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The method of classical trajectories has been used to study the flow of energy in a molecular system
(similar to the molecules CD,Cl and CD;H) representing a chemical activation experiment. Energy
distributions are obtained both beforc and after the breakup of the activated molecule by means of a
correlation function technique. Four different potential energy surfaces are employed. It is found that the
initial distribution of energy in the activated molecule may or may not be random, depending on the details
of the particular surface. This distribution becomes random in less than 5 10~'? sec. The distribution of
energy in the final product (CD;) is found to be randomly distributed (as predicted by RRKM theory
including angulasr momentum considerations) for a surface with 0o exit channel barricr or strong intermode
couplings. When these special forces are present nonrandom energy distributions result. Product channel
barriers result in an excess of translational energy and exit channel intermode couplings result in
nonrandom vibrational distributions. Angular momentum considerations are found to be important in
matching the predictions of RRKM theory with the calculations.

INTRODUCTION

In the.past few years, molecular beam, ! infrared
chemiluminescence, * and laser fluorescence® experi-
ments, and classical trajectory calculations* using digi-
tal computers have provided a clear description of the
dynamical properties of simple three-body chemical re-
actions; The measurement of final state distributions
of the products of reactions whose collisions require
only a few vibrational periods provides a wealth of in-
formation which can clearly define the shape of the po-
tential energy surface upon which the reaction occurs.

It is clear from these experiments and calculations that
no simple (e.g., statistical) theory can describe, in de-~
tail, all the data,

Until very recently statistical theories have been able
to adequately describe complex reactions, those involv-
ing several atoms and activated molecules lasting hun-
dreds of vibrational periods or longer. All the available
data (consisting of rate constants) could be explained by
some variant of statistical theory, usually RRKM® the-
ory. The central tenet of this theory is the assumption
of a random distribution lifetimes of the activated mole-~
cule. The original RRKM theory itself does not predict
pProduct state distributions, although it can be made to
do 8o if angular momentum is properly considered, ® and
another statistical model, phase space theory,? also
does 8o, These two theories assume a random distribu-
tion of energy-in the activated complex.

There are now several experiments which show devi-
ations from statistical behavior, either of lifetimes or
of product energy distributions. Classical chemical ac-
tivation experiments® have shown deviations from RRKM
lifetime predictions, molecular beam experiments have
shown product translational state distributions which
differ from unadjusted phase space theory predic-
tions, *¥ and infrared chemiluminescence experiments®!
have shown deviations from phase space theory predic-
tions of product internal state distributions. There
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have also been several classical trajectory studies on
complex systems, '*~® However, all but one of these
studies have concerned themselves with short-lived
(<10°2 gec) activated molecules, rather high energies,
and have centered attention primarily upon lifetime dis-
tributions,

In this paper the central question of how the energy
present in an activated molecule distributes itself, and
how it is disposed of among the modes of the products,
is addressed directly. We have used here an approach
which is essentially in the spirit of the experiments.
This approach involves calculating, averaged over a
(small) interval of time, the classical vibrational spec-
trum of each (approximate) normal mode of the acti-
vated molecule or product. In order to simplify the cal-
culations as much as possible we have chosen a system
which has only one (entrance and exit) channel, that is,
it models a chemical activation energy transfer experi-
ment, We have performed calculations on four different
potential surfaces, all roughly representing CDX,
where X i8 H or Cl. In the case of CD,Cl, the trajec-
tories are started by adding Cl to CD,, while the CDsH
trajectories were started as CD;H with a pseudorandom
internal energy distribution (in order to conserve com-
puter time).

We have chosen four different potential energy sur-
faces, which are essentially identical at the equilibrium
geometry of CDyX and at X+ CD,, differing only in the
neighborhood of the (single) activated complex, The
calculations provide the distribution of lifetimes, the
product translational, rotational, and vibrational energy
distributions, and actually show the approach to equi-
librium of an initially nonrandom CD,Cl state distribu-
tion produced by the nonrandom initial conditions.

These calculations were not designed to provide a
comprehensive diagnostic survey of the possible be-
havior of a group of systems, but only to provide an ex-
ample of as many expected or suspected effects as pos-
sible, using a few sets of trajectories.

Copyright © 1976 American Institute of Physics
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THE CALCULATIONS
The four model surfaces used in this study were
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where X is the chlorine or hydrogen atom, C is the
carbon, and L, M, and N are deuteriums; Rxc is the
distance between X and C; and 5, 5y, and 8, indicate
terms present only in surfaces 2, 3, and 4, respec-
tively, Energles are given in eV and distances in 4.
The masses of H, D, C, and Cl were taken to be 0. 859,
1,918, 11,508, and 33.56 AMU, giving a unit of time
equivalent to 10”4 sec. Each of the four surfaces are
essentially the same in regions describing either sep-
arated X and CD, particles, o7 a bound CD;X molecule.
They are specifically designed to be different only in
the region of the activated complex.

Surface 1 has no barrier to the departure of the X
atom, Surface 2 has a simple barrier in the X-C
. stretching coordinate at a C-X distance of 2,6 A and an
energy of 0.25 eV, Surface 4 has a barrier also, but
in this case the forces act between the X atom and the
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FIG. 1, Portion of surface 1, with CDj at its equilibrium dis-
tances, and X at a variable distance from CD;. The horizontal
axis in this graph is the C; axis of CDy, and the vertical axis is
the coordinata perpendicular to this axis. Distances are in
units of 10°¥ meter and energies in eV. The gero of energy
refers to separated X+CDy. Unlabeled contours are spaced at
intervals of 0.5 eV. The atom approaches from the left in
these trajectory studies.
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three D atoms rather than between the X and C atoms
as in surface 2. Surface 3 has a coupling between the
C-X coordinate and the C-D coordinates such that the
C-D bonds must be stretched to allow the X to leave
without a large activation energy.

Graphs of a cross section of the entrance (and exit)
channel of surfaces 1 and 2 are given in Figs. 1 and 2,
Graphs such as these are really inadequate representa
tions of these multidimensional surfaces, especially for
surfaces 3 and 4, where several different bond coordi-
nates are coupled together. Although this functional
form for the potential contains several harmonic ap- *
pearing terms, the nonorthogonality of the various co-
ordinates results in the potential being highly anhar-
monic when expanded along zero-order normal coordi-
nates, The shape of the inversion mode of CD, is simi-
lar to that of real NH,; the equilibrium geometry of the
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FIG. 2. Portion of surface 2, with CDjy at its equilibrium dis-
tances, and X at a variable distance from CDs. The horizontal
axis is this graph is the Cy axis of CD;, and the vertical axis
1s the coordinate perpendicular to this axis. Distances are in
units of 10"® meter and energies in eV. The zero of energy
refers to separated X+CD;. Unlabeled contours are spaced at
jntervals of 0.5 eV. The atom approaches from the left in
these trajectery studies,
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TABLE I. Normal mode frequencies.

Frequencies (cm™)

Mode CD; CDyH CDhyCl  CDH®  CDCI®
1 1949 3530 1956 1949 1949

2 1843° 1948 1854° 1843* 1843%
3 602 1861° 1361 602° 602*
4 292 1339°* 961* 319 319

5 1097 798 132* 113*
6 601* 600%

®Activated complex
for surface 1.

*Doubly degenerate.

CD; group in this model is the same in both CDg and
CD,X. The barrier to CD, inversion (0. 03 eV) is small-
er than the average product excitation, and this poten-
tial appears basically as a harmonic potential with only
a small area near the minimum appearing quartic.

The resulting anharmonicity is small encugh that at the
average excitation in these calculations, the quartic
terms are unimportant. The normal mode vibration
frequencies obtained from this potential are given in
Table I.

This potential is not a particularly good fit to the real
CHyCl molecule, as it cannot, for instance, dissociate
to CHxCl+H or CH;+ HC1, It is actually more like the
real potential of CH,l, which has a C-I dissociation en-
ergy closer to the value used in our potential, The vi-
brational frequencies of our model are in the same
range as those of real CD,C1 but are not in the correct
order. The potential is best considered as being typi-
cal of this sized molecule and not as a model of real
CD,C1 (or CD,H). '

The CD4Cl activated molecules were formed by the
addition of Cl to CD,, Because such a large amount of
internal energy, 2,568 eV (1.75 eV from potential at-
traction of Cl and CD, and 0, 813 eV from relative trans-
lation) is created by the addition of Cl to CD, (in our
model) the effect of vibration and rotation in the incom-
ing CDg has been neglected, and all trajectories in the
Monte Carlo study were started with the CD, at rest,
neither vibrating nor rotating. The initial angle of ap-
proach and impact parameter were selected randomly,
except that approach was limited to the front side of the
CD, (see Fig. 1) and the impact parameter limited to
2.2 A. The actual trajectories were computed by inte-
grating Hamilton’s Eqs. (24 first order equations) in
Cartesian coordinates, the center of mass being held
fixed.,

Attempts to start the CD,H trajectories by this meth-
od were unsuccessful, since the high velocity of the in-
coming H atom causes almost all trajectories to repre-
sent simple (<10™ gec long) encounters and not long-
lived activated molecules. We therefore started the
CD,H trajectories with a pseudorandom distribution of
energy in CD,H vibrations, This was done by choosing
the five particles to be initially at rest (hence with zero
linear and angular momenta) with a random extension
in each normal coordinate. The total amount of inter-
nal energy, 2.50 eV, was obtained by adjusting the total
amount of displacement keeping the ratio of energy
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among modes fixed. One batch of trajectories was run

-using this starting method, using X=Cl and surface 1,

in order to test the effect of the zero total angular mo-
mentum condition. For this sampling method trajec-

tories dissociating at times less than 1,5 ps for CD,Cl
or 0.5 ps for CD;H were discarded, in order to sample
only products from randomized trajectories. ’

The smaill number of trajectories in each butch is a
consequence of the extreme complexity (and great
length) of each trajectory and the need to minimize com-
puter costs. The fastest vibrational period is 5 ps,
and since some trajectories were allowed to run inr 32
ps, there were up to 4000 vibrational periods in a tra-
jectory. Several integration routines were tried includ-
ing 6th and 12th order Adams, 4th order RungeKutta,
and 6th order hybrid Gear, ' all being tried with both
fixed and variable step size. In all cases the effects of
using a variable step size were nil or even deleterious,
as the error parameters used for step size testing sel-
dom changed. The best method was the 6th order hybrid
Gear method, using with a fixed step size of 10™° sec,
Individual trajectories (for graphs, etc.) were runon a
860-75 computer, with double precision (56 bit mantis-
sa) arithmetic, and batches for statistics were run on
the Hliac IV array processor (with a 48 bit mantissa). '

Extensive back-integration and step-size changing
tests were done to determine the accuracy of these long
trajectories. Each trajectory can be broken into one
part, at early times, representing vibration of a CDyX
activated molecule, with ~2.5 eV excitation, and
another part, at later times, representing CD, with
<0.8 eV internal excitation, The part representing CD,
alone is numerically accurate over its entire length and
can be back-integrated to several significant figures.
The CDyX part of a trajectory proved to return to its
starting point to two significant figures after back in-
tegration over any randomly chosen 2 to 3 ps section
for CD,C! and over 1,0 and 1.5 ps for CD.H; over long-
er sections inherent numerical instability in the dynami-
cal equations combine with truncation and roundoff er-
rors to make back-integration inaccurate. Since analy-
8is of the final results shows that the nonrandomness
introduced by the initial conditions decays faster than 3
ps for CD4Cl or 0.5 ps for CD4H the numerical inac-
curacy introduced by the integration procedure should
not effect the product state distributions resulting from
activated molecules with long lifetimes, (If a distribu-
tion is already random, errors introduced by numeri-~
cal instabilities have no effect on it. This point has
been noted before concerning calculations on assem-
blies of particles®)., The parts of the trajectory which
have ceased to reflect the initial conditions due to nu-
merical instability cannot, however, be used to test the
random lifetime distribution hypothesis or the rate of
approach to randomness, Back integration is a very
strong constraint on the accuracy. Several trajectories
were found in which a nonrandom erergy distribution
remained fixed long after back integration became im-
possible. In all cases energy and total angular mo-
mentum are conserved to 10 decimal places for CD,Cl
and seven places for CDyH.

J. Chem. Phys., Vol. 65, No. 6, 15 September 1976
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Because of the anharmonicities and couplings between
normal modes, there is no unique method for determin-
ing the energy in each “normal mode.” The following
method was devised to provide information about the vi-
brational spectrum of each normal mode of CD,. A
similar method was employed for CD.X.

(1) At points spaced 5x10™" gec apart the center of
mass of CDy molecule was first moved to the origin and
the velocity of the center of mass subtracted off; then it
was rotated about its center of mass until 3 2, ¢;7,,=0,
where the 12 g; are the displacements of the x, y, and 2
coordinates of the four atoms from their equilibrium po-
sition, and 7;;, j=x, ¥, or z are three 12-dimensional
vectors representing infinitesimal rotations ‘about the x,
y, and z axes. The three components of angular mo-
mentum are obtained at this step. Next the momenta in
Cartesian coordinate, p,, i=1, 12, were converted to a
mass weighted coordinate system p;: pf=p,VM,, where
M, is the mass of the atom associated with the i coordi-
nate, Finally the momenta in each of the 6 mass
weighted normal momentum coordinates @,, i=1,86,
were computed @,=3 3, p} X,,, where X,; are unit 12-
dimensional vectors representing motion along each of
the six small-displacement normal modes.

(2) The autocorrelation function®™ for each of the six
momenta is next found :

. U4
Ci(Tpy AT)= ). OfTo+ K8)®To+ K8+ AT) ,
Kol

where T is the time at the start of the time interval of
width AT,..,= N8 covered by this average. The times T,
and AT are in integer steps of 5=5x10"¥ sec. The
resolution is proportional to the number of points N in
this.function, The value of N was variously 50, 128, or
256, depending on the needed resolution and also pro-
gramming considerations. M must be greater than N,

(3) In order to obtain spectral peaks with no negative
side lobes, the correlation function was given trape-
zoidal apodization®:

C'(Tyy AT )= C(Tgy AT V¥ (AT e = AT )/AT s .
This procedure changes the apparent shape of an iso-
lated, monochromatic line from sina(v ~ vy) /(v - 1) to
[sina{v = v) (v = 1,)]%, where v, is the central frequency
and a is a constant depending on N.

* (4) The momentum vibration spectrum® S(Tg, v)was
- computed by taking the Fourier transform of C'(T,,

AT). This spectrum is given pointwise, from 0 to

3333 cm™ [0 to 9.92 10" Hz), in N equal steps. The
3530 cm™ mode of CD,H appears in an “alias”® at 3136
em™, The spectrum of a coordi.na.te conjugate to a
given momentum is S,(v}=S,(v)/v®. This exact rela-
tion? is a direct consequence of the properties of cor-
rek_).non functions and Fourier transforms.

This procedure which produces a mechanical vibra-
tion spectrum in each normal coordinate has two impor-
tant features. (The word “spectrum” does not here im-
ply radiation but refers to intensity (amplitude squared)
of mechanical motion at a given frequency.) First, for
small amplitude vibrations there is only one peak in the
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spectrum of each normal mode, and the area under this
peak is proportional to the energy in the mode. Second,
one may calculate an infrared or Raman spectrum of the
vibrating molecule by taking the properly weighted lin-
ear combination of normal modes before taking the cor-
relation function. For high amplitude vibrations the ef-
fect of coupling between modes appears as a broadening
of lines and the growing in of subsidiary peaks due to
cross modulation and “beats,” and the energy in 2 mode
is no longer precisely defined. The effect of anhar-
monic force fields will show clearly in the spectrum.
For example, the vibrational frequency of a quar‘.c 0s-
cillator increases with excitation, and a peak is present
at 3 (and 5, 7, ... ) times the fundamental frequency.

Distribution and averages of energy in each mode and
in rotation and translation are computed in the usual
manner,?*® The relation between spectral intensity
{peak area) and energy was obtained by requiring the
{otal vibrational energy, obtained from the spectrum,
added to the rotational and translational energy, to
equal the total energy. The proportionality constant
thus obtained varied by only 5% between ingividua) tra-
jectories.

The total number of trajectories in each batch was
varied in order to balance the requirements of adequate
sampling and minimum computer time, The standard
deviation® of a particular average energy value x (for
one mode) is given by (for N trajectories)

= N MR

This quantity decreases with increasing N; o = const/
¥YN. For all the batches listed, N was increased (in
multiples of 64) until it was clear whether a given batch
was statistical in vibration (i.e., the average energy
was equal in each vibrational mode, allowing a differ-
ence of +15% for systematic error inthe spectral analy-
sis procedure) within a 95% confidence limit. The usual
standard deviation for the quantities listed in the tables
various from 0. 002 to 0. 005, except for batches with
very few trajectories (such as surface 1 for CD,Cl
started with no angular momentum).

RESULTS

The behavior of two individual trajectories typical of
CD,Cl1 is shown in Figs. 8, 4, and 5. (These areona
variant of surface 1 with the potential constants 1.75
and 3, 4042 replaced by 3. 00 and 2, 60, respectively.
The normal mode frequencies are the same as those of
surface 1.) The total energy is 4.1 eV (1.1 eV above
dissociation). The figures show the spectrum of each
normal mode averaged over a 2,5 ps interval. The
first portion of each trajectory represents the CD,Cl
activated molecule itself. Note the large fluctuations
in the energy in each mode versus time, the varying
width and structure of peaks, and the existance of sub-
sidiary peaks at frequencies of other normal modes.
At these high excitations, energy flows freely between
modes, on a time scale short compared to 2.5 ps. The
subsidiary peaks are caused by the coupling between
modes due to the very wide amplitude of vibrational mo-

J. Chem. Phyx, Vol. 85, No. 8. 15 Sentember 187/
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FIG. 8. Spectra of each normal coordinate vs. time for a single trajectory on a variant of surface 1, for CDsCl. Each individual
frame gives thavibrational energy spectrum of a single mode averaged over a time of 2.5 ps. The horizoutal axis is vibrational
frequency (from 0 to 3333 cm™ in units of 13 cm™) and the vertical axes are energy/cm™, All the graphs have the same scale.

tion, far exceeding the region of good normal modes.
Even at this very high energy, however, the vestiges of
normal mode frequencies are clearly evident,

A perusal of similar plots shows that the presence of
alternating plots with sharp peaks and plots with broad
structure is typical, but that there is no pattern to the
occurrence of these characteristics; they appear to be
random in time.

The two trajectories vary most dramatically in the
behavior of the product CD; molecule, In the trajectory
of Fig. 3 the internal energy of the product CDy is
0.418 eV and the initial energy distribution is frozen
over at least 12,5 ps. The energy in the nondegenerate
modes (1 and 4) is essentially constant, while in the de-
generate modes 2 and 8 only the total in the X and Y di-
rections is constant. In the trajectory of Fig. 4, in

which the CD, group has an internal energy of 1,03 eV,

the energy first appears mainly in mode 1 but later be-
comes more widely distributed, This process requires
about 10 ps to occur; frames at times out to 40 ps show
behavior similar to the last two shown.

Figure 4 shows a feature common to all trajectories
at similar energies (both in CD; and CDgX). At a time
immediately before the energy appears to redistribute
(at 15~17.5 ps in Fig. 2) one of the lesser active modes
(mode 4 here) shows a peak not at its own frequency,
but at a frequency of the most active mode. About 1 ps
later this mode (No. 4 here) shows a strong activity at
its normal frequency. Examination of the numerical
values of the peak at the frequency of.mode 1 in mode
4 shows that exponential growth in a very weakly ener-
gized mode is a very characteristic feature of all tra-
jectories at medium (~ 1 eV) energies,
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FIG. 4. Spectra of each normal coordinate vs. time for a single trajectory on a variant of surface 1, for CDyCl. Each individual
frame gives the vibrational energy spectrum of a single mode averaged over a time of 2,5 ps. The horizontal axis is vibrational
frequenoy (from 0 to 3333 cm™ in units of 13 cm™) and the vertical axes are energy/cm™. All the graphs have the same scale.

A portion of the actual normal mode oscillations of
the trajectory in Fig. 4 is shown in Fig. 5. The vari-
ation of energy in each mode with time and the general
tendency to vibrate at the frequency, bound in the ordi-
nary normal mode analysis at least over short periods
of time, are clearly evident.

The production of the CD,Cl activated molecule by
combination of two particles is clearly a nonrandom
process, and should produce a nonrandom excitation of
the CD,CL. Surfaces 1 and 3 were examined in detail to
test for this effect, Figure 6 shows the time depen-
dence of the energy in each normal mode for a set of 80
trajectories on surface 3 with total energy 1.90 eV.
None of these trajectories dissociated in 2 ps. The av-
erage is given for the degenerate modes. The energy in
the modes having the same symmetry as the reaction
coordinate is higher than average, and decreases with

time, while in those with symmetry different from the
reaction coordinate (the degenerate modes) it is low and
increases. At long times the energy in each moda
reaches a constant value equal within the systematic
analysis error of about 10%. In addition, at long times
(>3 ps) the spectrum of a long stretch of a single tra-
jectory (say 30 ps) is independent of the starting condi-
tions and is the same as the spectrum of an average 30
trajectories over 1 ps each. A similar analysis on sur-
face 1 showed no perceptible variation of the distribu-
tion of energy versus time; the distribution begins in
the same energy distribution as reached at long times
on surface 3. Surfaces 2 and 4 were not tested for this
effect,

Figure 7 shows the shape of the peaks for each nor-
mal mode, for an average of 80 trajectories on gurface
3, for CD,Cl, at times between 3.0 and 3.5 ps. The to-
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F1G. 5. Normal displacement coordinates vs. time (in mass.
weighted coordinate systems) for a portion of the trajectory of
Fig. 4. 'The portion covered here spans 3.0 to 5.0 ps in Fig. 4.

tal energy was 1,80 eV, The shape of these peaks is
the same for a long stretch (> 30 ps) of a single trajec-
tory as for this multiple trajectory average,

The lifetime distributions for CD,Cl on surfaces 1
{rig. 8) and 3 show a clear nonexponential behavior.
{Note that surface 1 shows no initial nonrandom energy
distribution large enough to be statistically significant.)
The original decay rate is faster than the long term
rate, and the break betwgven the two rates occurs at
about 1.5 ps, about the same time that the nonrandom
energy distribution disappears, but considerably earlier
than the point at which the trajectories cease to be back-
integratable, Although trajectories longer than 3 ps
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FIG. 6. Energy in each normal mode of the activated molecule
vs. time, for an average of 80 trajectories on surface 3, for
CD;Cl, started as Cl+CDy, with 1.90 cV total crergy. The
average value is given for the degenerate modes. The numbers
to the left of each curve arc the mode indices {of Table I).
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FIG, 7. Spectra of each normal mode, averaged over 80 tra-
jectories of Cl+CD; on surface 3 at times between 3.0 and 3.5
ps. Horizontal axis is wavenumber between 0 and 3333 in swpe
of 67 em™. Vertical axes are cnergy/cm" on the same rela-
tive scale.

cannot be used to verify the random lifetime distribn-
tion assumption of RRKM theory, these longer trajec-
tories do have the same lifetime distribulion as ihose
lasting 1.5 to 3 ps, which are back integrable, we be-
lieve that they can be used to establish the state dis-
tributions of product molecules, and also to test the
predictions of RRKM theory for the rate of decay of al-
ready random activated molecules [that is, the predic-
tions of Eq. (1)]. (Surfaces 2 and 4 do not have suf-
ficiently many trajectories which break up at short
times to allow analysis. )

The process used to start the CD;H trajectories is al-
so nonrandom, although in a more subtle manner., The
distribution of energies is close to random, differing
from a random one only because of the coupling of nor-
mal modes. However, the phase is clearly nonrandom
as each trajectory was slarted with the atoms at rest.
Tests similar to those used for CD,C] show that any
nonrandom behavior is gone after 0.5 ps. Trajectorics
which dissociated before 0.5 ps were discarded.

The main results of this study consist of the energy
distribution between the four vibrational modes, trans-
lation, and rotation in the product molecules. This data
is given in Tables IT and ITII, Because of the limited
number of trajectories in each batch there is an 2ppre-
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TABLE . Average encrgies in each product mode for trajectories started as Cl + CD3. Values for modes 2 and 3 are the
average of the two degenerate modes.

Average cnergies (eV)

Number
Time of
(10712 g) trajectories 1 2 3 4 Trans Rot
Surface 0.0-0.5 161 0.041 0.024 0.039 0.073 0.507 0.076
1 0.5~1.5 170 0.089 0.078 0.079 0.096 0.225 0.102
X-Cl 1.5-8.0 135 0.080 0.081 0.068 0.076 0.243 0.100
0.5-8.0 305 0.085 0.080 0.074 0.087 0.233 0.101
>8.0 46
Surface 0.0-0.5 96 0.006 0.005 0.006 0,022 0.754 ¢.ex2
2 0.5-32.0 75 0.068 0.064 0.057 0.058 0.398 9.081
X=Cl >32.0 213
Surface 0.0-0.5 212 0.032 0.017 0.033 0.144 0.496 0.061
3 0.5-1.5 180 0.062 0.058 0.069 0.107 0.266 0.120
X=Cl 1.5-8.0 94 0.082 0.089 0.075 0.083 0.185 0.120
0.5-8.0 274 0.069 0.069 0.071 0.099 0.238 0.120
>B.0 26
Surface 0.0-0.5 68 0.020 0.009 0.024 0.053 0.634 0.046
4 0.5-16.0 150 0.051 0.053 0.053 0.083 0.400 0,07
X=Cl >16.0 230

ciable random error in the a_&erage values tabulated.
Even for batches which are completely statistical in vi-
bration (i. e., have the same average energy in each
mode) there will be a statistical fluctuation and some
spread is expected, We have decided between random
deviations and true nonrandom behavior with the follow-
ing method: if the most populated mode is greater than
1.3 times the least populated (in vibration), thei. the de-
viation is considered nonrandom. This assures that
there will be less than a 1% chance that a random dis-
tribution will be labeled nonrandom due to statistical
fluctuations,

By this criterion all four surfaces used for CD,Cl
show nonrandom behavior for trajectories whose colli-
sion lifetimes are shorter than 0,5 ps. This behavior

is clearly a consequence of the fact that some trajec-
tories never form complexes, and most of their energy
remain in translation,.

For CD4Cl the anly long-lived (> 0.5 ps) complexes
which display nonrandom vibration are those on surface
4 (at all times >0, 5 ps) and those on surface 3 which

lasted greater thanv 0.5 but less-than 1.5 ps.

All CD4H trajectory sets were statistical in vibration
except those on surface 3, which showed nonrandom be-
havior at all times greater than 0, 5 ps.

The distribution of energy in a single mode versus
the energy in that mode given by these calculations is
given in Figs, 9-11,

TABLE 1. Average energies in each product mode for trajectories started as CD;X with no angular momentum. Values for

modes 2 and 3 are the average of the two degererate modes.

r—

Average Eunergies (eV)

Number
Time of
1012 g) trajectories 1 3 4 Trans Rot
Surface 0.5-1.5 232 0.109 0.110 0.090 0.094 0.082 0.049
1 1.5-8.0 196 0.097 0.104 0.094 0.089 0.088 0.056
X=H 0.5-8.0 428 0.104 0.107 0.092 0.092 0.085 0.052
>8.0 7
Surface 0.5~10,0 210 0.070 0.064 0.065 0.064 0.321 0.033
2 >10.0 195
=H
Surface 0.5-8.0 237 0.076 0.099 0.090 0.109 0.102 0.068
3 >8.0 66
X=H
Surface 1.6-8.0 93 0.098 0.065 0.098 0.073 0.088 0.093
1
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The distribution of energy in the nondegenerate vibra-  4) the effect of these barriers is dominant and produces
tional modes is a decreasing (roughly exponential) func-  a peaked distribution which is zero at low energies, and
tion, while the distribution in the two doubly degenerate begins rising somewhat below the actual barrier height.
is peaked, as would be expected from the convolution -The width of this distribution is greater in the CD,C1
of two (coupled) exponentially falling distributions, The case (due to the increased total angular momentum).
rotational distributions are in all cases falling distribu- o o gyrfaces without exit channel barriers (1 and

tions. 3) the presence or absence of total angular momentum
The translational distributions show three different makes a dramatic effect on the translational energy dis-
forms: In the two surfaces with product barriers (2 and  tribution. Where there is zero total angular momentum,
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the distribution is a monotone decreasing function of en-
ergy while with nonzero angular momentum it is a
peaked function.

The effect of the total angular momentum on the trans-
lational and rotational energies is clearly evident in
these figures, The trajectories which were started by
adding a CI atom to CD, (and thus have average total
angular momentum of 18 #) have muck higher product
translational energy and somewhat higher rotational en-
ergy than those started with no angular momentum (for
either X=H or Cl).

We have also searched through the results of Cl1+CD,
on surface 1 for correlations between two significant
random initial conditions, impact parameter and the
initial angle between the relative velocity vector and the
Cs axis of CDy, and the final conditions. There is a re-
duced probability of forming a long-lived (> 0. 5 ps) com-
plex at high impact parameters, and also for atoms
hitting CD, nearly perpendicular to the Cy axis. The
most dramatic correlation is between the impact pa-
rameter and the final translational energy (Fig. 12).
Clearly the total angular momentum (proportional to im-
pact parameter, because there is no initial molecular
rotation), which is conserved throughout a collision,
very strongly controls the final translational energy.

DISCUSSION

Results of trajectory calculations such as these can
be looked upon either as “calculations” with which real
experiments can be compared, or as “experiments”
which serve to verify the predictions of some (hopefully
simpler) theory. The obvious comparison of the second
sort is to RRKM or phase space theory, while the lack
of an exact fit to “real” CDyX renders the first sort of
comparison inappropriate. We shall first compare our

calculations to statistical theories of the simplest sort
and then point out the parts of our results which appear
to be essentially dynamical, and hence outside the com-
petence of any statistical theory. One of the basic as-
sumptions of the theory of unimolecular reactions is
that both the activated molecule and activated complex
exist with a random distribution of states, The tests
we have performed on the activated molecule tend to
confirm the idea that, for complicated molecules and
high enough energies (>2 eV), even if a molecule is
formed with some special energy distribution, a random
distribution will soon (<5 ps) be established by intra-
molecular relaxation, It is possible that effects which
we have not tested for, such as nonrandom phase dis-
tributions or couplings between two mode’s energies in
a single trajectory (for example, modes 1 and 4 might

2
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FIG. 12. Correlation between entrance chanuel impact param-
eter and final translational energy for activated molecules
liviog longer than 0.5 ps on surface 1 for Cl+CDy.
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TABLE IV. Lifetimes for CDyCl started
as C1+CD, and CD;H started with no
angular momentum, with corresponding
classical RRKM theory predictions.

Lifetime {(ps)
RRKM Trajectory

CD,Cl
Surzace 1 4.5 4.8
Surface 2 180 : 105
CDyH
Surface 1 1.0 4,9
Surface 2 3.5 12

always be highly or weakly excited fogether, but on the
average be normally excited) might dilute this conclu-
sion. This effect may indeed be present at short times
on surface 1 for CD,Cl, where tests show a random
overall energy distribution but a nonexponential lifetime
distribution. These trajectories also show that mole-
cules which “react” before equilibrium is established
will show the effects of the initial conditions on the final
product states. A similar effect would be expected in a
truly reactive case.

The results of this trajectory study are also in ac-
cord with recent findings of classical ergodic theory.®
For both CDsC1 and CDy molecules, trajectories at low
energies, less than about 1 eV total energy, show evi-
dence of being in the quasiperiodic region (no energy
mixing, sharp vibration frequencies, neighboring tra-
jectories which separately approximately linearly with
time)?* while at higher energies they display ergodic
behavior (random energy distributions, unsharp frequency
of vibration, and exponentially separating trajectories).

The simplest comparison with statistical theory is a
test of (fully classical) RRKM theory predictionof life-
times. We have done this for surfaces 1 and 2 and for
both CD;H and CD4Cl. According to the simplest ap-
plication of RRKM theory, assuming all vibrations and
two rotations active, and neglecting overall rotation,

Lo ey Pet [y S - Sy e PRaEY e

[ Y EARN

8
21 E_I vl [ E,,(activated molecule)]°® )
"¢ H v (E,, (activated complex) | °’
i=1

the »,’s and 1}’s being the vibrational frequencies (in
cm™) of the activated molecule and activated complex,
respectively, and c the speed of light. The frequencies
for the activated complex (Table I) were obtained at the
C-X distance which yielded the longest lifetime (2.6 A
for surface 1 and 2.2 A for surface 2), Theresultsare
given inTable IV, compared to the values obtainedfrom
the trajectory study by measuring the slope of In(N/No) at
times greaterthan1.5ps. We again emphasize thatthe
use of trajectories which last longer than the accurate
integration time is allowed here, as what Eq. (1)isde-
signed to predict is the fraction of a group of activated
molecules which will break up in some increment of
time. It is possible to conceive of a group of molecules

J. D. McDonald and R. A. Marcus: Energy distributions in uhimolecular processes

- which have random lifetimes, but do not follow this

formula (because, to cite one obvious example, some
molecules which have crossed whatever surface is
chosen as the critical configuration might return to
form a new activated molecule). The trajectory and
RRKM results are in fair agreement both for the
cases illustrated and for surfaces 3 and 4 where the
reaction coordinate is harder to define.

We have compared our product energy distributions
and average energies (for surfaces 1 and 2) with statis-
tical predictions. We have used a form of transition
state theory (RRKM theory + angular momentum)* which
includes the following features:

(1) The transition state is located at a fixed location,

(2) The transition state is considered “tight, ” although
this makes little difference for the high angular mo-
mentum collisions.

(3) The energy released when the cutgoing particles
descend the exit channel barrier on surface 2 all goes
into translation.

(4) The effect of the high total angular momentum
present in the systems started as Cl+ CD, is taken into
account,

(5) Classical distribution functions are used.

Item 4 is particularly important, as much of the
transiational energy of the products from Cl+ CDy
arises when the rotational motion of the complex is con-
verted into translation as system descends the product
(potential + centrifugal) barrier. For high angular mo-
mentum collisions the physical picture of the complex’s
dissociation is equivalent to the breaking of a dumbell-
shaped molecule, with the particles leaving, on the
average, tangentially. .

Calculations using this model agree with both the
average values and the distributions within the inherent
accuracy expected from a simple model. In particular,
the model predicts:

(1) Equal amounts of energy in each vibrational mode.
'(2) The correct shape of the vibrational distribution:
P(€) = const (E¢ot ~ Eparptor~ €)7
for single modes and
P(€) = const €(Eqqy — Engrrtor— ¢)°

for the sum of the energy in a degenerate pair, in agree-
ment with the trajectories.

(3) The qualitative differences in shape of the rota-
tional and vibrational distributions for chlorine and hy-
drogen, and for sets with zero or nonzero angular mo-
mentum,

The average values of energy in product translation and
rotation for Cl+ CD; are very dependent on the exact
total angular momentum distribution and are fitted well
(+ 25%) but not perfectly.

This model using semiclassical state counts® also
gives reasonable agreement with the translational dis-
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tributions measured by molecular beams for all the
reactions

X+RCE=CHY-Y+RCH=CHX,

where X and Y are F, Cl, or Br, which last longer than
one rotational period of the complex, but not for Y=H
which probably needs exact quantum state counting,

The “special” effects which must be explained in-
clude the followling:

(1) The nonrandom lifetime distribution calcutated
for CD4(C1 on surfaces 1 and 3.

(2) The nonrandom vibrational distribution observed
on surfaces 8 and 4, even for activated molecules with
a random energy distribution.

*(3) The difference in vibrational distribution with time
for CD,C1 on surface 3,

The non-random lifetime distributions are clearly a
consequence of the nonrandom initial conditions, and as
mentioned previously it is possible to have a random
energy distribution in the activated molecule (averaged
over all trajectories) and still have a nonrandom life-
time distribution,

The nonrandom product vibrational distributions
produced by trajectories which break up at long times
(long enough to allow internal equilibration in the acti-
vated molecule) on surface 3 (for CD,H) and surface 4
(for CD4C1) are a consequence of the special forces
present in the exit channel. That surface 8 produces
a nonrandom vibrational distribution on CD;H only (for
long times) may be a consequence of a “frequency” mis-
match for CD,Cl. The motion of the leaving Cl atom is
80 slow that the vibrational motions are essentially
adiabatic, For the H which departs CD,H on surface 3,
the speed is greater and there would be a better overlap
of Fourier components of translation and vibration.
Surface 4 does show a nonrandom effect on CD,Cl be-
cause although the random distribution in the complex
persists until the top of the barrier is reached, when
the Cl descends the barrier it does so quickly, and the
push against the three D atoms occurs quickly enough
that they are excited. During this push the inertia of
the C atom prevents it from following the motion of
the D atoms,

Finally, the time dependence of the vibrational dis-
tribution on surface 3 (CD,Cl) is probably due to the
same decay vs time of the initial nonrandom energy dis-
tribution as was exhibited in Fig. 6. There are not
enough short-lived (but snarled) trajectories on surface
4 for it to be analyzed for this effect,

Although the nonrandom effects shown here are not as
dramatic as in direct three-body reactions (because
most of the energy is above any possible barriers and
couplings, and hence appears statistically distributed)
they are equally indicative of the form of potential sur-
face on which a reaction operates, and we believe that
trajectory calculations can be as useful in analyzing
complex trajectories as for simple ones, The problem
is the incredible amount of computer time which must

2164 (1971). J, ¥. Meagher, K. J. Chao, J. R,
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be used to get results, and further such projects will
need a large new infusion of funds.
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