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Classical trajectories for four-centered HF elimination from vinyl fluoride have been calculated directly
from ab initio molecular orbital results at the HF/3-21G level of theory, without the construction of an
analytical potential energy function. The excess energy dependences of the product energy distributions and
vector correlations were calculated. The calculated results were compared with available experimental data
and qualitative agreements were obtained. However, in order to obtain quantitative agreements, trajectory
analyses at a more accurate ab initio level of theory seem to be necessary.

The classical trajectory method is an important tool
for understanding the dynamics of chemical reactions.?
A large number of chemical reactions have been stud-
ied using this method.? However, such studies have
been restricted to relatively simple systems such as
A+BC—AB+C type reactions because the construction
of the potential energy surface is relatively easy. In the
traditional approach, analytical potential energy func-
tions are frequently employed. The parameters used in
the functions are determined so as to reproduce the ex-
perimental data and/or potential energies obtained by
ab initio molecular orbital calculations. The applica-
tion of such a procedure to general polyatomic reaction
systems having four atoms or more is rather difficult be-
cause polyatomic reaction systems have various product
channels and many degrees of freedom. Many classical
trajectory studies using the analytical functions have
been carried out.>—® However, in general, the analyti-
cal functions employed in a study cannot be applied to
other polyatomic reaction systems since such functions
are developed so as to reproduce the potential charac-
teristics for a specific product channel.

Another method for calculating classical trajectories
is to use ab initio computational results without con-
struction of analytical potential functions. This method
has rapidly become useful because of recent advances in
computational speed and improvements over ab initio
molecular orbital programs. In fact, as compared with
the construction of analytical potential functions from
ordinary grid calculations of potential energies by ab
1nitio methods, the direct use of ab initio results in tra-
jectory calculations is an economical method, especially
for systems having more than three atoms. For exam-
ple, in the case of a six-atom system, ten grid points

in each internal coordinate result in a total of 10'? grid
points because the system has twelve internal coordi-
nates. On the other hand, the trajectory calculations
require about 103-—10* potential energies and energy
derivatives for producing one trajectory. Thus, a total
of 106—107 points of energy and energy derivatives are
needed if we try to calculate 1000 trajectories. In addi-
tion, the energy derivatives can be calculated in a rea-
sonable CPU time using analytical gradient techniques
in ab initio computational software.

Recently, Helgaker and his co-workers®!? have ap-
plied ab initio trajectory calculations to Hs eliminations
from Hz and CH,OH™. In order to save computational
time, they solved the classical equations of motion on a
local quadratic potential surface which is obtained from
the first and second derivative calculations. Very re-
cently, Chen et al.'?) have calculated the classical trajec-
tories for the HoCO—H,+CO dissociation directly from
ab initio methods. They have employed local fifth-order
polynomial surfaces fitted to the energies, first and sec-
ond derivatives. They have obtained several hundreds
of trajectories to calculate the energy distributions of
the products.

In this paper, we apply the ab initio classical trajec-
tory method to four-centered hydrogen fluoride (HF)
elimination from vinyl fluoride. The unimolecular reac-
tion of vinyl fluoride is one of the simplest polyatomic
systems and has been studied experimentally and the-
oretically for quite some time. For example, the vibra-
tional distribution of HF produced in the infrared multi-
photon dissociation (IRMPD) of vinyl fluoride has been
measured by Quick and Wittig.'? Very recently, Sato
et al.'® have measured the translational energy distri-
butions of the fragments produced in the photodissoci-
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ation at 157 nm. From a theoretical point of view, Kato
and Morokuma'# have carried out extensive ab initio
molecular orbital calculations for the unimolecular re-
actions of vinyl fluoride and obtained characteristics of
the potential surface for HF elimination. Thus, critical
comparisons with other studies are possible. Without
the use of any fitting procedures for obtaining a po-
tential energy surface, the classical equations of motion
are numerically solved using only the ab initio energies
and first derivatives. In order to calculate the classical
trajectories at a reasonable cost, we have modified the
HONDO ab initio computational program.'®

Computational Method

As mentioned in the Introduction, the classical equations
of motion can be solved using ab initio energies and first en-
ergy derivatives directly. The ab initio computational code
was modified in order to reduce the computational time.
The ab initio code employed was the HONDO version 7
system'® and was extensively modified so as to save all the
files including molecular integrals into computer memory.

The classical equations of motion were solved numerically
using a standard fifth-order predictor—corrector method. A
trajectory was terminated when the distance between the
two fragments, HF and acetylene, was greater than 12 bohr.
The step size employed was 7x1077 s, which was deter-
mined so as to conserve the total energy within 99.99%. The
ab initio calculations were carried out at the Hartree-Fock
(HF) level of theory with a 3—21 G basis set. Of course, this
level of theory may be inadequate for quantitative compar-
isons with experimental data since the Hartree—Fock theory
does not include an electron correlation effect. Nevertheless,
we believe that this method is valuable as an early stage of
this type of investigation because several hundreds of tra-
jectories can be calculated for a reasonable cost. A typical
CPU time for producing one trajectory was about 120 min
on an IBM RS/6000 590 workstation.

The initial conditions were selected using an orthant-like
sampling method.*™® Each trajectory was started at the
molecular geometry around the saddle point. The absolute
values of the momenta were determined randomly in the in-
terval (0, Pmax), where Prax is the absolute value of the
momentum in the case when all the atoms have the same
kinetic energy. The three orientation angles of each momen-
tum vector were also determined randomly. The spurious
center-of-mass momentum and the total angular momen-
tum were then subtracted. In general, the randomness for
the selection of the initial conditions may affect the results of
the trajectory calculations. However, as is mentioned in the
following section, an approximately linear relationship exists
between the average values for the product energies and the
excess energy which is the difference between total energy
and a classical barrier height. This behavior tentatively sug-
gests the selection of the initial conditions employed in the
present calculation is reasonable.

The calculations were carried out for three excess energies.
The number of total reactive trajectories calculated was 108
for 1 kcal mol ™! of excess energy, 228 for 10 kcal mol™*, and
321 for 50 kcal mol™!.

Ab initio Classical Trajectory

Results and Discussion

A. Characteristics of the Potential Energy
Surface. Figure 1 shows the potential energy pro-
file along the intrinsic reaction coordinate (IRC) at the
HF/3—21 G level of theory. Figure 1 also shows the
molecular geometry at the saddle point. The opti-
mized geometry obtained is essentially the same struc-
ture as that calculated by Kato and Morokuma'? at the
HF/4—31 G level of theory although their calculations
give slightly larger distances for the C-F and H-F bonds
and a shorter value for the C~H bond. These behaviors
indicate that the potential energy surface at the HF /4—
31 G level of theory has an early barrier, while the po-
tential at the HF/3—21 G level of theory has a late
barrier. The classical barrier height and endothermicity
were calculated to be 92.0 and 40.4 kcalmol~*, respec-
tively. Kato and Morokuma'® have also estimated the
barrier height and the exothermicity by using a more
accurate method including configuration interactions
with a larger 631 G** basis set. They obtained 86.8
kcalmol™! for the barrier height and 30.3 kcalmol~!
for the endothermicity. On the other hand, the experi-
mental activation energy has been estimated to be 70—
80 kcalmol~1'%!7 and the experimental endothermic-
ity has been reported to be about 18 kcal mol~1!.18:19
The values calculated in the present study are larger
than the experimental ones as well as the theoretical
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Fig. 1. Potential energy profile along the intrinsic re-
action coordinate (IRC). Unit of IRC is given in
(amu)'/?(bohr).
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ones obtained by Kato and Morokuma, but the calcu-
lated exit barrier height, which corresponds to the po-
tential energy difference between the saddle point and
the asymptotic product channel, is comparable to the
experimental value. This is encouraging since we can
compare the present computational results with the ex-
perimental results quantitatively.

B. Details of a Sample Trajectory. A typical
reactive trajectory for HF elimination from vinyl fluo-
ride is plotted in Fig. 2. The excess energy used is 1
kcalmol™!. The motions of the hydrogen atoms are
quite noticeable because of their light mass. It is also
found that both the C-H stretching and C-C—H bending
vibrations are strongly excited in the product acetylene
molecule. This behavior can be easily predicted from
the molecular geometry at the saddle point; one C-C-H
bending angle is deviated from 180° as shown in Fig. 1.
In addition, the C-C stretching vibration is found to be
slightly excited. The trajectory shows that the F atom
in the HF molecule and the two C atoms in the acety-
lene molecule move in nearly opposite directions. This
means that the potential energy surface calculated at
the HF /3—21 G level of theory has a repulsive character
in the exit channel. Therefore, it is expected that a large
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Fig. 2. A typical reactive trajectory for HF elimina-

tion from vinyl fluoride plotted in Cartesian coordi-
nates. The excess energy is 1 kcalmol™'. Dotted
lines indicate the molecular structure at the saddle
point.
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amount of the exit barrier energy is mainly partitioned
into the relative translational energy. This prediction is
also supported by the fact that the reaction completes
within a very short time (typically 20—30 fs).

C. Product Energy Distributions. Figure 3
shows the distributions of the relative translational en-
ergy, the vibrational energy of the product HF, the rota-
tional energy of the product HF, and the internal energy
of the product CoHs at three values of excess energies
E,=1, 10, and 50 kcal mol~!. In the calculations of the
HF vibrational and rotational energy distributions, cou-
pling between the vibration and rotation was ignored.
The internal energy of CoHs includes both the vibra-
tional and rotational energies.

As for the relative translational energy, it is noted
that higher excess energy gives a broader distribution,
while the change in the peak values of the distributions
is not so large. The distributions are approximately
Gaussian-shaped with peak values of 40.6, 40.7, and
44.8 kcalmol~! and full widths at half maxima of 2.5,
8.0, and 16.9 kcalmol~! at excess energies of 1, 10, and
50 kcalmol ™!, respectively. It was found that a large
amount of the total available energy is partitioned into
the relative translational energy. The fractions were
calculated to be 77, 66, and 44% at excess energies of
1, 10, and 50 kcal mol~!, respectively. These large frac-
tions are simply explained by the repulsive nature of
the potential energy surface employed in the present
calculations, as mentioned before.

The vibrational distributions of the product HF show
a non-statistical behavior and a small enhancement in
comparison with a statistical distribution. The aver-
age energies were calculated to be 1.9, 4.0, and 8.8
kcal mol~! at excess energies of 1, 10, and 50 kcal mol %,
respectively.

The energy partitioned into the HF rotation was
found to be very small. The average energies are 0.1,
0.5, and 4.0 kcal mol~! at excess energies of 1, 10 and 50
kcal mol~!, respectively. The rotational energy distri-
butions were found to be well-represented by Boltzmann
distributions. The resulting rotational temperatures are
45, 270, and 1400 K at excess energies of 1, 10, and 50
kcal mol ™!, respectively.

In order to analyze more precisely the contribution
of the excess energy and the exit barrier height to the
product energies, the average of each type of energy
is plotted as a function of excess energy E, in Fig. 4.
Figure 4 shows that each type of product energy F;
follows a linear relation as:

E; =Ei0+a,- E.. (1)

Here, E;° means the energy partitioned into a differ-
ent type of product energy at zero excess energy and
is determined from the nature of the potential energy
surface. On the other hand, a; is the fraction of excess
energy partitioned into the different type of product en-
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Fig. 3. Relative translational energy distributions, HF vibrational energy distributions, HF rotational energy distri-

butions, and C2H, internal energy distributions at three values of excess energies Fx.

ergy. E;° and a; obtained by a least-squares method are
summarized in Table 1. Table 1 also includes the values
of a; which are statistically predicted from the number
of degrees of freedom. For the relative translational en-
ergy and the HF rotational energy, the calculated val-
ues of a; are comparable to the values predicted sta-
tistically. For the HF vibrational energy, however, the
value of a; is larger than the statistical value. Thus, the
opposite trend results in the internal energy of CyHs.
This behavior suggests that coupling between the HF
vibrational modes and the reaction coordinate exists in
the exit channel of the potential energy surface.

Kato and Morokuma'¥ have reported that the energy
distributed in the HF vibration is 11.5 kcalmol ™! from
an IRC analysis. Our trajectory calculations give about
2 kcal mol ! for the HF vibrational energy at zero excess

Table 1. Parameters of the Linear Variation of Each
Type of Energy with the Excess Energy

a; (sta,t.)a)

Type of energy E;°/kcalmol™! a;

Translation 40.16+0.43 0.094+0.01 0.08
HF Vibration 2.16£0.50 0.14+0.02 0.08
HF Rotation —0.11+0.17 0.09+0.01 0.08
C2H; Internal 9.39+0.10 0.69+0.00 0.75

a) a; (stat.) means the fractions which are predicted
statistically from the degrees of freedom.

energy. This difference can qualitatively be explained
by the difference in the characteristics of the potential
energy surfaces. As mentioned in the previous section,
the potential surface at the HF/4—31 G level has an
early barrier, while the potential at the HF/3—21 G
level has a late barrier. However, in order to obtain a
more quantitative conclusion, trajectory calculations at
the HF/4—31 G level of theory should be carried out.

D. Vector Correlations. Details of the photodis-
sociation dynamics can be obtained from not only the
product energy distributions, but also the vector corre-
lations. Figure 5 shows J-v correlations between the ro-
tational angular momentum vectors J of HF and CyHy
and the relative velocity vector v for the three excess
energies. Both the vector correlations exhibit maxima
at around 90°. This is explained by the fact that the
molecular structure at the saddle point is planar. The
velocity vector must be parallel to this plane, while the
rotational angular momentum vectors must be perpen-
dicular to the plane. In addition, since the reaction
occurs within a very short time, the directions of the ro-
tational angular momentum vectors and velocity vector
may be determined in an early stage of the reaction. It
is also noted that the vector correlations do not depend
on the excess energy. This suggests that the experimen-
tal measurements of the vector correlations give purely
dynamical information about HF elimination from vinyl
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Fig. 4. Dependence of each type of product energy on
the excess energy.

fluoride.

Figure 6 shows the vector correlations between the
two rotational angular momentum vectors and the rela-
tive orbital angular momentum vector L. The distribu-
tions show peaks at around 180° indicating that the two
vectors have opposite directions. An explanation simi-
lar to the case for the J-v correlations is also possible
for the present case. In addition, the sharp distribu-
tions observed are due to the initial condition in which
the total angular momentum is zero.

Figure 7 shows the J—J vector correlations between
the rotational angular momentum vectors of HF and
CoHs,. The J-J correlation gives information about the
exit dihedral angle between the two fragments. The
distributions calculated show somewhat broad behavior
for all excess energies although the populations <90°
are slightly large.

E. Comparisons of the Trajectory Results with
Experimental Data. Before comparing the tra-
jectory results with experimental data, we will discuss
the accuracy of the asymptotic potential energy sur-
faces calculated at the HF/3—21 G level of theory. For
the product HF molecule, we compared the ab initio
potential curve with an experimental Morse curve. It
was found that the ab initio potential curve becomes
more inaccurate as the potential energy becomes larger.
This can easily be predicted because it is generally ac-
cepted that the Restricted-Hartree—Fock theory does
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Fig. 5. Plots in the left column indicate the vector

correlations between the rotational angular momen-
tum vector of the product HF (Jur) and the relative
velocity vector (vrer) for the three values of excess en-
ergies Fx. Plots in the right column are for the vector
correlations between the rotational angular momen-
tum vector of the product acetylene (Jcucu) and the
relative translational vector.

not give an accurate dissociation limit. This behavior
is also the case for the potential surface of acetylene.
Then, the trajectory calculations may overestimate the
asymptotic potential energy especially for large excess
energies. However, the errors were found to be within
2 kcal mol~? for the trajectory calculations at an excess
energy of 50 kcalmol 1.

The vibrational state distribution of HF produced in
IRMPD of vinylflouride has been reported by Quick and
Wittig.!? They have estimated that the experimental
excess energy lies in the range of 20—35 kcalmol~?.
The experimental results and the present trajectory
results are summarized in Table 2. Both the experi-
mental and theoretical distributions show that the rela-
tive population decreases with an increase in the vibra-
tional level although the population of HF (v=0) has
not been measured in the experiment. However, the
experimental result gives a slightly hotter distribution
than the theoretical one even at an excess energy of 50
kcal mol ™!,
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Fig. 6. Plots in the left column indicate the vector
correlations between the rotational angular momen-
tum vector of the product HF (Jur) and the orbital
angular momentum vector (L) for the three values
of excess energies Eyx. Plots in the right column
are for the vector correlations between the rotational
angular momentum vector of the product acetylene
(Jcucn) and the orbital angular momentum vector.

Table 2. Comparison of the Vibrational State Distri-
butions of HF(v) Produced in the Photodissocia-
tion of Vinyl Fluoride

E',(/kca.lmol_1 v=0 v=1 ov=2 v=3 v=4
Experiment®
20—35 — 1.0 0.55 0.15 < 0.05
Trajectoryb)
1 100 0 0 0 0
10 79 21 0 0 0
50 47 41 10 1 1

a) The experimental distributions are normalized at the
population of HF (v=1) because the population of HF
(v=0) has not been measured. b) The vibrational dis-
tributions calculated by the trajectory method are ex-
pressed in percentage.

Very recently, Sato et al.'® have measured the rel-
ative translational energy of HF elimination from vi-
nyl fluoride by using a time-of-flight technique. They
have concluded from the extrapolation to zero excess

Ab initio Classical Trajectory
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Fig. 7. The vector correlations between the rota-
tional angular momentum vector of HF (Jur) and
the rotational angular momentum vector of acety-
lene (Jcoucu) for the three values of excess energies
E,.

energy that about 64% of the exit barrier height is par-
titioned into the relative translational energy. On the
other hand, the present trajectory calculations give 40.2
kcalmol~! as the relative translational energy at zero
excess energy, corresponding to 78% of the exit barrier
height. Thus, the experimental value is smaller than the
theoretical one. However, both the experimental data
and the present trajectory calculations indicate that a
large amount of the exit barrier energy is partitioned
into the relative translational energy.

Concluding Remarks

In this paper we have studied the dynamics of HF
elimination from vinyl fluoride by using a classical tra-
jectory method in which the potential energies and en-
ergy derivatives are calculated directly from the ab ini-
tio molecular orbital method without constructing an
analytic potential function. The ab initio calculations
have been carried out at the HF/3—21 G level of theory.
The product energy distributions including the relative
translational energy, the vibrational and rotational en-
ergies of the product HF, and the internal energy of
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the product CoHs have been presented. Vector cor-
relations have also been calculated and were found to
give important information for understanding the reac-
tion dynamics. Qualitative agreements with available
experimental data have been obtained for the product
energy distributions. In order to obtain more quantita-
tive agreements with the experimental data, it will be
necessary to carry out trajectory calculations at more
accurate levels of ab initio methods including electron
correlation effects. Such a calculation is possible if a
large CPU time is available. Consequently, the classi-
cal trajectory method with the direct use of ab initio
results may be applied to various polyatomic reaction
systems in the near future because of rapid advances in
computer speed.
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