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ABSTRACT

Several methods currently used to study unimolecular decomposition
in molecular beams are discussed. We present experimental product
angular and velocity distributions obtained for the reaction of F, Cl
with C2H3Br. The mechanism by which conservation of angular momentum
can cause coupling of the product angular and velocity distributions

in dissociation of long-lived complexes is introduced.






Slightly over a decade ago, evidence for the existence of long-
lived intermediates from reactive encounters of molecules in beams
was presented at a Faraday Discussion meeting. This suggested the
attractive possibility of studying the dynamics of unimolecular
decomposition by the measurement of angular and velocity distri-
butions of products in a collision free environment after preparing
long-lived complexes by chemical activation. In the years since, a
great number of reactions which appear to proceed via persistent
complex have been studied in molecular beams. Although the early
experiments frequently employed thermal beams and, hence, provided
poor characterization of the collision energy, later refinement in
beam techniqﬁes, especially the use of supersoﬁic nozzle sources,
has greatly increased the effectiveness of the methqd in providing
insight into reaction dynamics.

More recently, a new technique, infrared multiphoton excitation
in beams, in which molecules are excited under collision free con-
ditions by absorbing tens of photons during an intense single laser
pulse, has proven to be an excellent way to prepare excited molecules
and to gain dynamical information about unimolecular decomposition.
The study of some forty reactions ranging from simple bond rupture to
three and four center eliminations has revealed trends which can

likely be generalized to large classes of unimolecular decay.



These two methods, chemical activation and multiphoton excitation,
differ substantially in several -important respects. As a consequence
the information obtained is complementary rather than overlapping.

The nature of the excitation process places limitations on the
certainty with which we know the total energy of the dissociating
molecules. With chemical activation in crossed beams, the total
energy is simply the sum of internal energy of the reactants, energy
released in formation of the new chemical bond, and the collision
energy. The principal uncertainty, arising from the spread in
collision energies, canbe reduced to a small fraction of the total
energy. With the use of two supersonic nozzle beams, the collision
energy may typically be defined to FWHM = 5-10 kJ molnl which is
often only 2-37 of the total excitation energy of the complex. This
excellent energy characterization, combined with the variability of
collision energy obtainable by seeding of the reactants with rare
gases, make this technique a sensitive probe to the dynamics of uni-
molecular decomposition.

In sharp contrast, infrared multiphoton absorption produces
excited molecules with a spread in excitation energies which can be
an exceedingly large fraction of the average total'energy. This
problem is fundamental to the process, being governed by the mechanism

of absorption of many photons. In the sequential absorption of
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photons; éfter an initial excitation througb'a region of discrete
transitions, the molecule is excited to a region referred to as the
quasi-continuum. The dénsity of states, here, is sufficiently high
that all transitions are near;resonant, essentially independent of
laser frequency. A fairly adequate description of‘the population
distribution of each level is given by a set of rate équations with
transition rates depending on laser intensity, energy level dependent
infrared absorption cross sections and density of states}' The result
is somewhat similar to thermal excitation with a simple dependence

of aVerage excitatioh level on the enefgy fluence of the laser

pulse. When the laser fluence is sufficient to drive the molecules
above the dissociation threshold, an extra ferm‘must be added to the
rate equations, to aécount for depletion by‘dissociative processes.
At some high excitation level, the dissociation rate becomes much
faster than the rate of excitation and population of higher states
'wili not bersignificant. For a large molecule with high density of
states around the dissociation levels, the unimolecular rate con-
stant will dincrease gradually with excitation. Sabstantial dissocia-
tion will occur over a large range of levels. SF6, for example, is
calculated1 to dndergo detectable multiphoton dissociation (MPD) at
levels from 4 to 13 photons above threshold, the total energy in

the system then being defined to FWHM = 60 kJ mol ™" or about 15%.

For smaller molecules, in which the rate constant increases more

rapidly with excitation energy, the uncertainty in energy of the



reacting molecules will be much narrower since most of éhe molecules
dissociate from a level only a few photons above threshold,

The degree to which angular momentum affects the outcome of the
unimolecular decay is also considerably different for the two pro-
cesses. In both cases,'cooling of the rotationalvdegrees of freedom
during supersonic expansion of the beams results in a low and relatively
well-defined rotational temperature. In the bimolecular collision
which produces the chemically activated species, orbital angular
momentum can be very large, even at thermal energies, and sometimes
dominating in its effects on the product translational energy distri-
bution. Although the theoretical treatment of the effect of angular
momentum on product energy distributions is fairly well developed, it
remains a fundamental limitation in the analysis of this type of
experiment that the probability of formation of the complex as
a function of impact parameter which governs the distributions
of angular momentum of the complexes is indeterminant. In consequence,
it is incumbent on the theory to account correctly for angﬁlar
momentum conservation, though this may require knowledge of dynamical
features of the reaction, such as preferred orientation of reactants.

In MPD, angular momentum is found to play a much less significant
role in the unimolecular decay. The depletion of low translational
energy product expected for reaction with an exit channel centrifugal
barrier associated with rotational motion is not observed in halogen
atom detachment reactions using this technique. This indicates that

the absorption of some forty photons daes not appreciably increase



the originally low averagé rotational ene;gy. This greatly facilitates
the comparison of product translational energy with statistical
calculations.

The two methods lend themselves, most conveniently, to the study
of different chemical systems, ‘MPD in beams has been used extensively
to study unimolecular decay of closed-shell molecules.2 In particular,
molecules with huge barriers to dissociation, for example, the three-

1

center elimination of HCL from CHF,Cl with approximately 225 kJ mol

2
barrier, are accessible with the energy fluence attainable in a high
power CO2 laser pulse. Indeed, MPD has been applied to systems ranging
from such highly endoergic reactions to the nearly thermoneutral
dissociation of ammonia dimers.

Chemical activation.has been applied principally to the investi-
gation of open-shell systems. The addition of a radical species, eg.
halogen atom; oxygen atom or methyl radical, to anunsaturated hydro-
carbon to produce an excited radical intermediate constitutes the
majority of long-lived complex reactions studied in crossed beams.

The study of closed-shell systems by radical-radical combination
collisioﬁs should become more frequent as these beam sources are
developed.

A final aspect which distinguishes MPD from chemical activation
is the time domain of the reactions. The multiphoton excitation
always raises the molecules to a level at which the disscciation
rate approximately equals the up-pumping rate.i For the typical

energy fluences attainable in a 50 nsec CO, laser, this fixes the -

2



upper limit of the average lifetime of the system at close to a nano-
second, fairly independent of the chemical nature of the molecule or
type of dissociation process occurring. Using chemical activation,
with its rapid deposition of bond-formation energy into the molecule,
systems with average lifetimes shorter than a picosecond can be
studied using fhe rotational period of the complex as an indicator.
The method offers the possibility of finding a range of applicability
of the statistical model for unimolecular decay. By studying reactions
with a wide range of lifetimes, one can hope to place a bound on the
timé necessary for memory of the excitation event to be lost, though
this time would undoubtedly be dependent on the exothermicity of the
reaction, the stability and complexity of the intermediate.

The MPD of a large numﬂer of systems in which a single halogen
atom is detached from a halocarbon has convincingly demonstrated the
‘statistical nature of the process.4 The primary pathway for decom-
position is always found to be the statistically most favorable. The
pfoduct translational energy distribution peaks at zero energy and
has the correct statistical fall-off. Because the molecules under-
going dissociation have an average lifetime around one nanosecond
after absorbing the final photon, we can conclude that the time for
energy to be effectively randomized over all internal degrees of
freedom should be much less than one nanosecond. Unfortunately, due
to the limitation in the multiphoton excitation, it is not likely
that these experiments will reveal exactly how fast the energy

randomizes in the highly excited molecules.



In order to investigate the extent of intramolecular relaxation
before chemical decomposition in a shorter time span than that of
multiphoton decomposition, reactions of Cl and F with C2H3Br have
been carried out in molecular beam experiments. In these chemical
activation studies, as mentioned before, the product translational
energy distributions, henceforth denoted P(E'), may be strongly
influenced by angular momentum conservation, as well as by any
potential barrier in the exit channel. The substitution reactions
of fluorine and chlorine atoms with vinyl bromide are known to pro-
ceed with negligible potential barrier to bromine elimination.
Angular momentum effects are large, though, and careful consideration
of this is necessary in order to draw conclusions concerning the
statistical nature of the process. Some important consequences of
angular momentum, especially the coupling of angular and energy:

distributions of products will be discussed below.

EXPERIMENT

The crossed beam scattering apparatus and data acquisition
methods used for these experiments has been described in detail.5
The supersonic fluorine beam was produced by thermal dissociation
of a 1% F2 in argon mixture in a resistively heated nickle oven at
abouf 1080°K. The chlorine source was similar, except the oven was
high density graphite, and the mixture, 10% Cl2 in argon, was heated to
1400°K.‘ Vinyl bromide, undiluted, at a pressure of 250 torr was
expanded from a 0.2 mm glass nozzle at room temperature. Time of

flight characterization of the beams gave the information listed in
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Table I. The spread in collision energies is determined from these
parameters to be FWHM = 7.1 kJ mol“1 or 5.6% of the total energy for
the chlorine reaction and FWHM = 4.2 kJ mol_l or 2.2% of the total
energy for the fluorine reaction. The laboratory angular distributions
of product, shown in Fig. 1, were obtained by repeated scans with

100 second counts at each angle. 1In the fluorine experiment, elastic
scattering of impurity from the secondary beam contributed to the
signal at angles greater than 30°. The intensities at these angles
were corrected by subtracting from them, the signal measured with a
pure hot argon beam replacing the F/Ar mixture. The product flux
distributions shown in Fig. 2 and 3 were obtained by the cross
correlation time of flight method. The best fit lines in Fig. 1, 2
apd 3 were obtained using the ratio method iterative deconvolution
procedure.6 The angular and velocity data have been combined to pro-
duce center of mass flux contour plots shown with the canonical

Newtdn diagram in Fig, 4 and 5.

'RESULTS AND DISCUSSION

The product angular distribution provides some information about
the éverage lifetime of the reaction intermediate. The existence of
symmetry of the product angular distribution about 90° in the center
of mass reference frame, reflects a complex lifetime which is longer
than the average rotational period of the molécule. An approximation
to the mean rotational period is obtained by assuming a geometry for

the complex to generate moments of inertia, and estimating the average



angular momentum of the complex. For the chlorine reaction, the mean
rotational period is estimated to be 3 ps. The RRKM theory predicts
a mean lifetime of 0.1 ps, though this number is rather sensitive to
the frequencies used in the calculation. We would expect, then,
that the reaction should not exhibit forward backward symmetry if

its lifetime is entirely determined by a statistical distribution of
internal energy. vIn the laboratory reference frame, for this
reaction, the back-scattered product is de-emphasized in the center

of mass to laboratory transformation, and most back-scattered product
is also beyond the range of the detector. The single datum at

99° was compared with a detailed calculation in which the RRKM~AM
P(E') calculated for a range of collision energies and weighted by
calculated total cross sections, with assumed forward backward symmetry,
was transformed to the laboratory reference frame. The calculated
intensity at 99° was a factor of 1.7 times the observed intensity, or
six standard deviations away, thus strongly suggesting that the life-
time is indeed less than a rotational period. Were the product to
exhibit a longer lifetime than statistical, one might conclude that
there was decoupling of the reaction coordinate from the major
excitation modes causing a bottleneck in the energy transfer or
possibly a slow atomic migration limiting. the rate of decomposition.1
The statistical calculations for the fluorine reaction also predict
asymmetry in the angular distribution, but the impurity in the vinyl
bromide beam prevented detection of any back-~scattered vinyl fluoride

product. Although ise of the rotational period for measuring the lifetime
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in these experiments provides only the crudest estimate of the
statistical behavior of the system, the prodﬁct translational energy
distribution gives a far more sensitive test, if careful attention
is paid to the treatment of angular momentum conservation.

One of the most interesting observations in the reaction of
chlorine and vinyl bromide is the.presence of coupling of the
product angular and energy distributions. 1In Fig., 4 the dashed line
through the peak in product flux at 0° is contrasted with the
dotted line through the observed peak at each center of mass angle as
the average translational energylof the products becomes smaller at wide
angle. Considerable attention has been paid to this type of coupling
arising in direct reactions with a large impulsive force in the exit
channel.7 The effect has been observed in a number of alkali atom
" reactions with halomethanes,8 but in the analysis of long lived com-
plexes, it has always been assumed that the energy distribution is
independent of scattering angle, In fact, aﬁgular momentum- conservation
is also expected to create such coupling in reactions proceeding
through long-lived complexes. _When the impact parameter is large, the
orbital angular momentum will often dominate the molecular angular
momentum in the reaction, the angular momentum of the activated com-
plexes will be highly polarized, perpendicular to the relative velocity,
and a large fraction of the initial relative kinetic energy will become
rotational energy of the complex as a consequence of the conservation
of angular momentum. If most of the angular momentum of the complex

is carried away as orbital angular momentum of the products, the product
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angular distribution will be strongly peaked in the forward and back-
wardvdirection and most of the rotational energy of the complex will
be converted to translational energy, such that the product energy
distribution will be shifted to higher average energy than that
released along the reaction coordinate from the sharing of excess
vibrational energy. On the other hand, if the impact parameter is
small, the orbital angular momentum‘will no longer dominate the
molecular angular momentum. Consequently, the angular momentum of
the complex will be distributed more isotropically due to random orienta-
tion of the molecular angular momentum of the reactants and the angular
distribution of products will tend to be more isotropic. In addition,
with a small impact parameter, most of the initial translational
energy will become vibrational energy of the complex, the rotational
to translational energy release in the formation of product molecules
is less important and the energy distribution will be closer to what
one would expect from simple statistical considerations with a trans-
lational energy distribution peaking closer to zero energy. This
coupling of angular and energy distributions due to the constraint of
the conservation of angular momentum should be observable in the
experiment if the contribution from large impact parameter collisions
doés not overwhelm the small impact parameter collisions.

A simple calculation to demonstrate this effect is shown in
Fig. 6. The contour map of product flux distributions compare a
calculation of RRKM-AM product energy distribution decoupled from the

angular distribution with one including coupling. The latter
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calculation is the sum of fifty distributions in which P(E') and P(9)
are varied together considering the magnitude and polarization of
angular momentum, simulating the range of impact parameters expected
in the chlorine reaction with vinyl bromide as shown in Fig. 7.
Despite the lack of sophistication of the model, the major features
of this coupling are evident. At 0° the flux peaks at higher velocities
with coupling while the reverse is true at 90°. The effect would be
less noticeable in reactions with larger cross sections in which large
impact parameter collisions dominated. Of course, this demonstration
of the existence of coupling in the angular and energy distribution
of product molecules in the long~lived complex does not imply the
existence of a long-lived complex between chlorine and vinyl bromide.
Comparison of the product energy distributions with RRKM-AM
calculations for the two reactions is shown in Fig. 8. The experimental
curve for the chlorine reaction is the average P(E') for the product
scattered between 0 and 90 degrees in the center of mass frame. Para-
meters used in the calculations are shown in Table II., The vinyl
chloride proauct from the chlorine reaction is seen to be in poor
agreement with the statistical calculation, the product energy being
substantially higher than calculated. Extensive testing with the model
demonstrated that the failure is not the result of the chosen vibra-
tional frequencies, the energetics, or the choice of maximum centri-
fugal barrier Bé in the angular momentum treatment. The calculated
P(E') is very insensitiﬁe to the first and second within reasonable

range of the parameters. The dotted curve is produced with the para-
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meter Bé having been set at an unreasonably high value, 60 kJ mql—l,
beyond which its effect is negligible.

There are two principle explanations for the discrepancy
observed. The first is the much-discussed possible failure of the
energy randomization hypothesis. The lifetime for this reaction is
calculated by the statistical theory_to be approximately 0.1 ps.

It would not be improbable that this reaction is beyond the scope of

a unimolecular decay theory since, if statistical theory is applicable
here, intramolecular energy transfer must be faster than 0.1 psec.

The second explénation is that the treatment of angular momentum is
inadequate. The theory assumes a distribution of angular momentum
which is linear in impact parameter with a cutoff determined by the
long range forces.9 In préctice, the relative cutoff for entrance and
exit channel has been treated as a variable to obtain best fit. The
linearity with impact parameter may be questioned. For this reaction,
dynamical constraints may require that the atom attack at the»double
bond which is removed from the center of mass of the vinyl bromide.
Approach at small impact parameter could be less favorable for reaction.
A simple calculation based on this idea suggest that the angular
momentum distribution might be more nearly quadratic in impact para-
meter. Assuming this distribution, the statistical calculation is
founa to fit the observed P(E') quite well, though this is likely
fortuitous. In the fluorine reaction, again, the agreement with theory
is poor. While the experimental energy distribution below 5 kJ molp1

has large uncertainty resulting from the elastic impurity in the
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C2H3Br beam, it is clear that the observed intensity of both low and
high energy product is reduced. This is not easy to explain with a
simple model and will probably require more information about dynamical
effects of the potential energy surface for a thorough understanding,

but it is quite clear for this system that the reaction lifetime is

shorter than the intermolecular relaxation time.

SUMMARY AND CONCLUSION

McDonald and coworkers10 hayve measured the infrared chemiluminescence
from these reactions. They find that the product vibrational energy
distribution is statistical for the fluorine reaction and non-statistical
for the chlorine. While an earlier crossed beam study of the chlorine
reaction using a beam of chlorine atoms with a thermal velocity distri-
butionll: seemed to indicate that product translation was statistical,
our higher resolution results suggest that.product translational is
not statistical in either reaction. One explanatiop for the discrepancy
for the fluorine reaction lies in the different energetics of the two
systems. The greater exothermicity of the fluorine reaction leaves
about 170 kJ mol_1 in internal excitation of the product compared to
about 60 kJ mol.-l for the chlorine reaction. The chemiluminescence
experiment measures the product emission milliseconds after reaction.
If the vibrational energy is large enough that the molecule is above
the ergodic limit, even if the initial distribution is not statistical,
energy will be redistributed before the emission of the infrared photon

is observed. Perhaps the higher internal excitation of the vinyl
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fluoride product allows randomization before the emission is detected
while the vinyl chloride product retains its non-statistical distri-
bution. The lifetime of the activated complex in the fluorine with
vinyl bromide reaction is only 0.05 psec, according to statistical
theory. If such a treatment is applicable, as implied in the chemi-
luminescence experiment, the intramolecular energy transfer has to be
faster than 0.05 psec which is highly unlikely.

The two techniques of MPD and chemical activation in beams are
seen to produce complementary results. MPD has demonstrated that,
without exception, energy appears to be randomized in the nanosecond
time period of the reaction. Chemical activation in beams has revealed
non-statistical effects appearing for reactions with sub-picosecond
lifetimes. These observations are not in contradiction to the general
conclusion obtained by Rabinovitch and (:oworkersl2 that the intramolecular
relaxation time of highly excited molecules is on the order of several
picoseconds. The lifetime range available with chemical activation,
together with its good energy specification should make it the method
of choice for investigation of the efficiency of intramolecular energy
transfer and detailed dynamics of unimolecular decay. Nevertheless,
the MPD method should prove valuable for the study of exit channel
dynamical effects in the highly endoergic three and four-center

elimination reactions.
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Table T.

Cl

C2H3Br

Peak Velocity
x 104 cm/sec

11.5

10.9

4.9
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Mean Collision

Mach | Energy
Number kJ mol~1
9.1 20.54
8.3 11.55
7.7 ——

Energy Spread
FWHM
kJ mol™1

7.1

4.2



Table II

Total internal

energy/kJ mo1™t

Moments of 2
inertia/AMU R

Frequencies/
wavenumbers

Ratio of
maximum
entrance to
maximum exit
channel impact
parameter

€l + Vinyl

Complex

144.5

76.8
207.5
271.2

3125
3086
3030
1437
1374
1281
1036
897
648
621
274
103
450
250
426

dashed curve
in Fig. 8

dotted curve
in Fig. 8
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Bromide
Critical
Configuration

78.8

71.0
385.5
571.3

3125
3086
3030
1586
1374
1281
1036
897
706
621
122
46
500
102

.77

4.0

F + Vinyl Bromide

Complex

191.5

41.7
254.4
296.1

3150
3115
3080
1479
1380
1306
1097
929
863
711
458
450
285
177
389

Critical
Configuration

128.7

40.2
563.5
603.5

3150
3115
3080
1612
1380
1306
1156
929
863
711
483
500
63
30

.67

2.0
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FIGURE CAPTIONS

Fig. 1. Laboratory angular distribution of vinyl fluoride product
from the reaction F + CZH3Br -+ Br + CZHSF’ above, and vinyl
chloride product from the reaction Cl + C2H3Br - Br + C2H3C1,
below. The solid lines are best fits obtained by the ratio
deconvolution method of Siska.

Fig., 2. The vinyl chloride product flux distribution measured at 15
laboratory angles. Solid lines are best fits obtained by the
ratio deconvolution method. Dashed lines connect data points
for clarity.

Fig. 3. The vinyl fluoride product flux distribution at 4 laboratbry
angles. Lines are best fit calculated curves.

Fig. 4. Center of mass C2H3Cl product flux, deconvoluted for beam
velocity spread, shown with the most probable Newton diagram.
The dotted line is through the peak flux at each center of mass
angle. The dashed line is at constant center of mass velocity
580 m s_l for comparison.

Fig. 5. Contour map of center of mass CZHBF product flux, shown Qith
the most probable Newton diagram.

Fig. 6. Model calculation of product flux distributions. Dashed
curves are generated from a single RRKM-AM P(E') with a
single angular distribution. Solid curves are the sum of
fifty P(E') with coupled T(8) distribution.

Fig. 7. P(E') and T(®) used to compare effect of angular momentum

coupling. Shown are the RRKM-AM distributions for the

uncoupled calculation. Also shown are three P(E') and



Fig. 8.
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T(6) for orbital angular momentum L = £h.

Product translational energy distribution. Solid curves are
experimental. Dashed curves are RRKM-AM with B& determined
by C6 constants. Dotted curves show calculations with B&

increased to unphysically large values.
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