)

§ &5

295

&R

(5.2 = 0.4) x 10°1
2
2

|

OH(=0,1)+C
HCl (v = 1) + O(*P)

HCl(v=1)+0
OH{(v=0,1)+C

“ Macdonald and Moore (1978).
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Table V. Rate Constants for the reaction of HCl(v) molecules with Br(*Py;) atoms

HCl{v = 1) + Br (3P}~ Kk(T) T range

Products (cm’ molecule~s™")  (K) Remarks Reference

N Exp. a
= 0) + Br(*Py) 42+1)x10 “_ 300
ggi&’ = 0} + Br(‘(’;"’m) (28+0.7)x 107® 300 Exp. a

= 2Pin)—> k{T) T range
ll;lr(r::)::{::cts D+ Bl {cm’molecule™'s™") (K) Remarks Reference
= +10) x 102 300 Exp. ab
HBr(v=0)+ ¢ 85: 3) >2 101 295 Exp. ¢
(4x3.5) x107" 355 Exp. ¢
(11 £ 6)x 10" 390  Exp. c
12x 10" 300 Exp. d
(93 £ 53) x 1079 300 Theor. e
(721 £244) x 10°® 1000  Theor. e
(15x5)x 107" 333 Theor. f
(150 % 3R) x 10°¥ 1000  Theor. f

* Arnoldi and Wolfrum (1976); * Arnaidi et al. {1975); ¢ Macdonald and Moore
(1980); “ Kneba {1977); * Brown (1977); / Smith (1977).

and more recent ab inifio calculations blf Botsch:vina and Meyer (1976)
ing (1981) do not agree with these results. -
angu?tttlngl:l:t%e(mpts )to obtain iiformation on details of th'e potential energy
surface of the C—H—CI system were made by observing the bchav%\:r
of vibrationally excited HCl moleculc§ in thF presence of Cl atoms. :
open electronic shell as well as the spln—orplt components of tl!e gr'.?unal

state chlorine atom provide several effective pathway§ for’ vabrafnc.)n
energy transfer in electronically adiabatic and nonadn'abam: CO"ISIOI’I!‘;
(Smith, 1976). The experimental data were comgarcd with the result.s o
classical trajectory studies on various LEPS potential §1]1rface§. Ca'lcula-uon:
using reaction barrier heights from 40 to 25 ki mol prgdlct v1branonla
relaxation rate coefficients much smaller than the expenmgmal data. In
contrast, calculations employing surfaces with a small potential energy well
are in better accord with the experiments. Th_e best agreement with th:
. experimentally observed rates was obtained \ylth a barrier height around
4 kI mol™! (Smith, 1975). However, an expel_'lmer_ual-studx b){ Kneba ;.::sn
Wolfrum (1979) using isotopically sclective vnbrat;f_]mal excitation of H El
{v =1) and mass spectrometric detection of H"C} formed during the
reaction

C1L+ H¥Cli(v = 1)~ HCl (v =1,0) + ¥Cl ()
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demonstrated that this reaction is more than a factor of 10° faster than the
thermal reaction at 298 K. The large vibrational rate enhancement together
with the confirmation of the low HCl (v =10) exchange rate strongly
supports the earlier determined (Klein et al., 1964) barrier height of about
36k mol™!. The experiments were performed using an arrangement
shown schematically in Fig. 3. It consists of a discharge-flow reactor with

He, C1,(Br0)
|
)

motreconll  punes
= 1t

HCL {ve)
/L
THERMOSTATED FLUORESCENCE T
FLOW REACTOR CELL P [ mass
FILTER
F T
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A - EHHHHH R s n
PUMP HCI-LASER HyiCly

Fig. 3. Schematic of an experimental arrangement for time-resolved mass spectro-
metric detection of infrared laser-induced reaction products (Kneba and Wolfrum,
1979). MWD = Microwave Discharge.

laser excited infrared fluorescence detection coupled by a molecular beam
sampling system to a quadrupole mass spectrometer for direct observation
of the laser-induced reaction products. During the experiment the intensity
of a certain mfe peak is followed as a function of time starting with the
onset of the laser pulse. A signal is obtained during the transit time of the
laser pulse through a volume of 10 mm diameter and 150 mm length at the

sampling nozzle. The narrow line width infrared radiation from a chemical

HCl laser can be used for the isotopically selective vibrational excitation
of HCl molecules. This techni

que allows the investigation of isotopic
exchange reactions without the need for isotopically enriched starting
material. In a mixture containing HCl and chlorine atoms in their natural
isotopic abundance (*Cl:¥'C| = 75.53:24.47) a chemical laser operated
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with a natural Cl; + H; mixture will excite predominantly H*C] molecules
into the v = 1 state. If the rate of isotope exchange reaction can compete
with the nonreactive vibrational deactivation of HCI (v = 1) by Cl atoms,
the thermal exchange reaction and the fast V-V energy exchange process

H*Cl(v = 1)+ H'Cl (v = 0) 2 H*Cl (v = 0O+H™CI(v=1) (3)

Reaction (2) can directly be observed by measuring the amount of H¥'C}
over the natural abundance ratio formed afier the laser pulse. Using a
computer model for the coupled rate equations of the elementary steps
involved, the measurements can be simulated by varying k; as the unknown
parameter. The measured temperature dependence of the calculated
k; rates is shown in Fig. 4. An Arrhenius activation energy
E, =10.8kImol™! can be derived from the slope of the curve. The V-V
energy transfer rate k; was taken to be independent of temperature between
250 and 358K in these calculations, The data obtained for kx can be
compared with the results for the vibrational deactivation of HCl {(v=1)
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Fig. 4. Contributions from HCl (v = 0, 1) to the thermal rate of reaction (2) (Kneba
and Wolfrum, 1979). Top curve, HCl (v = 1) + CI'~ C1 + HCI' (v = 1, 0). Bottom
curve, HCl (v = 0) + CI'~ Cl + HCI' (v = 0).
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- by Clatoms. At room temperature the rate for the hydrogen atom exchange

reaction k; is nearly double the relaxation rate. This difference becomes
larger with higher temperatures. Thus, a significant amount of the reactive
collisions must be vibrationally adiabatic. Because of the large rate enhance-
ment after single quantum excitation, the contribution from HCl (v = 1)
to the thermal rate constant is expected to induce a substantial curvature
in the Arrhenius graph (Fig. 4). The deactivation of HCI (v = 1) as a result
of the V-E energy transfer process

HCI (v =1) + Cl (*Py;) = HCl (v = 0) + CI (Pyp), @)

ie. via electronically nonadiabatic collisions, contributes only about 1%
to the fast vibrational deactivation of HCl (v = 1) by Cl atoms as expected
from the fact that DCl (v = 1) is relaxed less rapidly than HCI (v = 1) by
Ci atoms (Brown ez al,, 1975b).

The result obtained in the direct investigation of Reaction (2) clearly
demonstrates that it is a problematic procedure to construct potential
surfaces for a particular system by adjusting the potential barrier used to
describe the system until agreement between experimental and calculated
rate constants for vibrational relaxation processes are obtained. It now
seems worthwhile to carry out quantum mechanical and trajectory caleu-
lations on more recent potentials for the Cl + HCI (v) system to see whether

-0.5 v} 0.5
Minimum snergy path (A}

Fig. 5. Profile of the potential esergy along the minimum encrgy path for the
collinear Cl-—~-H—Cl surface (Adapted from Dunning, 1981). —, potential;
~——, potential zero-point energy.
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specific quantum effects are responsible for the conflicting results. An
interesting new inversion procedure that uses detailed vibrational and tota}
rate coefficient data to obtain potential energy surfaces for chemical reac-
tions is given by Connor et al. (1980). Fig. 5 shows a new calculated
collinear potential energy surface for the CIHC)-system. Along the mini-
mum energy path, the decrease in zero point energy in the direction of the
saddle point more than compensates for the increase in the potential
energy. The reaction bottleneck is located 0.05 A away from the saddle

point with a vibrationally adiabatic barrier about 4 kJ mol™! higher than |

that at the saddle point.

(b} The reaction H, D+ HCI (v). In the H + HCl system one has to
consider two possible pathways, the hydrogen atom exchange and the
hydrogen atom abstraction. Experimental rate constant data for the forward
and backward thermal reactions H + HCl = H, + CI are now in good
agreement with each other. Semi-empirical potential energy surfaces com-
bined with trajectory calculations yielded rate constants in reasonable
agreement with the experiments. The situation for the hydrogen atom
exchange is less satisfying. The reported thermal rate constants for this
reaction are very contradictory. In a static photochemical experiment,
DeVries and Klein (1964) showed that the abstraction and exchange path-
ways have about equal importance at room temperature. The result was
later confirmed in flow tube measurements (Klein and Velttmann, 1978).
By contrast, Wood (1972) and Miller and Gordon (1982) in photochemical
experiments, as well as Endo and Glass (1976) in thermostatted flow reactor
studies, found the activation energy for H atom exchange higher than that
for abstraction. The theoretical studies exhibit a similar discrepancy. While
LEPS calculations give potential wells between —15 and —40 k) mol-? for
the H + Cl + H complex, the quantum mechanical ab initio treatment gives
a barrier for exchange between 40 and 110 kJ mol~! (for a review see
Weston, 1979),

Vibrationally excited HC] (v) molecules can be consumed by H or D
atoms in electronically adiabatic processes either by thermoneutral hydro-
gen atom exchange, the slightly exothermic hydrogen atom abstraction
reaction, or in nonreactive collisions, Figure 6 shows an experimental
arrangement for the observation of these elementary processes. HCl mole-
cules in the vibrational ground state are mixed with atoms in a discharge
flow reactor. The decay of the laser excited HCI (v) is followed by infrared
fluorescence. To distinguish between reactive and inelastic pathways, it is
necessary 10 measure the absolute consumption of reactants or formation
of products. This is achieved here by measuring the absolute concentration
of the vibrational excited molecules using the rapid equilibration between
the HCI (v) levels and a measurement of the relative population in the
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Fig. 6. Di_scharge-ﬂow System for simultaneous time-resolved detection of the
concentrations of reacting atoms and infrared laser excited HCl (1) molecules
(Arnoldi and Wolfrum, 1976). MWD = Microwave Discharge.
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levels v =1 and v =2 as function of time. The concentrations of the
reacting atoms are followed by time resolved atomic resonance absorption.
Figure 7 summarizes the results for the D + HCl (v = 1) system. Thus, the
nonreactive relaxation, and not the hydrogen atom exchange or abstraction
reaction, is mainly responsible for the high HCI (v = 1) deactivation rate,
contrary to predictions from theoretical calculations {Wilkins, 1975;
Thompson et al., 1975, 1976; Valencich ez al., 1977). The reason for the
poor success of the theoretical calculations is obviously the fact that it is
not possible to obtain a two parameter LEPS surface that can reproduce
both the higher barrier for the exchange and the lower barrier for the
abstraction reaction simultaneously. A high energy barrier of about
200 kJ mol™! with respect to hydrogen atom exchange was also predicted
by ab initio calculations on the H + HF = HF + H reaction, and was
confirmed in recent experiments. The high energy barrier is surprising for
this thermoneutral exchange reaction; it is substantially higher than that
for the endothermic H + HF— H; + F reaction path that energetically
opens up for HF (v = 3) molecules only (Bott and Heidner, 1978).

(¢) The reaction O (*P) + HCI (v). Ground state oxygen atoms react
relatively slowly with thermal HCI at room temperature. The rate of the
reaction

O(P)+HCI»OH +Cl  AH%s = 3.3kImol"! (5)

has been measured directly by several methods up to temperatures of
720K. As shown in Fig. 8 there is relatively good agreement among
different investigations. Since the first vibrational level of HCl corresponds
to 34.3kImol™!, the single quantum excitation should deliver enough
energy to overcome the potential energy barrier of reaction (5). When HCI
(v = 1) molecules are generated in the flow sysitem by absorption of the
laser pulse, the decay of HCl (v = 1) is significantly accelerated in the
presence of oxygen atoms. However, the data given in Fig. 8 indicate that
the reactive channel forming OH + Cl gives only a small contribution to
the rapid removal of HCl (v = 1) by O (*P). This is in agreement with the
faster DCI (v = 1) decay rate observed (Brown ef 4l., 1975a). However,
the rate enhancement is much less than the factor exp{—E(v = 1)/RT].
Since the Arrhenius pre-exponential factor is not changed significantly by
vibrational excitation, the contribution of HCl (v = 1) molecules to the
thermal reaction is small for most temperatures of interest. At 200K
thermally excited HCI (v = 1) molecules contribute less than 10-% and
at 200K about 10% to the total consumption of HC by O (°P) atoms.
This is also true for HC1 (v = 2) molecules. As shown by quasiclassical
trajectory calculations (Brown and Smith, 1978), the remaining thermal
activation energies for HC) (v = 1, 2) are very similar. Despite an increase
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Fig. 8. Experimental data for the temperature dependence of the rates for

vibrational relaxation and reaction of HCI (v = 1, 0) with O P) atoms (Kneba

and Wolfrum, 1978). Top curve, O (°P) + HCl (v = 1)— O (*P) + HCl (v = 0);

middle  curve, OCP)+HCl(v=1)—OH + CI(*Py;); bottom curve,
O(*P) + HCl,— OH + Q.

by a factor around 10* in ks, the contribution from HCi (v = 2} in the
thermal reaction is below 10% up to 2000 K.

A theoretical model to explain the effective energy transfer in collisions
involving P-state atoms as a result of electronically nonadiabatic curve
crossing was given by Nikitin and Umanski (1972). As shown in Fig. 9,
several potential surfaces exist for the interaction of O (*P) atoms with
HCl (v). Atcertain distances a nonadiabatic coupling between the different
vibronic states is possible. The approach of the reactants O (*P) and HCI
on a triplet surface, followed by a nonadiabatic transition to the singlet
HOCI surface as an intermediate complex, has been discussed as the
possible origin of the poiential energy barrier in this reaction. However,
the fact that this crossing point appears necessarily to be lower than the
saddle point of the lowest triplet surface is of course an artifact of the single
coordinate correlation diagram. The experimental results on the reverse
Cl + OH (v = 9) reaction (Blackwell et al., 1977) and the observed for-
mation of OH (v = 1) from O (*P) + HCl (v =2) (Butler et al., 1978)
indicate that the chemical reaction occurs predominantly adiabatically
vibronic on a triplet surface and does not proceed through a long-lived
HOCI complex. Detailed evaluations of the intermolecular potentials are
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Fig. 9. Reaction and vibrational deactivation of HCl (v) in collisions with O (*P).

still not available. The reaction Cl + OH (v) increases by a factor of about
10 as v increases from 1-9. There is evidence for the formation of H + OCl
from Cl + OH (v = 4), prabably via the HOCI intermediate.

2. Endothermic exchange reactions of the type Y + HX (v)

(a) Investigations in ‘bulk’ systems. For Y as the heavier halogen these
reactions are endothermic. The reaction

Br + HCl (v) = HBr (v*) + Cl (6)

has become a prototype for endothermic reactions whose rates are enhanced
selectively by vibrational excitation. Relative' rates of removal of HCl
(v = 1-4) were measured using the infrared chemiluminescence depletion
technique of Douglas er al. (1973, 1976). For HCI (v = 4) the reactive cross
section for reaction with Br atoms was estimated as 1-4 A? from experiments
performed in a cryo-pumped “arrested relaxation” chemiluminescence
apparatus (Polanyi and Woodall, 1972) shown in Fig. 10. Vibrationally
excited HCI is formed by the “prereaction” Cl + HI1. The “depletion” of
the emission intensity of the excited endothermic reactant in the presence
of reactive atoms is monitored by an infrared grating specirometer. This
gives a measure of the steady state concentration of the reagent in each
vibrational and rotational level. Relative reaction rates in different vibra-
tional levels are obtained from the measured amount of population deple-
tion relative to the undepleted spectrum, Absolute reaction rates were

3. REACTIONS OF VIBRATIONALLY EXCITED MOLECULES 127

PREPARATION
OF VI8 EXC. QIATOMICS

e, (11 % }

Fig. 10, Experimental arrangement for investigation of reactions of vibrational
excited molecules with the “arrested relaxation” technique (Adapted from Polanyi
and Woodall, 1972). MWD = Microwave Discharge.

obtained from laser-induced infrared fluorescence experiments by observ-
ing the decay of HCl (v = 1, 2) in the prescence of Br atoms. Figure 11
shows schematically the experimental set up used by Leone and Moore
(1973) for direct excitation of HCI (v = 2) by a tunable optical parametric
oscillator. The drastic augmentation of k¢ by vibrational excitation can be
used for an isotopically selective stimulation of Reaction (6). As indicated
in Fig. 12 the chemical HCI laser osciliates predominantly on HCl,
(v = 1) transitions. Therefore mainly H*Cl (v = 2) molecules are generated
by the absorption of two photons via the steps 0— 1 and 1— 2. The
isotopic selectivity was confirmed by mass spectrometric observation of
Br¥Cl, formed by the fast reactions of *C] atoms generated in reaction
(6) with Br; present in the reaction mixture, with the nozzle beam sampling
system shown in Fig. 3 (Arnoldi er al., 1975). Another method of obtaining
information on the HCI (v = 2) + Br rate is the application of the principle
of microscopic reversibility as discussed earlier. Combining the thermal
rate constant for the Cl + HBr reaction with the measured relative yields
of HCl in different vibrational states gives a value for kg several times
higher than the direct experimental result. However, more recent measure-
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Fig. 11, Experimental apparatus for selective vibrational excitation using an optical
parametric oscillator (Adapted from Leone and Moore, 1973). OPO = Optical
Parametric Oscillator, PEM = Photoelectron Multiplier, IR = Infrared.

ments of the Cl + HBr reaction (Zwier er al., 1980) give higher relative
yields in the HCI (v = 2) state which will lower the caleulated value for k.

(b) Investigations with molecular beams. Molecular beam experiments
allow one 10 perform kinetic studies involving vibrationally excited reactants
under single collision conditions, where collisional relaxation does not
significantly degrade the reactant and product experiments, Pruett er al.
(1974, 1975) and Dispert er al. (1979) have investigated the vibrational as
well as the translational and rotational energy dependence of the slightly
endothermic reaction K + HC|— KCI + H. Compared to ground state

RO+ *Br - "Bl B
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lva2) Lo+ Y HBr
hy.
el "' 066 eV
AE* = 2em?
hnw 036e
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Fig. 12. Energy diagram for the reaction of Br atoms with isotopically selective
excited HCI molecules. P denotes the probability of the collision process al room
temperature (Arnoldi er al., 1975).
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HCI, the cross section for the reaction of HC] (v = 1) is approximately a
factor of 100 higher and roughly 10 times as large as if the same amount
of energy were placed into relative translation. The reaction cross sections
calculated by phase space theory (Truhlar, 1975) account within experi-
mental error for the behaviour of the cross section at high initial trans-
lational energy and for the effect of initial vibrational excitation. Using
thermal heating for the vibrational excitation of HCl and HF Heismann
and Loesch (1982) found vibrational excitation more effective than trans-
lational energy in promoting the K + KCI (v = 1) reaction up to collision
energies of 48kJmol™ and the K+ HF (v=1) reaction up 1o
164 kImol ™. At higher energies translation becomes more effective than
vibration in surmounting the potential energy barrier of the reaction.
Another very elegant series of molecular beam experiments has been
carried out by Zare and co-workers (1979) using selective laser excitation
of HF coupled with laser-induced fluorescence detection of products. The
apparatus is shown in Fig. 13. A beam of Sr atoms enters a scattering
chamber containing HF at low pressure. The output of a pulsed grating
tuned HF laser is directed perpendicular to the atom beam, preparing HF

TUNABLE
{YE-LASER

]';D';':g;-ﬁ Il TRIGGER

¥ig. 13. Experimental arrangement for the investigation of reactions of vibrationally
excited molecules under single-collision conditions using laser-induced fluorescence
for product detection (Adapted from Zare, 1979). PM = Photomultiplier.
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in the v =1, J =1 state. A half-wave Fresnel rhomb (ZnSe) is used to
rotate the linear polarization vector of the laser emission. A tunable dye
laser probes the StF product internal state distribution. The reaction of
vibrational ground state HF with Sr atoms scarcely proceeds, while HF
(v = 1) reacts at least 104 times faster (Karny and Zare, 1978). Different
SrF excitation spectra were obtained when the HF (v=1,7 = 1) molecule
is preferentially oriented perpendicular or along the metal atom beam
(Zare, 1979). The result indicates that the minimum energy path is a bent
configuration (Balint-Kurti and Yardley, 1977),

C. Reactions Proceeding Via Complex Formation

So far only direct reactions of atoms with diatomic molecuies have been
considered. Another possible pathway in this system is the formation of
a quasibound intermediate reaction complex. The redissociation of this
complex provides a very effective pathway for vibrational deactivation of
diatomic molecules, e.g. NO (v), O, (v) + X (X =H, F, Cl, Br, 1, O).
The complex formation allows the application of statistical theories, such
as the statistical adiabatic channel modet (Troe, 1978; Quack, 1979).

Also the measured vibrational enhancement of the reaction rate of
exchange reactions like

O + HO' (v =1)—HO? ~ OH (v’ = 0} + O’ ()]
and
H+OH' (v=1)=>H)0*~-»OH (v' =0) + H' (8)

can be understood in this way (Spencer and Glass, 1976; Margitan et al.,
1975).

An interesting example in which complex and direct pathways can be
observed simultaneously is the reaction

O (P) + CN () — CO (') + N (S) ©)

25 CO(v") + N(D),

Channel A connects the reactants directly with ground state nitrogen atoms
and CO, while channel B correlates with the electronic ground state of
HCO radical as intermediate and with electronically excited nitrogen atoms
and CO as products. To simulate the dynamics of Reaction (9) three
dimensional classical trajectory calculations have been carried out using
two different empirical adiabatic potential energy surfaces (Schmatjko and
Wolfrum, 1975). Fig. 14 shows collinear cuts through the surfaces and two

CNlved)eO ~——COIv)e N(*S] CNlvzé)eD — NCO™—~COIV*)+NI"D)

i i i istributi he reaction O
. 14, Classical trajectorics and product energy distributions for t ]
:;ig) !:CN (v=4) ce{lculated on empirical potential energy surfaces represgmmg
direct and complex exothermic pathways (Schmatjko and Wolfrum, 1975).
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typical trajectories for the reaction of vibrationally excited CN (v = 4)
radicals. The trajectories demonstrate the quite different dynamical behav-
iour of the two pathways. The deep attractive “well” of the NCO ground
state allows an effective energy exchange for several vibrational periods
of the collision complex. The reaction energy can therefore be distributed
in a more statistical way among the reaction products, while on the direct
path a transformation mainly into vibrational excitation of the CO molecule
occurs. Among other details the trajectory calculations can give a picture
of how the vibrational excitation of CN (v) will influence the rate of the
Reaction (9) on the two different pathways. On the complex path the
reaction cross section decreases with increasing vcy. This can be understood
from the standpoint of unimolecular decomposition of the intermediate
complex, which gives an increasing amount of redissociation into the
reactants with increasing total energy. As discussed earlier, such collisions
can provide a very effective way of vibrational deactivation. On the direct
path the opposite trend is predicted. The increase in the reactive cross
section with vibrational excitation can be rationalized by the “induced
attraction” (Ding ez al., 1973). The barrier due to a repulsion between an
attacking atom A and the molecule BC in the vibrational ground state will
decrease for BC (v) in high vibrational levels, since in the limit (dissociation
of BC} an attraction exists between the free atoms A and B. The opposing
effects of vibrational excitation on the reactive cross sections for the
exothermic direct and complex pathway will be enhanced in systems with
higher potential energy barriers, and diminished for higher transiational
temperatures. Information about the relative importance of the two dif-
ferent exothermic pathways of Reaction (9) can be obtained by observation
of the product energy distribution. Fig. 15 shows the primary CO (v)
distribution formed in Reaction (9) measured by time resolved infrared
spectroscopy using a CO-laser tunable down to the 1-0 band. (Schmatjko
and Wolfrum, 1978). In agreement with the predictions of the trajeciory
calculations on path A the energy is predominantly channeled into CO
vibrational excitation, so that a parial inversion in the population of
higher vibrational states is created. On path B the formation of CO in low
vibrational levels predominates. The energy is converted into the excitation
of the metastable N (D) atoms and relative translational energy of the
producis. Because more phase space is associated with states of relative
translation, the vibrational state distribution of molecules produced by the
decay of the transition complex decreases monotonically with increasing
vibrational quantum number (Marcus, 1975). Figure 15 also shows the
effect of increasing vibrational excitation of the CN radical on the product
energy distribution. Only the direct channel A allows the conversion of
about 50% of the reactant vibrational energy into product vibration. In
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Fig. 15, Vibrational population of CO (u)_formed in Reaction (9) as function o
t?le initial vibrational state of the CN radical (Schmatjko and Wolfrum, 1978).

contrast, there is practically no “vibrational memory” for the complex

channel B. N
In some cases the electronic ground states of the collision partners and

the triatomic complex do not correlate directly, ¢.g.
N;(0) + 0 NO* (10)

CO(v)+0—CO;3. (11)

Here nonadiabatic processes on the “spin-forbidden™ route as well as the
competition of “spin-allowed” routes with higher potential barriers must
be considered (McNeal ef al., 1974; Lewittes et al., 1978).

I11. Reactions of Vibrationally Excited Diatomic and Triatomic Molecules

If one considers reactions involving four atoms, the simplest system is the
interaction of two vibrationally excited diatomic molecules. Compared to
elementary steps involving free atoms, reactions bgtween molccu}es with
closed electronic shells exhibit much higher poteatial energy barriers.
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A. The System AB (v) + CD (v')

1. Reaction between vibrationally excited H; molecules

The simple 4-centre metathesis reaction
H;(v) + D2 (v')—=2HD (v7) (12)

has a barrier height equal to several vibrational quanta, which makes it
difficult experimentally to separate the detailed reactive processes from
vibrational energy transfer. Early indirect shock tube studies on this proto-
type reaction have been mentioned above (Bauer, 1964). More direct
investigations were also performed more recently by Bauer and coworkers.
The stimulated Raman effect was used for laser optical pumping on H;
(Bauer er al., 1973). Vibrational ladder climbing steps have been assumed
to explain the observed HD formation in experiments using thermal and
stimulated Raman pumping of the hydrogen molecules. However, several
investigations (Pratt and Rogers, 1976; Marteau ef al., 1978) show that
only an atomic mechanism (see Fig. 2) can sufficiently well explain all the
observations. The central focus in the controversey is that the ground
electronic state H, + D; orbitals do not directly correlate with ground state
2HD for the expected square planar transition state. Extensive calculations
of reaction pathways for severat bimolecular transition state geometries by
Brown and Silver (1978) have shown that the reaction barrier lies above
the H; + 2H asymptote for each configuration. Calculations by Dixon er
al. (1977) suggest a six centre, hexagonal transition state that can explain
the experimental findings. However, calculations by Goddard and
Csizmadia (1979) indicate that the lowest H, singlet excimer state probably
lies less than 226kJmol™ above H; + H,, and may thus serve as the
transition state for concerted molecular H; + D; exchange.

Figure 16 shows a diagram of the experimental arrangement for the
preparation of HD (v = 5) by cw intracavity dye laser excitation of the
weak HD (v = 0— 5) overtone. The dye laser was tuned to the overtone
resonances by optoacoustic detection, using the intracavity detection-cell.
The reaction was fotllowed by measurement of the D, photoproduct. Laser
oscillations were limited to one or two longitudinal modes by using an
uncoated quartz etalon and birefringent filter. The energy deposited per
molecule (197 kImol™!) is significantly larger than the 159 kJ mol™! cal-
culated (Poulsen, 1970) as E, for Reaction (12). However, no reaction
products could be found in this experiment (Herman, 1980). The sensitivity
of the experiment was high enough that the expected reaction yield was
100 times the D, detection limit, though it is not high enough to monitor
either any trimolecular mechanism product HD (v = 5) + 2HD (v = 0), or
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Fig. 16. Experirpemal arrangement for high vibrational overtone excitation by dye
laser intracavity absorption (Adapted from Bray et al., 1977; Herman, 1980).

CW-ION-LASER

the reaction between laser- and collisionally pumped reactants e.g., HD
(v =2) + HD (v = 3) reactions, which Poulsen (1970) has claimed are
important in shock tube studies. However, as discussed in detail by Bauer
(1979) neither the experimental nor theoretical investigations of this simple
exchange reaction are beyond question. This holds also for such reactions
invalving hydrogen and hydrogen halides. For electronically excited halo-
gens and interhalogens the effect of vibrational excitation in the reaction
with H, could be studied more directly (Harris, 1977).

In early classical trajectory studies of 4-centre exchange reactions on
model potential surfaces with a variable potential barrier location, Mok
and Polanyi (1970) showed that substantial energy in excess of the barrier
is required to induce significant reaction. The situation changes if one turns
to reactions of diatomic radicals. Here atom transfer reactions such as AB

(v) + CD (v')~» ABC + D with lower potential energy barriers become
feasible.

2. The reaction OH (v) + H, (v')
In the reaction

OH (v) + H, (v') —» H,0 + H, (13)

single vibrational quantum excitation of one of the reactants already
significantly exceeds the potential energy barrier. As one intuitively expects,
and as shown by classical trajectory calculations {Raff, 1977), the reaction
rate is further enhanced by vibrational excitation of the bond to be broken,
H, (v = 1) is reported (Zeliner and Steinert, 1981) to react 150 times more
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rapidly than H, (v = 0), whereas for OH (v = 1) the enhancement is by
less than a factor of 1.5 (Light and Matsumoto, 1978). For the specific case
of H;O formation there is no necessity for changing the OH bond length
by vibration during the course of the abstraction rection, because the OH
bond distance remains almost constant going from OH to H;O. An ab
initio calculation on the potential energy surface for Reaction (13) was
recently reported by Walch and Dunning (1980). Quasiclassical trajectory
studies on this surface (Schatz and Elgersma, 1980; Schatz, 1981) show an
interesting interplay between statistical and nonstatistical features in the
product vibrational distribution. Excitation of OH (v = 1) leads to addi-
tional excitation of the H.O stretch modes (001,011 etc.), perturbed by
the reactive process. Excitation of Hz (v = 1) causes additional excitation
in all three HO modes.

In the low barrier OH + HBr-» H;0 + Br reaction, acceleration by an
order of magnitude is observed for OH (v = 1) (Spencer and Glass, 1977).
A similar result is obtained for CN (v) + Hy— HCN + H (Schacke et al.,
1977).

3. The reaction CO + OH (v')

A very interesting reaction in this series is the conversion of CO into CO;
via

CO (v) + OH (v*) — CO; + H. (14)

As discussed in Chapter 1 the measured thermal Arrhenius activation
energy of the OH + CO reaction shows a strong temperature variation,
rising from E, near zero below 300K to 33.5 kI mol™! at temperatures in
excess of 2000 K.

Experiments using vibrationally excited hydroxyl radicals in Reaction
(14) do indicate that OH (o = 1) is quenched by CO at least as rapidly as
it reacts with it. A rate enhancement of less than a factor of two was
measured at 288 K (Spencer ef al., 1976). Vibrational excitation of the CO
molecule should provide another clue 1o the microscopic mechanism of
~Reaction (14). The energy of the vibrational quanta in CO is comparable
to the apparent activation energy observed at higher temperatures. Com-
pared with OH radicals and other diatomic hydries, the CO molecule has
amuch smaller dipole moment in the vibrational ground siate. The change
due to the dynamic dipole moment after vibrational excitation should
therefore be more dramatic compared 1o those cases. Figure 17 shows an
experimental set up for investigation of the CO (v) + OH reaction (Dreier
and Wolfrum, 1981). The experiments were performed using a discharge
dow system coupled to a quadrupole mass spectrometer by a nozzle beam
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Fig. 17(a). Schematic of a discharge flow system coupled to a quadrupole mass
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sampling system (Fig. 17a). Vibrational excitation of CO was achieved by
energy transfer from vibrationally excited N; molecules

N:(v=1)+CO-CO(v=1)+N, AE=-18cm-. (15)

The vibrational and rotational temperatures of the reactil!g CQ molecules
could be determined directly by the arrangement shown in Fig. l?b.
A stabilized cw-CO laser is employed as light source for infrared
resonance absorption measurements, From the !neas.ured absolute popu-
lation in the v = 1-4 CO vibrational leveis the vibrational temperature of
CO is monitored at different excitation levels of the N; molecules, At
the same time the rotational and translational temperature of CO was
kept at room temperature., With constant Tr= Ty = 298K, k‘;‘{, de;
creases with increasing vibrational temperature of CO from 9 x 10 cm
molecule™!s™! at 7% =298K to 7.8 % 10‘“cm3moleculg“s" at TgC =
1800 K. Such a decrease could also directly be observed in thc.CN (v) +
O;— products reaction (Schacke et al., 1973) and may .be explalped by an
intermediate reaction complex. Here, as discussed earlier, w‘nh increasing
internal excitation of the complex the rate of redissociation into the reac-
tants increases, which results in a decreasing reaction rate if the cross
section for the complex formation is not significantly enhanced by the
vibrational excitation of the reactants. Vibrational rate enha_mcement_can
therefore not be used to explain the substantiaf non-Arrh.emus beha\_ru.)ur
of k\4. However, several calculations assuming the fmeauon of a collision
complex HOCO and different models for the transition state to form the
products H + CO; can reproduce the measured experimental rate data and
are used to extrapolate &, data to higher temperatures. The preseace of
a potential well on the reaction surface before the system passes th_mugh
the transition state, should result in strong coupling collisions leaqnqg to
equilibrated distributions in the transition state. However., if th? ad(?zflonal
energy carried by the vibrationally excited CO molecules is equipartitioned
among the degrees of freedom in the HOCO complex and the transition
state, the measured rate for CO (v = 1) should correspond to the thermal
rate at a temperature of 830 K. The experiments descrit:.ocd above show
that k4 (T = 830K) =~ 4 X ki (v = 1). Therefore it is questionable whetr.ler
the presently discussed models for Reaction (14) can be used 1o describe
the reaction over a wide temperature range. . .
Recent experiments (Jacobs er al., 1983) show that relative translat:opai
energy of the reactants can induce a selective enhancemen.t of the.react.lon
rate in both directions. From such experiments, together with quasiclassical
trajectory studies on ab initio calculated potential surfaces of the H + CO,
(Peyerimhoff and Buenker, 1982) and HO + CF) compl?x, one can expect
to obtain a more direct picture of the microscopic dynamics of this reaction.,

L ————
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This should explain whether the reaction follows a pathway in which at
high temperatures the relative translation of the reactants converted to a
high rotational energy of the complex can open a new channel, or whether

a second completely different direct pathway is dominant at high
temperatures.

B. The System A + BCD (»)

With the atom plus triatomic molecule reactions one encounters a fasci-
nating aspect, the question of mode specific energy consumption in reactions
of vibrationally excited molecules. Molecular beam studies of the

Ba + N,O (l’;) — Ba0O* + N, (16)

reaction suggest that the w-bending mode in N,O acts as promoting mode
and is more effective than an equivalent amount of translational energy
(Wren and Menzinger, 1979), Similar results are obtained for the reactions
of Sn and Group 1Hb metal atoms with N;O (Yokozeki and Menzinger,
1977; Manos and Parson, 1978). Because the 1, (N—O stretch) mode is
in Fermi resonance with the asymmetric stretch vibration 1 in the triatomic
molecuie, trajectory studies of the O + CS;— CS + SO reaction (Schatz,
1979) indicate that the asymmetric stretch vibration 1, in the triatomic
molecule may not be the promoting mode even though appears to
displace the molecule along the reaction coordinate. Quasi-classical cal-
Culations using a LEPS type potential energy surface for the O + Cs,
reaction and good action-angle variables (Schatz and Moser, 1978) show
that, instead, the lower frequency mode 1 (symmetric stretch) couples
most efficiently into the motion along the reaction coordinate, whereas the
high frequency mode 1, tends to be vibrationally adiabatic at energies close
to threshold. The product CS vibrational quantum number is always ident-
ical with the initial 15 quantum number, whereas the symmetric stretch
w is highly nonadiabatic, The lowering in threshold by a (100) excitation
is similar to that for (001), aithough the symmetric stretch quantum (100)
is much smaller than the asymmetric (001) one. Also, the threshold for
(500) is substantially lower than for (002), although the states are nearly
degenerate. Experimental investigations of the exoergic reactions O + COS
(%) (Manning er al., 1976; Kneba et al., 1976), O + Oy (1) (West et al.,
1976, 1978b; Chekin er al., 1979), and Pb + O, (Kurylo er al., 1976), which
have higher activation barriers, indicate that there is little or no coupling
of vibrational energy to the reaction coordinate, Only a small fraction of
the measured relaxation rate is due to the laser-enhanced reaction. This
implies that these reactions with triatomic molecules are subject to similar
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dynamic constraints as exoergic reactions of diatomic molecules, which
tend to have the barrier in their entrance channel. The high relaxation rate
may be explained by nonadiabatic transitions, as discussed earlier in con-
nection with oxygen atom reactions.

C. The System AB (v) + CDE (»)

Activation energies comparable to the energy of the vibrational quanta of
the reacting molecules can be expected in 5 atom systems for simple
abstraction reactions involving at least one species with an unpaired elec-
tron. The exoergic reaction between nitric oxide and ozone looks very
interesting in this respect. The reaction proceeds by two parallel paths 1o
yield ground-state vibrationally excited (A) and electronically excited (B)

NO; molecules
NO + 03— NO} (%4,) + Oz; EA = 9.7kJ mo} ™ (17

NO + 03— NOJ (3B, ) + Oy; E? = 17.5kI mol !

The spacings of the three vibrational modes in Oy as well as the vibrational
quantum in NO are comparable to the measured thermal activation ener-
gies. Both reactants can be vibrationally excited by molecular infrared
lasers. For ozone a coincidence between the P (30) line of the CO; laser
in the 9.6 pm band and the antisymmetric stretch vibration (001) exists.
Nitric oxide has a near coincidence with the P (13) line in the Av = %-8
band at 5.3 um of the CO laser. Because NO is a paramagnetic molecule,
the NO absorption line can be “tuned” by a magnetic field in resonance
with the laser line. Near infrared electronic chemiluminescence by NO?
and vibrational emission by ground state NO} near 3.6 um facilitate study
of both pathways. Significant rate enhancement in the two channels was
originally demonstrated by Gordon and Lin (1973), by pumping the O;
(001) vibrational level with a Q-switched CO; laser. Considerable discrep-
ancies in the rate enhancement ratios R = ki/ka and Rp = ki/kp measured
« by different groups were reported (see Table VI). The specific roles of the
directly pumped (001) stretching mode of Oj (13.3kJmol™!), strongly
coupled with the (100) stretching mode (12.5 kJ mol™'), and of the (010)
bending mode (8.4 kJ mol™!), excited by subsequent collisional relaxation,
in promoting reactivity and the interplay of reaction and vibrational
deactivation of ozone were also unclear. Most of these problems have been
tesolved by the work of Gordon et al. (1977) and Bar-Ziv ef al. (1978) and
by Hui and Cool (1978). By measuring the electronic chemiluminescence
enhancement on pumping a measured fraction of O; molecules in the vy

Table VI, _Ratc enhancement factors for the reaction of NO molecules with ozone due to vibrational excitation in different modes
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NO + O4(001) orfand
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“ Hui and Cool (1976); * Stephenson and Freund {1976);

Gordon et al. (1981); ‘Stephenson and Freund (1976).

; “Gordon and Lin (1976);
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! Gordon et al. (1977); * Hui and Cool (1978);
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level immediately following the laser excitation, enhancement ratios are
obtained. These can be compared with earlier measurements by Kurylo
et al. (1974, 1975), involving vibrationally equilibrated ozone, where the
vy population predominates through the reaction. Thus, the bending and
stretching vibrational modes make comparable contributions to the rate
enhancement of reaction B. Measurements of the temperature dependence
of reaction B in the temperature range 140-440 K, show a pre-exponential
factor for the enhanced reaction essentially unchanged from the thermal
value, and an effective reduction in EB equivalent to only 42% of the O,
(001) quantum energy. Similar results are obtained for reaction A. The
measurements of Stephenson and Freund (1976a) on vibrational enhance-
ment of the reaction rate by NO (v = 1) provided additional information
for a dynamical interpretation. Thus, within present experimental error no
marked dependence of the rate constant enhancement on specific initial
vibrational modes is observed. Furthermore, neither O; nor NO vibrational
energy is particularly effective in promoting the reactivity.

However, the interpretation of these “bulk” experiments is complicated
by the rapid collision induced energy transfer in the ozone molecule (Rosen
and Cool, 1975) and quenching of the NO} product (van den Ende and
Stolte, 1980). Quasiclassical trajectories on a series of model potentials
restricted to one electronic surface have been carried out for Reaction (17)
by Chapman (1981). While translational and vibrational energy have dis-
tinctive effects on the reaction, no mode specific enhancement of the
reaction rate was observed for any model function. This is thought to result
from the high degree of coupling of the internal caordinates to the reaction
path and to the multidimensional curvature of the reaction coordinate.
One cannot characterize one vibrational mode as directed generally along
the reaction coordinate while the others lie orthogonal to it. In conclusion,
the large amount of evidence accumulated on vibrational and translational
effects in reactions A and B, and on the roles of the 2::;,;,.,; substates of
NO (Redpath er al., 1978) siill appears to provide only limited help in
deducing the nature of the hypersurfaces concerned. Important questions
about surface-intersections that arise from consideration of the correlation
diagrams cannot be answered. In view of the various accessible electronic
states, also of the praduct molecules, a complete theoretical treatment
does not appear possible in the near future. .

The reactions NO, + CO (Herman et al., 1978), and NO; ¥ NO, (Creel
and Ross, 1976}, have been stimulated by visible laser light radiation.
Because of the complicated nature of the electronically excited states of
NO; it is very difficult to specify the reacting state. Vibrational excitation
of the NO, surely plays an important role in the measured rate enhancs-
ments. Further studies, though much less detailed, have been carried out
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for the reactions OH (v) + O, (Streit and Johnston, 1976; Potter et al.,
1979) and O; () + SO, O; ('A) (Kaldor ef al., 1974), OH (1) + NO, NO,
(Jaffer and Smith, 1979), AIO (v} + O, (Felder and Fontijn, 1976).

IV. Reactions of Vibrationally Excited Polyatomic Molecules
A. Reactions Involving Chemically Stable Reactants

A great deal of interest in the chemistry involving bimolecular reactions
of laser-generated vibrationally excited polyatomic molecules was triggered
by the observation of Mayer et al. (1970) that infrared irradiation of a
mixture of CH;OH, CD,0D, and Br, by a ¢w HF laser results in a
significant enrichment of the CD;0D isotopic compounds. However, more
recent studies using a pulsed HF laser (Willis et al., 1976) came to the
conclusion that any reaction between CH;OH and Br; induced by excitation
of the OH stretching vibration must have a quantum yield less than 1073,
Also, direct studies of the Br + CH;0H (v, = 1, 2) reaction showed no
enhanced product formation, but fast vibrationai relaxation of CH;OH
(Wolfrum, 1977). The observed isotopic earichment may be explained by
the kinetic isotope effect of the therma! reaction, which takes place by
heating the gas mixture until the faster reacting component CH;OH is
consumed. Similarly, the vibrational specificity of CO; laser-induced reac-
tions of NyF, with NO, CO, SO,, N;O, CH, (Basov et al., 1974; Oraevsky
et al., 1977) could not be confirmed for the N;F, + NO reaction in experi-
ments using pulsed lasers and time-resolved product detection (Clough and
Kleinermanns, 1979).

Bimolecular reactions of boron compounds have been discussed as inter-
esting examples demonstrating the potential application of vibrationally
excited reactants in synthetic chemistry, An early investigation showed the
conversion of diborane to icosaborane (Bachmann et al., 1974). Further
studies were made for B(CH;),Br, + HBr (Bachmann et al., 1975),
BiHe + H,8, D;S (Bachmann <t al., 1976) direct and sensitized reactions
of boron trichloride with C;H, (Karlov, 1974), H; (Rockwood and Hudson,
1975), C;,Cl¢ (Karlov, 1974), SiH, (Basov et al., 1974), COCI, (Bachmann
etal., 1979}, CH,(Schramm, 1979), decomposition and reaction of H;BPF,
(Lory et al,, 1975), D,BPF; (Chien and Bauer, 1976) and H,S + N,H,
(Bureiko et al., 1981). Again no direct real-time identification and obser- -
vation of the bimolecular elementary steps involving vibrationally excited
molecules have been made. In some cases stable end products of the
reactions could not be reproduced. Thus, for example, only lower boranes
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and no ByH;s were found in more recent investigations of the CO;
laser-induced reaction of B,H, (Shatas et al., 1978; Riley and Shatas, 1979).

Chemically more simple systems involving stable reactants are reactions
between hydrogen halides and unsaturated hydrocarbons. Investigations
of the reverse reactions, the corresponding dehydrohalogenates, show that
a large part of the available reaction energy is found in vibrational levels
of the products {Clough er al., 1970; Berry, 1974; Bauer, 1978b; Quick
and Wittig, 1978; West et al., 1978a). However, no evidence for enhance-
ment of the rate of addition of hydrogen halides to unsaturated hydrocar-
bons was found in direct experiments where one reactant was prepared in
a high vibrational state by laser excitation of an overtone transition with
the experimental apparatus shown in Fig. 16. The upper limit for rate
constants of HCI (v = 5, 6) addition to several olefins and addition of HC]
and HBr to C;H; (»; = 5) was determined to be 107! 1o 107° of the pre-
exponential factor of the corresponding thermal reactions (Hermun and
Marling, 1979). Similar results are reported for the HF (v = 4) with iso-
butene (Douglas and Moore, 1979) and HF (v) with olefins (Bauer, 1978a)
reactions. -

The examples discussed here reveal that, analogous to the situation for
smaller molecules, due 1o the relatively lligh potential energy barriers in
reactions between two chemically stable species, preparation of the reac-
tants and separation of vibrationally specific effects from thermal processes
is a very difficult task. It also seems likely that simultaneous vibrational
excitation of both reagents together with a controlled increase in the
relative translational energy is often required to accelerate the reactions.
This opens a wide field for further experimental investigations. The problem
is somewhat simplified for reactions involving free atoms and vibrationaily
excited polyatomic molecules.

B. Reactions of Free Atoms with Polyatomic Molecules

1. Reactions with methane and methylbromide

" Reactions of free atoms with methane and substituted methanes are good
candidates for investigations of the behaviour of mode selective excited
polyatomic molecules in lower vibrational levels. The problem of using a
small vibrational rate enhancement in atomic reactions in the presence of
rapid vibrational relaxation processes of the reacting molecules for selective
product formation has been overcome by Manuccia et al. (1978) in some
cases by a scheme shown in Fig. 18. To compensate for the high deactivation
rate, the rate of vibrational excitation is also made very fast. If the con-
centration of exciteq molecules is sufficiently low, the relative rates can be

3. REACTIONS OF VIBRATIONALLY EXCITED MOLECULES 145
A +BC(V) Y2 AB . ¢C
‘BCv)+ JBC “igc . iBC(v)

V- V-V
v-y

=

kh)’ - kv-]’ i kv-v > kR

Fig. 18. Kinetic scheme for the measurement of small vibrational rate enhancements
by saturation of the vibrational transition (Manuccia ef a/., 1978).

adjusted to ensure saturation of the absorbing transition even within the
power density level of a continuous infrared laser. For the reaction

Cl + CH3Br (vs = 1)— HCI + CH,Br (18)
followed by
CH,Br + Cl; — CH;B:Cl + Cl, (19)

an enrichment for the 'Br isotope of 5% in the stable end product CH,BrCl
was observed at 183K (Manuccia er al., 1978). Deuterium enrichment up
10 72% was obtained by selective enhancement of the

CH;D; (7 = 1) + C1— HCI (DCI) + CHD; (CH,D) (20)

reaction in CH,D; + CH, mixtures (Hsu and Manuccia, 1978). The econ-
omics of such a process have also been discussed by Manuccia and Hsu
(1979). Upper limits for the rate enhancements in the

Cl+ CH4(I’,)—’ HCI + CH; (21)

reaction of <30 at 148K for the 1, v, bending and of <10 at 298 K for
the » asymmetric stretching have been measured (Chesnokov er al., 1975).
No vibrational specific isotope effect could be determined in this reaction
(Vijin et al., 1975).

The reaction CH; + Hy— CH, + H is one of the few examples where
theoretical studies for reactions involving polyatomic molecules are avail-
able. Reactive cross sections for translational as well as vibrational exci-
tation for both reactants and different modes of the CH, radical have been
calculated (Chapman and Bunker, 1975). Vibration of H; strongly promotes
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the reaction for all potentials used. Methyl vibration can suppress, enhance.
or not influence the reaction, depending on the excited vibrational mode
and the location of the potential energy barrier. Examination of the
dynamics showed this to be the result of the ratio of the speed of the
vibration over the relative molecular motion. The example shows that ¢
priori predictions of mode-selective enhancements of reaction rates are
very difficult to make.

2. Reactions with methylfluoride

In order to obtain information on a bimolecular chemical reaction of a
polyatomic molecule, which is excited in a specific vibrational mode, one
must first try to decouple the vibrational energy exchange from the removal
of the excited molecule by interation with the added reactant. Using a low
partial pressure of the excited molecules, and spectral and time resolved
detection of the infrared emission from the different excited modes, a
direct observation of the energy flow is possible. For such investigations
substituted methanes are well suited molecules. A great deal of information
concerning vibration to vibration energy transfer has been obtained for
the molecule CH3F mainly due to the pioneering studies of Flynn and
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Fig. 19. Experimenta! arrangement for sensitive detection of CO, laser induced
infrared fluorescence (Kneba er af., 1980).
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coworkers using laser induced infrared fluorescence, infrared double
resonance and time resolved thermal lensing experiments (Sheorey and
Flynn, 1980; Earl et al., 1978). As shown in Fig. 19 a high detection
sensitivity for the laser induced fluorescence can be achieved by a Welsh
type mirror system (Welsh er al., 1951, 1955) for the collection of infrared
photons and two plane mirrors for multiple reflection of the exciting
COy-laser beam. Cooled LiF and MgF, windows, several interference
filters, and Ge: Hg (4 K) and InSb (77 K) detections are used for time and
spectral resolved fluorescence monitoring. The signal to noise ratio is
improved by a transient recorder combined with a signal averaging system.
As indicated in Fig. 20 several pathways of collision induced mode selective
energy transfer have been observed by this arrangement (Kneba er al.,
1980). After single quantum excitation of the C—F stretching vibration
vs at 1049 cm™, vibrational energy is transferred first via “up the ladder”
processes in the pumped 13 mode. Only four gas kinetic collisions are
required in this nearly resonant vibration-to-vibration energy transfer pro-
cess. Local Coriolis resonances between the 313 and the , level at high
rotational states (Graner, 1979) allow a small fraction of the population
in the 24 level to enter the v, level. If the time resolved fluorescence
signals are studied as a function of added inert gas pressure, with the
partial pressure of CH;F kept constant, the intensity of emission from the
C—H bending (v, »s, »,) and C—H stretching (1, w) levels increases
drastically. This can be explained by another dominant pathway under
these conditions. The intermode energy gaps between 13, » and w, ws are
surmounted in collisions of the excited CH;F (13) molecules with inert gas
atoms. Since the overtone 2u is in Fermi resonance with »; an efficient
population of the C—H stetching vibration is also possible. The experiments
show that a “metastable” vibrational energy distribution with dominant
population in the C—F stetching mode can be created after laser excitation.
While the total vibrational energy in the excited CH;F molecule remains
nearly constant, the distribution can be changed in a mode selective way
by collisions with inert gas atoms.
For the reaction

Br + CHsF (3, % = 1) = HBr + CH,F (22)

the rate is 30 times higher than the corresponding rate at thermal equilib-
rium at 373K (Strunin et al., 1976). Studies on the separation of *C, ®C
isotopes by this reaction indicate that the C—F vibration 1 excited by a
laser is not effective (Molin et al., 1978). No mode specific result, but an
effective acceleration of the reaction with increasing vibrational temper-
ature was found in a study using a stationary distribution among the
vibrational levels in CH3F (Krasnoperov ef al., 1979). In the exothermic
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D + CH;F — DF + CHj; reaction neither C—F nor C—H stretch vibrations
help to accelerate the reaction. Effective vibrational deactivation of all
vibrational modes is observed in the interaction of O(*P) atoms with CH,F,
C;H, and CH;CN (Kneba and Wolfrum, 1977).

3. Molecular beam studies

The effect of reactant translational and vibrational energy in the endo-
thermic reaction

Br+CFRI—=CF;+IBr AH=46k)mol™! (23)

was studied in a crossed molecular beam experiment (Krajnovich er al.,
1982). Seeded supersonic beams of Br atoms and CFil molecules were
crossed at right angles. Pulses from a high repeiition rate CO,TEA laser
were used to excite the CFsl molecules after the molecular beam passed
the source skimmer. The measured angular distributions shows that around
50% of the IBr product is forward scattered when CFyl is vibrationally
excited. This trend was also predicted in quasiclassical trajectory calcula-
tions (Perry ef al., 1974). Vibrational energy may allow larger impact
parameter reactive colhsions, which give rise to more forward scattering,
when the collision energy is comparable to the barrier height, vibrational
energy is more effective than additional translational energy in crossing
the endothermic barrier. Most of the reactant vibrational energy is retained
as product vibration. When the collision encrgy exceeds the barrier height
several times, reactant vibrational €nergy appears to be less effective than
an equivalent amount of additional translational energy in promoting the
reaction. This suggests that the reaction barrier is lying along the approach
coordinate (Polanyi and Sathyamurthy, 1979).

Preference for vibrational over translational energy has been found for
the reactions

K + 8Fs (1) — KF + SF; (24)
studied in a molecular beam apparatus (Sloane er al., 1972), and
Na + SFy (#)— NaF + SF; (25)

studied by the diffusion cloud technique (Eyal er al., 1981). The observed
inefficiency of additional translational energy is explained with a statistical
reaction rate theory for very exothermic reactions with polyatomic
molecules,
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