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Molecular Beam Laser-Induced Fluorescence Studies of

Chemical Reactions

Crossed molecular beam experiments that use laser-induced fluorescence spectroscopy as the detector allow measure-
ments of the internal state distribution in the products of chemical reactions studied under well-controlled single-collision
conditions. This technique provides direct information on the chemical dynamics and the intermolecular potential sur-
faces. Application to the reactions H + NO,— OH + NO and o¢’P) + CH, ,— OH + C.H  is discussed where the OH

state distribution has been measured.

Introduction

An age-old goal in chemistry is to understand the nature
of those forces involved in the making and breaking of
chemical bonds, i.e., the forces that drive chemical reac-
tions. Despite the maturity of chemistry, this understand-
ing is still in its infancy.

For many years chemical kinetics has been spectacu-
larly successful in identifying elementary reactions and in
measuring their rates under conditions of thermat equilib-
rium. Such measurements are essential for the under-
standing of reaction mechanisms and for kinetic modeling
of complex chemical environments, e.g., in combustion
or atmospheric chemistry. However, the rate constant is
a macroscopic property of the reaction and represents an
average over all possible collisions of the reactants. It
has, therefore, been difficult to extract directly informa-
tion on the chemical forces from such kinetic measure-
ments.

In contrast, chemical dynamics attempts to view the
reaction at its most fundamental microscopic level, e.g.,
as the outcome of an individual collision or scattering be-
tween two reactant molecules. Properties of the reaction
measured under such single-collision conditions reflect
much more directly the chemical forces [1]. The resur-
gence of interest in chemical dynamics over the past
twenty years is principally due to the development of the
crossed molecular beam scattering technique. Thus, for
the first time, the properties of chemical reactions can be
measured under this single-collision condition. These

scattering experiments involve the intersection of two
molecular beams in a small localized volume, where at
most a single collision occurs between the two reactants.
If the collision leads to a chemical reaction, the product
molecule may be detected by a particle detector such as a
mass spectrometer. Interest in these experiments has
centered on measurements of the angular distribution of
product molecules formed in the reaction, from which the
detailed kinematics of collisions, lifetimes of coilision
complexes, and geometries of transition states can be in-
ferred. More refined experiments with velocity analysis
of the products and velocity selection of the reactants
provide information on the role of translational energy in
the reaction: the fraction of exothermicity released as
translational energy, the dependence of cross section on
reactant velocity, and the coupling between scattering
angle and product velocity. Recent experiments of this
type have been covered in excellent reviews [2].

Although molecular beam experiments with particle de-
tectors provide unique information on chemical reactions
that is unobtainable by any other means, the technique
still has serious limitations. First, the experiments repre-
sent a considerable technological undertaking, primarily
because of the need for sensitive and low-background
mass spectrometers to detect the very low flux of product
molecules. A more fundamental limitation is the inability
of the particle detector to resolve the internal states of the
product. Various purely spectroscopic techniques, such
as infrared chemiluminescence and chemical laser gain
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measurements, can be used in favorable cases to deter-
mine the nascent product state distribution for the reac-
tion, but not under the carefully controlled collision con-
ditions of the molecular beam experiment.

Clearly, the ideal chemical dynamics experiment is a
marriage between spectroscopic and molecular beam
techniques, e.g., the use of absorption spectroscopy as
the detector in a crossed molecular beam experiment.
However, the density of product molecules formed in
crossed beam reactions is extremely low, typically
~10°/cm® in the collision zone where the two beams in-
tersect and ~10'/cm® in regions away from the collision
zone (where a scan of the angular distribution is possible).
Obviously, such densities are orders of magnitude too
low to apply normal absorption spectroscopy as the de-
tector. Schultz et al. [3] first pointed out that laser-in-
duced fluorescence (LIF) spectroscopy indirectly mea-
sures the absorption spectrum of a molecule and is sensi-
tive enough to detect the products of crossed molecular
beam chemical reactions.

In essence, the LIF technique consists in scanning a
tunable laser through an electronic absorption band of the
product molecule. When a specific transition between
definite internal levels is encountered, a fraction of those
in the level of the ground electronic state is transferred to
the excited electronic state. Once there, they can fluoresce
and the total fluorescence can be detected very sensitively.
If the radiative properties of the product are known, the
absorption spectrum can be obtained from the relative in-
tensities of the excitation spectrum.

Schultz et al. [3] have detected =5 X 10* BaO mole-
cules per quantum state per cm®, and Mariella et al. [4]
have detected =20 OH molecules per quantum state (a
density of =5 x 10° OH molecules per quantum state per
cm®). This sensitivity is comparable to that obtainable
with mass spectrometers, but it now has quantum state
resolution. However, with LIF the total product density
must now be approximately one to two orders of magni-
tude greater than with mass spectrometers since each
quantum state is detected individually. The LIF sensitiv-
ity is currently limited only by the available lasers. For
example, pulsed tunable dye lasers at = 10 pulses per sec-
ond are now most commonly used for LIF; future devel-
opment of higher-repetition-rate lasers could increase the
ultimate sensitivity of LIF by two to three orders of mag-
nitude.

Since a large excess of reactants does not affect the
spectroscopy of the product, LIF is in general immune to
the background problems associated with mass spectro-
metric detectors. This significantly reduces the vacuum
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requirements and thus the technological burden associ-
ated with molecular beam experiments.

The advantages of LIF are obtained, however, at the
price of the technique’s generality because of stringent
conditions for its applicability. The product must have a
strong electronic absorption in the region of presently
available tunable lasers (=260-700 nm). The detailed
spectroscopy and radiative properties of the products
must be already well characterized. Finally, the quantum
yield for fluorescence in the excited electronic state must
be nearly one. This last condition generally limits LIF de-
tection to some diatomic and a few triatomic molecules.
The OH radical is particularly well suited to LIF detec-
tion. The single disadvantage of OH is that only rotational
levels K =2Sinuv = 0and K = 18 in v = 1 can be ob-
served because of predissociation in the *3 state [5].

Laser-induced fluorescence has now been used as the
detector in several crossed molecular beam experiments,
principally to measure the internal state distribution of
the products [6]. Second-generation LIF experiments are
just beginning; e.g., simultaneous vibrational and angular
scattering distributions [7] have now been obtained. The
effects of initial translational energy [8], reactant vibra-
tion [9], and reactant orientation [ 10] on the product state
distribution have also been observed.

We report the application of LIF to measure the nas-
cent OH product state distribution under crossed molecu-
lar beam conditions for two very dissimilar chemical reac-
tions, H + NO, - OH + NO and OCP) + C;H,, > OH +
C,H,,. For the reaction of H + NO,, the effects of react-
ant rotation were investigated; for the reaction of OCP)
with cyclohexane, the effect of initial translational energy
was investigated. Such measurements yield direct infor-
mation on the dynamics and intermolecular potentials of
the reactions.

Experimental method

A schematic diagram of our crossed molecular beam scat-
tering apparatus with LIF detection of products is shown
in Fig. 1. Details of the experiment have been reported
elsewhere [4]; only a brief description is given here. The
apparatus includes a hydrogen or oxygen atomic beam
source generated by either an rf or microwave discharge
in the parent gas. This source produces a beam of thermal
atoms at =~340 K, with dissociation efficiencies of ~95%
for H, and ~30% for O,. The other reactant beam is either
a simple effusive beam or a supersonic nozzle beam [11].
The nozzle beam causes substantial cooling of the gas
through hydrodynamic expansion in both the internal
states and the velocity distribution of the reactant. The
nozzle beam also allows the reactant to be translationally
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Figure 1 Schematic of the crossed molecular beam scattering
apparatus with laser-induced fluorescence detection.
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Figure 2 Schematic correlation diagram for the reaction H +
NO, — OH + NO, assuming C, symmetry.

accelerated by ‘‘seeding’’ it in an excess of a light carrier
gas [11]. This is essential for the OCP) plus saturated hy-
drocarbon reactions since they have substantial energy
barriers to reaction. A quadrupole mass spectrometer is
used to monitor the beams separately or in combination
with a chopper, allowing the beam velocities to be mea-
sured through their time of flight.

The laser detection system consists of a Molectron DL
300 (Molectron Corp., Sunnyvale, CA) dye laser pumped

by a Molectron UV 1000 nitrogen laser. The output of the
dye laser is frequency-doubled to provide tunable radia-
tion in the ultraviolet from about 257 to 345 nm with
=10-pJ pulses, a linewidth of 1 to 2 cm™, and at a repeti-
tion rate of =10 pulses per second. The laser beam, which
is directed perpendicularly to the plane of Fig. 1 and to-
ward the scattering zone, enters the chamber through a
series of optically collimating baffles and excites OH in
the 2% < *I1 transition. An elliptical mirror surrounds the
scattering center and images =~50% of the total OH laser-

induced fluorescence onto a photomultiplier.
Results and discussion

® H+ NO, > OH + NO

This reaction is very familiar in chemical Kinetics since it
is the standard laboratory source of OH. It has a large
thermal rate constant at 300 K, with little or no barrier to
reaction [12]. Sinceta weak NO bond is broken and a
stronger OH bond is formed, the reaction is exothermic,
with AH = ~29.5 kcal/mole (—1.24 x 10° J/mole). When
the reaction occurs in an argon matrix at 4-14 K, HONO
is isolated, rather than the diatomic products {13]. This
suggests, but does not conclusively prove, that the reac-
tion proceeds through formation of a HONO complex.
The molecular beam scattering data presented in this pa-
per also indicate such a reaction mechanism. The correla-
tion diagram of Fig. 2 provides the qualitative features of
the potential surface. Most important are the potential
minima representing HONO, which are =50 kcal/mole
(2.1 x 10° J/mote) stable with respect to the products. The
total energy available for the reaction is =30 kcal/mole
(=1.3 x 10° J/mole) more than the OH + NO dissociation
energy for this complex. In the matrix reaction, the ma-
trix dissipates the excess energy and allows the HONO
complex to be stabilized. In the gas phase, however, no
means exist for an isolated HONO molecule to dissipate
this energy before dissociation occurs.

The reaction looks very much like a chemical activa-
tion process, i.e., a highly vibrationally excited HONO is
formed, which ultimately undergoes unimolecular decay
to products. Simple RRKM (Rice-Ramsperger-Kassel-
Marcus) estimates [ 14] suggest that the HONO complex
lives for =5 x 107" s, or ten to fifteen vibrational peri-
ods. If the lifetime of a collision complex is long enough,
it has no memory of the way in which it was formed, ex-
cept for the conservation of total energy and total angular
momentum. In this case the complex decays statistically,
governed only by the final density of states.

Crossed molecular beam experiments with a particle
detector [15] have shown that the angular distribution of
products from this reaction is almost isotropic in the cen-
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ter-of-mass coordinate system. This is consistent with
statistical scattering from a complex with a lifetime of
~5 x 107" s. Here, we report the measurement of rota-
tional and fine structure partitioning into the OH product
and show that the results are not consistent with a statisti-
cal model; details are presented in Ref. [4].

With a thermal beam of NO, as the reactant, primary
energy disposal into the product OH has been measured
by using the techniques outlined previously. The rota-
tional state (K) dependence of the reactive cross sections
is a rather undistinguished broad single maximum for
each vibrational state of OH and peaks at K =~ 16 forv = 0
and K = 12 for v = 1. The K dependence of the cross
sections has been analyzed using Levine-Bernstein sur-
prisal theory [16]. Surprisal theory compares the ob-
served internal state distribution to that expected statisti-
cally. The surprisal is defined as

mmm}

Mmm:Aﬂo
PUlv, E)

where P(Jlv, E) and P'(Jlv, E) are the experimental and
statistical rotational state distributions, respectively, for
the vibrational level v. A horizontal line in such a plot
means that the observed distribution is statistical. The
application of surprisal theory to our results is given
in Fig. 3. Large rotational surprisals are obtained for each
vibrational state. Further, this rotational surprisal is
nearly independent of the vibrational state, as suggested
by Levine and Bernstein [17]. The curvature for low rota-
tional states in this plot is probably due to a rotationally
relaxed background of OH in the scattering chamber.
This background arises both from OH produced in the
atom source and from a small fraction of the OH product
that has partially relaxed through collision with the walls
of the chamber. In contrast to most previous studies
where rotational surprisals have been small, this reaction
produces considerably more rotational excitation of OH
than is predicted statistically. Our results agree qualita-
tively but not quantitatively with previous measurements
by Silver er al. [18].

One intriguing aspect of the dynamics is the source of
the large rotational excitation of OH. It could be a con-
sequence of the rotation of the NO, reactant, namely, to
conserve angular momentum. (In these experiments, a
thermal beam of NO, was used as the reactant, and the
NO, was rotationally excited with a broad Boltzmann dis-
tribution of rotational states peaking at Jy, =~ 25#.) To
investigate this possibility, energy partitioning into OH
has been measured using as the reactant a supersonic
nozzle beam of 10% NO, seeded in argon. In this case the
NO, is translationally and rotationally cooled, with a
translational temperature of 8 K as measured by time-of-
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Figure 3 Rotational surprisals for OH produced in the crossed
molecular beam reaction H + NO, — OH + NO. The O indicate
results for v = 0 and the A for v = 1 OH where the reactant
rotation Ing, = 25%. The @ indicate results for v = 0 OH and Iyo, =
4#. Each data point corresponds to a different rotational transi-
tion. For the purposes of this plot, the points for Q-branch transi-
tions have all been scaled by a single constant to eliminate effects
due to nonstatistical fine structure partitioning. The solid lines
are the best-fit linear surprisals. I(Jlv, E) is the rotational sur-
prisal for the state (J, v); g, = E/(E — E), where E_ is the
rotation energy of state (J, v), E, is the vibrational energy of
the state (J, v), and E is the total reaction energy.

flight experiments on the velocity dispersion of the beam.
Smalley et al. [19] have shown that under nozzle condi-
tions similar to those used here, rotational cooling for
NO,/Ar beams lags only slightly behind translational
cooling. We estimate the rotational temperature for our
beam as =12 K (JNoﬂ =~ 4#). The velocity of NO, in the
nozzle beam is nearly the same as the average velocity of
NO, from the thermal beam. Thus, the collision energy is
not significantly changed. A comparison of the rotational
surprisals for the v = 0 OH results for the two levels of
reactant rotation (also shown in Fig. 3) indicates no dif-
ference in the rotational partitioning. This clearly demon-
strates that the energy disposal and the large rotational
excitation of OH are insensitive to that part of the poten-
tial surface defining the éntrance channel. These effects
are probably governed by that part of the surface corre-
sponding either to breakup of the collision complex or to
the exit channel.

We can gain further insight into angular momentum
partitioning from the nozzle results by simply considering
the requirement for conservation of angular momentum:
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OH(IT).
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Figure 5 Observed fine structure partitioning for rotational lev-
els of v = 0 OH produced in the chemical reaction H + NO, —
OH + NO; K is the rotational quantum number and o is the
observed cross section; / = + and j = 1, 2. The horizontal line at
1.0 is the statistical result. The @ are for the partitioning into spin
doublets (left axis); the O are for partitioning into A doublets
(right axis).

Lty =L +Jg+ Ty, 1)

where L' is the product orbital angular momentum and
.7N02, Joy and J, are the respective internal molecular
angular momenta. The value of the reactant orbital angu-
lar momentum L can be estimated to be =2# from the
total reactive cross section (2 X 107 ¢m?). Since there is
no barrier in the exit channel, L' can be estimated from
the usual requirement of passage over a centrifugal bar-
rier, i.e., L' = 124 [20], Jyo, = 4f, and J,, = 24% (as
measured); we have no direct information on J,. How-
ever, to conserve angular momentum, NO must also be
substantially rotationally excited for high J; states. Fur-
thermore, ]NO must be preferentially aligned antiparallel
to ]OH. In fact, the rotation in NO is approximately equal
in magnitude but oppositely directed to that of OH.

Spin-orbit and orbital-rotation interactions in “II radi-
cals such as OH cause fine structure splittings for each
rotational level (see Fig. 4). Since each of the fine struc-
ture levels can be probed by different rotational sub-
bands,i.c., II' by P, or R, IT, by Q,, II; by P, or R,, and
IT;, by Q, [21], relative cross sections for production of
each of the sublevels may be determined separately. The
fine structure splittings are negligible compared to the re-
action energy (=30 kcal/mole or ~1.3 x 10° J/mole);
thus, we would not expect any selectivity in the filling of
these levels (statistical partitioning). Observed results for
rotational levels in v = 0 OH using the thermal NO,
source as a reactant are given in Fig. 5. It is clear that the
spin doublets are produced statistically, but there is a
substantial preference for the II* A-doublet component.
This propensity,

a(1")
a(ll)

=1.5+0.2,

is approximately independent of the vibrational and rota-
tional levels produced in the reactive scattering. A brief
account of this is presented in Ref. [22].

The physical difference between the two A-doublet
components I1* and TI™ lies in the orientation of the elec-
tron density of the singly occupied OH = orbital relative
to the plane of rotation of the molecule. For high rotation-
al states, this electron density forms lobes either in the
rotation plane or perpendicular to it (Fig. 6) [23, 24].

Partitioning into final quantum states is determined
principally by the breakup of the HONO collision com-
plex. The singly occupied OH 7 orbital essentially points
along the direction of the NO bond that is broken during
the course of the reaction. A TT” state of OH is formed
when the reaction generates a torque in a plane containing
this bond, while the II” state results when the reaction
generates torques about this bond. Our experiments show
that the principal reactive trajectories lie in a plane con-
taining the NO bond, i.e., that the overall reaction occurs
in a plane.

The correlation diagram for this reaction in the planar
geometry (given in Fig. 2) is an approximate representa-
tion of the surface. In this figure, the regions given as sol-
id lines are supported by experimental data, while the re-
gions given as dashed lines represent reasonable specula-
tions about the surface. As discussed, the reaction is
thought to proceed through the lowest A’ surface that
includes the HONO complex.

Ab initio calculations on NO, show that the unpaired
electron in the 2A1 state of the radical is essentially local-
ized in a planar approximately sp® hybrid orbital on the

IBM J. RES. DEVELOP. e VOL. 23 ® NO. 5 « SEPTEMBER 1979




nitrogen [25]. Chemical intuition suggests that initial in-
teraction of H with NO, occurs via the odd electron in
this orbital. This is completely consistent with the purely
attractive interaction (no activation barrier) observed for
the entrance channel.

The justification for assuming planar symmetry in the
correlation diagram is threefold. First, the entrance chan-
nel should favor planar reactive trajectories. Second, the
HONO complex should also favor planar dynamics
through the out-of-plane barrier at the minimum of the
complex. Finally, the nonstatistical A-doublet production
shows that the dissociation of the complex is preferential-
ly planar.

Quantitative aspects of the energy and angular scatter-
ing distributions can only be explained when a quan-
titative potential surface is available. We do note, how-
ever, that the angular distribution is nearly statistical,
while the energy is partitioned very nonstatistically. This
again emphasizes that the lifetime of the complex is ap-
proximately the same as its rotational period, but that sig-
nificantly longer times are required to fill all phase space
and randomize energy partitioning. Similar behavior has
also been observed in the reactions of fluorine atoms with
olefins [26].

Our best guess concerning the limiting dynamics is as
follows. As the hydrogen approaches the NO, it interacts
principally with the electron in the planar sp® orbital on
the nitrogen, and is immediately attracted. The hydrogen
swings out towards an oxygen atom of NO, in some man-
ner to form the HONO complex, primarily in the trans-
planar form. The exact trajectory is unclear. It may take
~5 x 107" s for the hydrogen to migrate from the nitro-
gen to the oxygen. Alternatively, this motion may be di-
rect and fast, followed by several actual vibrational peri-
ods of the complex about its minimum geometry. In either
case, the complex dissociates after ~5 x 107'? 5. Because
of the barrier to internal rotation in HONO, the trajectory
remains planar during dissociation. The NOH angle may
open up somewhat along the minimum energy path for
dissociation, which in turn could generate a torque on the
OH fragment in the HONO plane and account for the
large planar rotational excitation of OH that is observed.
Since the N—OH bond must also lengthen during the re-
action, this produces a rotation in the NO fragment in a
countersense to that in OH. This is consistent with the
observed rotation in NO and the antiparallel alignment of
Jy, relative to ]OH.

® OC°P) + CH,,—~ OH + CH,,

The technological importance of the reactions of OCP)
with hydrocarbons in areas such as combustion, air pollu-
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Figure 6 The physical difference between the two A-doublet
components I1" and I1~; J,, is the nuclear rotational angular mo-
mentum and the planes drawn are the planes of rotation of the
molecule. The lobes about the oxygen atom represent the ap-
proximate electron density of the singly occupied OH 7 orbital.
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Fi%ure 7 Schematic correlation diagram for the reaction

OCP) + C,H,, > OH + C,H,,.

tion, and atmospheric chemistry has spawned literally
hundreds of measurements of thermal rate constants for
use in kinetic models [27]. Despite this activity, even the
identities of primary reaction products, i.e., the grossest
features of the reaction, have often remained speculative.
There have been no studies of the dynamics of these reac-
tions.

The kinetics of OCP) reactions with saturated hydro-
carbons RH are slow because of energy barriers of 3-
8 kcal/mole (1-3 x 10° J/mole) [27]. It is generally as-
sumed that the mechanism for these reactions involves a
simple hydrogen abstraction:

OCP) + RH— OH + R~ , 2)

where R« is an alkyl radical. The correlation diagram for
such a reaction with the saturated hydrocarbon cy-
clohexane is given in Fig. 7. The technique of crossed
molecular beams with LIF detection of the OH product
has confirmed this mechanism and has revealed many de-
tails of the reactive potential surface.
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Figure 8 (a) Normalized rotational state distributions for the
IT} fine structure component of the reaction OCP) + C,H,, —>
OH + C6Hu. The @ indicate results for v = 0 OH, the O ,forv =1
OH; Ej is the rotational energy and X identifies the rotational
quantum number. (b) Variation of some reactive cross sections
S, with center-of-mass collision energy E. The @ indicate results
for the K = 1, v = 1 level, the O, for the K = 1, v = 0 level.

In these experiments an effusive beam of OCP) at
=300 K is generated by dissociation of O, in a microwave
discharge. This beam is crossed by a supersonic nozzle
beam of the hydrocarbon reactant seeded in H, or He.
Velocities of the beams are measured from the time-of-
flight values, and the relative density of RH in the seeded
beam is monitored by modulated beam mass spectrome-
try as the conditions of this beam are varied. The initial
center-of-mass collision energy is varied over the range
2-15 kcal/mole (=1-6 x 10° J/mole) by changing the tem-
perature and the composition of the nozzle beam. The
resolution in the center-of-mass collision energy is ap-
proximately ten percent.

The OH rotational state distribution for the reaction of
OCP) + C.H,, is given in Fig. 8(a). In contrast to the re-
sult with the reaction of H + NO,, there was only minimal
excitation of OH rotation and this distribution was nearly

O(P) with several other saturated hydrocarbons revealed
that the OH rotational state distribution was identical
within experimental limits for all such RH reactants.

The vibrational partitioning is obtained by summing
each vibrational state over the respective rotational distri-
bution. This yields o(v = 0)/o(v = 1) = 2.4 at a collision
energy of 10.5 kcal/mole (4.4 x 10° J/mole). This vibra-
tional ratio is approximately independent of the hydro-
carbon complexity as long as a secondary hydrogen is ab-
stracted.

The variation of some of the reactive cross sections
with collision energy is given in Fig. 8(b), which shows
that the reaction occurs as a steeply rising function of the
collision energy beyond some threshold value. The ob-
served threshold value is slightly lower than but generally
consistent with the activation energy obtained from the
temperature dependence of the thermal rate constant
[28]. The excitation function for v = 1 OH has a maxi-
mum, while that for v = 0 OH is a smoothly rising func-
tion. This also shows that the vibrational partitioning de-
pends somewhat on the collision energy.

The independence with hydrocarbon complexity of the
rotational and vibrational state distributions in the OH
product suggests that the reaction dynamics are deter-
mined primarily by the properties of the C—H bond un-
der attack, and not by properties of the entire molecule.
This would imply that the internal modes of the R * prod-
uct are not significantly excited during the reaction. Thus,
a triatomic model for the reaction, where R ¢ is treated as
a structureless particle, may be appropriate and such a
model should be general for reactions of O(P) with all
saturated hydrocarbons.

Rotational excitation in a reaction represents the
torque that is generated on the product during the reac-
tive collision. The extremely small rotational excitation in
OH here implies that reaction occurs only when OCP) ap-
proaches ‘‘colinearly’’ along a C—H bond and the OH
also retreats colinearly. The minimal broadening of this
distribution with collision energy also shows that the po-
tential increases rapidly with the R—H—O angle.

Extensive classical scattering studies on model poten-
tial surfaces with barriers have yielded some general-
izations about vibrational partitioning [29]. If the barrier
is located in the entrance valley of the surface, the exo-
thermicity of a reaction is released principally as vibra-
tional excitation of the product. Conversely, if the barrier
is in the exit channel, exothermicity is released princi-
pally as the relative translation of the separating particles.
The results for the reaction of oxygen plus C.H , are be-
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tween these two extremes, indicating a barrier about mid-
way between the entrance and exit channels.

The variation of reactive cross sections with collision
energy also appears very sensitive to variations in the po-
tential surface [30], although the exact region of the sur-
face that is most important is not yet clear. Current ef-
forts are aimed at obtaining quantitative semi-empirical
triatomic potential surfaces for the OCP) + RH system,
which, in conjunction with classical scattering calcu-
lations, will qualitatively describe the observed data. At
present, a surface using the semi-empirical extended
LEPS (London-Eyring-Polanyi-Sato) form [31] repro-
duces most of the observed features.

Conclusions

Two dissimilar reactions have been investigated by mo-
lecular beam LIF techniques and information has been
obtained on their chemical dynamics and intermolecular
potential surfaces. For H + NO, — OH + NQO, it appears
that initial attack of the hydrogen is at the central atom of
the triatomic molecule NO,, that the reaction is preferen-
tially planar, and that the potential surface contains a
deep well. For OCP) + CH,, » OH + CH,,, the reac-
tion occurs colinearly along a C—H bond and there is no
well in the surface, but rather a barrier that occurs mid-
way along the reaction coordinate.
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