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The reaction dynamics of vibrationally excited vinyl bromide have been investigated using classical trajectory
methods on a global, analytic potential-energy hypersurface that is developed primarily by least-squares fitting
of appropriately chosen functional forms to the results of ab initio electronic structure calculations. These
calculations are carried out at the MP4 level of theory with all single, double, and triple excitations included.
A 6-31G(d,p) basis set is employed for the carbon and hydrogen atoms. Huzinaga’s (4333/433/4) basis set
augmented with split outer s and p orbitals (43321/4321/4) and a polarization f orbital with an exponent of
0.5 is used for the bromine atom. The present calculations focus upon the determination of the dependence
of the potential upon the stretching coordinates for the bonded atoms in vinyl bromide;—@Ge K and
C—C—Br bending coordinates and the dihedral angles. The couplings between these coordinates are also
investigated. The total ab initio database is obtained by combining these results with previously reported
studies of the vinylideneacetylene system and our previous calculations of saddle-point geometries and
energies for the various decomposition channels, reactant and product equilibrium structures, and vibrational
frequencies. The analytic surface fitted to this data base (PES1) is then modified by adjustment of the potential
curvatures at equilibrium to provide a better fit to the measured IR and Raman vibrational frequencies of
vinyl bromide while simultaneously holding all other topographical features of the surface constant to the
maximum extent possible. The surface so developed is labeled PES2. Finally, we have arbitrarily altered the
reaction coordinate curvatures for three-center HBr ap@lhhination to produce a third potential surface
(PES3). The dissociation dynamics of vinyl bromide on each of these potential surfaces are investigated at
several excitation energies in the range 4.5 to 6.44 eV. Total decomposition rate coefficients and product
branching ratios are computed as a function of excitation energy. The HBr vibrational-state distribution is
computed and found to be Boltzmann with an effective vibrational temperature of 7084 K on PES1. These
results are in virtually exact agreement with recently reported measurements of this distribution. Finally, we
have investigated the dissociation mechanisms for three-cepgandHBr elimination reactions. The results

show that the dynamics are very similar on PES1, PES2, and PES3. Consequently, small variations in potential-
energy curvatures at equilibrium and along the reaction coordinates do not exert significant influence upon
the dissociation dynamics. However, some large qualitative variations between the dynamics on the ab initio
surface and the more empirical surface previously employed are found to exist. We conclude that great care
must be exercised when such surfaces are used to study reaction dynamics in polyatomic systems.

I. Introduction of cases, the computation time required is on the order of hours

Molecular dynamics (MD) simulations are the most powerful to a few weeks.

existing method for the investigation of dynamical behavior of 1€ major problem associated with MD investigations is the
atomic and molecular motions of complex systems. To date, development of a potentlal-energy surface whose topographical
such studies have been used to study chemical reactionfeatures are sufficiently close to those of the true, but unknown

mechanisms, energy transfer pathways, reaction rates, anoeurfaqe, that the results of .the trajectories are experimentally
product yields in a wide array of polyatomic systems. In meaningful. In the case of simple, thre_e-b(_)dy reactions such as
addition, MD methods have been successfully applied to the T D2 = HD + D or the other possible isotopic analogues,

investigation of gassurface reactions, diffusion on surfaces and Very accurate surfaces have been computed using multi-
in the bulk, membrane transport, the synthesis of diamond usingconfiguration ab initio methods.For polyatomic reactions

chemical vapor deposition techniques, nanometric machining involving several competing reaction channels, the situation is

and cutting, as well as scratching, grinding, and tensile proper- much more uncertain. In_vestig_ators have gener_ally resorted_ to
ties. The structure of vapor deposited rare gas matrixes has beeff!® Use of an ad hoc semiempirical surface fitted in some fashion
studied using trajectories procedures. With the advent of to dlfferfent types of experimental 'data rlelate'd to the system lto
relatively inexpensive, powerful workstations, such calculations P€ Studied. In other cases, the dimensionality of the potential
have become routine. Once the potential-energy hypersurfacelyPersurface has been arbitrarily reduced to simplify the

for the system has been obtained, the computation of a suitablyc@/culations.

large ensemble of trajectories is straightforward. In the majority 't would be very helpful if extensive high-level ab initio
potential surfaces could be obtained for a few, carefully selected

* To whom correspondence should be addressed. Fax: (405)600%7 polyatomic systems possessing several energetically open reac-
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tion channels. The objective of this research is the development Another approach that has been employed to develop global
of such a potential for the ££13Br system. Comparison of the  potentials for complex systems uses parametrized functional
results of dynamical studies on this surface with those obtainedforms suggested by physical and chemical considerations to fit
from more approximate potential formulations would permit an thermochemical, spectroscopic, structural, and kinetic ¥ata.
accurate assessment of the relative importance of differentThis empirical procedure generally appears to work well
topographical features of the potential and the degree of provided the critical potential barriers to reaction can be
confidence that can be assigned to results obtained with moreaccurately estimated from measured activation energies. To date,
approximate potential surfaces. the most successful approach is a combination of the above
methodsi! This “hybrid” technique involves the high-level ab

Il Potential Surface Formulations in Polyatomic Systems initio computation of the transition-state geometries, frequencies,

The calculation of a potential-energy surface for a polyatomic
system is difficult primarily because the dimensionality of the
surface generally precludes the possibility of high-level elec-

and energies. A global potential is then developed by making
astute choices for the parametrized functional forms used to
represent the important motions of the system. This potential

tronic structure calculations for a sufficiently large number of s fitted to a database comprising the experimental thermo-
configurations to obtain a global representation of the surface chemical, spectroscopic, and structural data and all the ab initio
that properly considers all open reaction channels. The fact thatdata related to the transition states. Because this data base is
there have been hundreds of theoretical investigations of inelasticmuch larger than that available from experimental data alone,
and reaction dynamics for three and four-body systems, but moreit is reasonable to expect the global surfaces to be correspond-
than an order of magnitude fewer for systems containing five ingly more accurate.

or more atoms is a reflection of the problems presented by e have employed such a hybrid method to obtain a global

polyatomic molecules.
The level of difficulty associated with obtaining global

representation of the ground-state surface for the vinyl bromide
systemt? The equilibrium structures for vinyl bromide, bro-

potentials has led to attempts to predict reaction mechanismsmoacetylene, the vinyl radical, the vinylidene radical, and the
based on the relative energies of the surface’s stationary pointshromovinylidene radical were determined at the HartiEeck

alone? These points are often sufficiently few in number that
accurate configuration interaction (CI) or fourth-ordef IMo—

level using 6-31G(d,p) basis sets for carbon and hydrogen, and
Huzinaga’s (4333/433/4) basis ¥etugmented with split outer

Plesset perturbation theory (MP4) calculations with large basis s and p orbitals (43321/4321/4) to improve the flexibility for
sets can be executed. By assuming that the favored reactiorpromine. To include a more accurate description of bromine
pathways correspond to the minimum-energy paths, reactionatom polarization effects, additional calculations were carried
mechanisms can be inferred from the stationary-point energiesoyt with the basis set modified to (43321/4321/4/1) by adding
without actually conducting trajectory or semiclassical scattering polarization f orbitals with the exponent 0.5. Dynamic correla-
calculations on a gIObaI pOtentiaI-energy surface. For thermal tion was taken into account at the MP4(SDTQ) level of theory
systems, this assumption is generally very accurate, but for ysing this basis set. These methods were also used to determine
reactions occurring at fixed-energies well above the potential the transition-state structures, vibrational frequencies, and
barriers, the major reaction pathways often do not correspondenergies for three-center HBr and élimination and four-center

to the minimum-energy paths.

HBr and H elimination. These results were combined with ab

Two studies that are particularly relevant to our research on jnjtio studies of the vinylidene—~ acetylene potential barrier

the reaction dynamics of vinyl bromide involve the decomposi-
tion pathways of ethylene and vinyl chloride. Jensen, Moro-
kuma, and Gordohdetermined the g4, molecular geometries

at the stationary points at the MP2 level with 6-31G(d,p) and

reported by Osamura et &t Krishnan et all> Smith et al'®

and Halvick et al’ to form part of the database to which the
global analytic surface was fitted. The remainder was obtained
from experimentally measured heats of reaction, vibrational

6-31G** basis sets. Enel’gies at these pOintS were obtained fromfrequencies and equ”ibrium structures.

MP4 calculations with G-31%# G(d,p) basis sets. The three-
center H dissociation channel leading ta ldnd vinylidene was
found to have a barrier of 93.8 kcal mél No transition state
could be located for a four-center elimination reaction. The
mechanism involving a hydrogen-atom transfer to form eth-
ylidene followed by a 1,1-kelimination has a calculated barrier
of 109.5 kcal motl. Consequently, the predicted Hissociation
mechanism is an,a process in agreement with the experimental
observations reported by Okabe and McNéshyd by Balko

et al® Riehl and Morokum&employed quadratic single and
double CI methods which included a triple contribution with

I1l. ab Initio Calculations

Because it is impossible to accurately compute the full 16-
dimensional potential-energy hypersurface for theH4Br
system, we have elected to concentrate our efforts on a
determination of the dependence of the potential upon the
stretching coordinates for the bonded atoms in vinyl bromide,
the C-C—H and C-C—Br bending coordinates and variations
of the dihedral angles. To obtain an accurate description of the
reaction and energy transfer dynamics, we also need an

6-31G(d,p) basis sets at geometries obtained from MP2 calcula-€valuation of the effect upon the potential brought about by

tions to examine the mechanism for decomposition of vinyl
chloride. The energetically favored pathway for decomposition
is a,a0 HCI elimination, which has a computed barrier of 69.1
kcal molt. The barrier for the correspondirgf process is
77.4 kcal mot™. Thea,a Hy elimination has a 97.2 kcal mol
barrier. No transition state could be located for four-centger H

dissociation. Consequently, the energetically favored decom-

position channels are, in order of importanegy HCI elimina-
tion, anda,a Hy elimination. These results are in accord with
recent experiments® that show that the large majority of the
HCI product is formed by three-center elimination.

coupling between these coordinates.

As in our previous calculations on this systéfmye have
carried out ab initio calculations at the MP4(SDT) level of theory
using the GAUSSIAN 9% package. For the carbon and
hydrogen atoms, 6-31G(d,p) basis were employed. Huzingga's
(4333/433/4) basis set augmented with split outer s and p orbitals
(43321/4321/4) are used for the bromine atom. A polarization
f orbital is added with an exponent of 0.5 to provide a more
accurate description.

In all calculations, relaxed potential-energy scans for all
bonds, angles, and dihedral angles were performed. Each bond
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TABLE 1: Reaction Channels in the Decomposition of Vinyl Bromideé*

Rahaman and Raff

channel label reaction description
| C,H3Br — C,Hs + Br bromine atom dissociation
1A C,HsBr — H%Br + C;H, four-center HBr elimination
1B CoHsBr — H° + Br + CoH» four-center H+ Br dissociation
1A C ,H3Br — H*Br + C,H, four-center HBr elimination
1B C,H3Br — H*+ Br + C;H» four-center H+ Br elimination
IVA C,HsBr — H3H* + HC=CBr four-center Helimination
VB C,HsBr — H3 + H* + HC=CBr four-center H- H elimination
VA C,H3Br — H3H° + HC=CBr four-center Helimination
VB C2H3sBr — H3 + H° + HC=CBr four-center H- H elimination
VI C,H3Br — H3Br + H,C=C three-center HBr elimination

H,C=C — HC=CH vinylidene to acetylene conversion

Vi C,H3Br — H*H®> 4+ C=CHBr three-center Helimination

aEach of these is described by the potential surface employed in the investigations reported in refér&operkcripts give the atom numbers
as defined in Figure 1.

is stretched or compressed in increments of 0.1 A from its (A Atom
equilibrium value. At each increment, theH3Br system is #4
relaxed by optimization of the geometry while keeping the bond
distance under investigation fixed. In a similar manner, the three Atom
C—C—H angles and the €C—Br angle are each varied from #1 B3
their equilibrium value in increments of five degrees. At each
point, the geometry of the system is optimized while maintaining
the angle under study fixed. Because variation of these angles Atom
along with three of the dihedral angles incorporates variations #5
due to either the HC—H or the H-C—Br angles, the effects
of varying these angles upon the potential is indirectly included
in the calculations.

The dihedral angles are all coupled. Therefore, it is impossible (B)
to compute the effect upon the potential of changing a single
dihedral angle. Our procedure is to compute the total change in
the potential as all four of the dihedral angles change upon
torsional rotation of vinyl bromide using relaxed potential-
energy scans in the same manner as that used to investigate the
dependence of the potential upon bond lengths and angles. For
purposes of fitting the resulting data to analytic functions for
each dihedral angle, we assume that all dihedral interactions
make equal contributions to the total potential energy. With this
assumption, the ab initio energy variations are divided by four,
because there are four dihedral angles involved, to obtain the (C) A-B-C-D Dihedral Angle, ¢ A ¢

contribution from each individual dihedral angle. A ‘ D
In the present study, the energy of 299 different nuclear Q @D '

conformations have been computed using the above methods. \ /

Because knowledge of the MP4 energies for each of these 3 J

conformations is not required for understanding the principle B C

conclusions of this investigation, the ab initio data are being
submitted as Supporting Information. Combination of these ' 9= L i

. . 2 . definitions for bonded atoms (B) Interatomic distance definitions for
results with previous ab initio computations of reactant, product oo oded atoms (C) Dihedral angles are defined as follays=
and transition-state energies and geome#s'” gives Us & Ha—C1-C2—H? ; ¢y = H—Cl—C?—Br ; ¢hy = HS—Cl—C2—HZ ¢b, =
database of about 400 points to which analytic functions can H5—Cl—C2—Br.
be fitted to produce an ab initio potential surface that we shall

label as PES1. The analytical fitting of this data base is describedc0rdinate curvatures and coordinate coupling terms obtained
in the next section. in the ab initio calculations.

Figure 1 shows the labeling of atoms used throughout the
description of the analytical potential fit and in the dynamics
calculations. Figure 1A defines the interatomic distances for
the bonded atoms. The interatomic distance definitions between

Our approach to fitting the results of ab initio electronic nonbonded atoms are given in Figure 1B. Figure 1C defines
structure calculations is to develop analytic functions for each the four dihedral angles employed in the analytic fitting of the
of the energetically open reaction channels using functional ab initio database.
forms suggested by physical and chemical considerations. The The reaction channels of primary interest in the decomposition
“parameters” of these functions are expressed as appropriateof vinyl bromide are summarized in Table 1. Each of these
functions of the system’s geometry. These channel potentialsreaction channels was open on the hybrid surface employed by
are connected smoothly with parametrized switching functions Abrash et al? to investigate the decomposition dynamics of
that play a central role in fitting the potential barriers, reaction vinyl bromide at energies 4.00 to 6.44 eV in excess of zero-

Figure 1. (A) Atom numbering, interatomic distance, and angle

IV. Analytical Fitting and Comparison to ab Initio
Calculations
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point energy. We shall denote this hybrid potential as EPS. The TABLE 2: Switching Function Parameters for the Fit to the
results of these studies indicate that at higher energies, theab Initio Calculations, Surface PES1, and Surfaces PES2
dissociation of vinyl bromide occurs primarily via three-center and PES3

HBr elimination followed by three-centerHlimination, Br- PES1 PES2 PES3
atom di;_sociation, and H-atom dissociatior_l. Four-center (_je- funcion a(A? R@A) aR?d) RA) a@l?d RA)
composition channels were found to play virtually no role in

- . o A> 5.00 1.0785 5.00 1.0785 5.00 1.0785
the decomposition dynamics. Consequently, our analytic fitto  a, 500 1.0811 500 10811 500  1.0811
the ab initio database incorporates only the three-center and A; 5.00 1.0803 5.00 1.0803 5.00 1.0803
atom_dissociation Channe|s_ Alz 5.00 1.9229 5.00 1.9229 5.00 1.9229

The overall potential-energy function/t, for CHzBr is 82 ;g%g i.gg?i ;ggg i.g;ﬁ ;ggg i.ggﬁ
written in terms of channel potentials as & 7825 10803 7825 10803 7825 10803
Ci2 7500 1.9229 7.500 1.9229 7.500 1.9229

V:=1[V, SSS + V. + V, 1
T=MSSSTWSISSS T Wi S () E 6.700 1.0785 3.900 1.0785 3.900 1.0785

. e . E 6.700 19229 3.900 1.9229 3.900 1.9229
where theS (i = 3, 4, 5, ..., 10) are the switching functions F“ 500 10785 5500 L0785 5900 L0785
s ooty comet o erous e pemidsle £, 153 1808 S 1B 30 108
VII -

: . Gs 7.820 10811 7.820 1.0811 7.200 1.0811

f‘hs t?;,k:)g COTS'StFGI’\‘/t "é"th th;‘t em_p"?ysd bYdAbraShtfg a';f G, 7820 10803 7.820 10803 7.200 1.0803
1€ EF'> potentialy describes vinyl bromide and fhe atom- = g 578 10811 8918 1.0811 9.300 1.0811
dissociation channels leading to bromine or hydrogen-atom 4’ 8,058 10803 7.878 10803 8478 10803

elimination.Vy, andVy,, describe the channels leading to three-

center HBr and K elimination, respectively. The switching the A, C, E, F, G, andH functions approach zero. This gives
functions are given by the resultS;, Si, S, S, S, S —1 andSs, Sip— 0, so that the
_ system potential approach¥sthat accurately describes vinyl
S=1-AALL = AL A) @ b)r/omide?When hygfogen atom 3 on carborilatom 2 dissoc?/ates
. in an atomic hydrogen-atom elimination reaction while the
S =1-AAR1-AN1—A) ®) remaining interatomic distances remain near their equilibrium
. values, we have al\, C, E, F, G, andH functions approaching
S=1-EE, ) zero except fordy, Cy, andF,, which approach unity. Under
this condition, we again find th&s, S1, S5, S, S5, S —1, and
S = FaFp ®) S andSp — 0, so that the system potential again approaches
Vi, which describes the atomic dissociation channels. A similar
$=1-CC(1-Cpl—-0Cy (6) result is obtained if we examine the limits for dissociation of
hydrogen atoms 4 or 5 and for Br-atom elimination. In contrast,
$=1-CC(1-CpA-C) (7) if three-center elimination of #Br (H3 denotes hydrogen atom
number three in Figure 1) occurs, @&l C, E, F, G, andH
$=1-GG, (8) functions with either a subscript 2 or 12 will approach unity
while all others approach zero. This produces the resulsy,
and S S, S S 1 while S and Sig— 0. Therefore, the total
Sy = HH ) potential approaches the channel potental that describes
0 Ea three-center HBr elimination. A similar analysis shows that
three-center elimination of #° causes the system potential to
approachVyy. Consequently, eq 1 possesses the correct
asymptotic behavior to describe the important reaction channels.
The critical point is to properly adjust the parameters to produce
accurate fits of the ab initio data base.

_ . _ PO The Channel | potential,, represents the system when its
A=AR; . R) = tanhlexga(R ~ R)} — 1] (10) configuration corresponds to either reactant, product or transition
state for vinyl bromide undergoing Br or H-atom dissociation.
It is written as a sum of stretching potentials for bonds, bending
potentials for angles and torsional potentials for the dihedral
angles

In the above definitions, the subscripts&nC, E, F, G, andH
indicate the dependence of these functions upon the correspond
ing interatomic distance defined in Figure 1. Thg(i = 2, 3,

7, or 12) all have the form

wherea; andR’ are parameters characteristic of the particular
A function. The remaining, E, F, G, andH functions have
the form

Ti(R: &, R) = tanhg(R — R))}] (T, = 6
C.E,F,G,orH) (11) v, =V, + Veg, + Vo + Vo + Vo + S Vi(6) +

=
The R’ parameters are the ground-state equilibrium bond 4
lengths and the; are parameters used to fit the potential barriers Vageo(®) (12)
predicted by the ab initio calculatioldor the various reaction =
channels. In all cases, we haage> 0. The values of these
parameters obtained from the least-squares fitting are listed inwhereV;(0;) is a three-body bending potential for the angie
Table 2. The last term in eq 12 sums the dihedral potentials for the

Examination of egs 10, 11, and 1 shows that when we have dihedral angle®; (i = 1, 2, 3, or 4) formed by H-C—C—H?,

all the interatomic distances of the bonded atoms in vinyl H*—C—C—Br, H>—C—C—HS3, and H—C—C—Br, respectively.
bromide at or near their equilibrium values, the values of all These angles are defined in Figure 1C.
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TABLE 3: Stretching Potential Parameter Values for Surface Fits PES1, PES2, and PES3

bonded atoms

bonded atoms

i j parameter PES1 PES2 and PES3 i j parameter PES1 PES2 and PES3
c c D 5.197 eV 5.197 eV c H D 4.876 eV 4.876 eV
DSl) 4.959 eV 4.959 eV Dgl) 4.876 eV 4.876 eV
ol 2.350 A1 2.350 At ol 1.990 A1 1.990 A1
o 2500 A% 2.180 A a 2000 A% 1.775 A+
R 1.342A 1.342 A RY  1105A 1.105 A
R-Zj” 1.3307 A 1.3035 A R.{.l) 1.0811 A 1.0811 A
Bi 052108 (eV AY) 0.521 08 (eV A?) Bi 0.124 09 (eV AY)  0.124 09 (eV A%
pH 5.280 36 (V) 5.227 18 (eV) ph 3.719 96 (eV) 3.500 72 (eV)
i 5.12142 (eV AY)  4.075 08 (eV AY) i 0.748 08 (eV AY) 0.23177 (eV AY
R 1.60 A 1.60 A R 2.00 A 2.00 A
o 0.400 (A2) 0.400 (A?) o 0.400 (A2 0.400 (A?)
c 1.9229 (A) 1.9229 (K) c 1.9229 A 1.9229 A
c  Br @ 3.339 eV 3.339 eV c H @ 4.876 eV 4.876 eV
DSD 3.339 eV 3.339 eV DSD 4.876 eV 4.876 eV
a® 1.459 A1 1.599 AL a 1.990 AL 1.990 A1
o 1450 A1 1.509 A a 2000 A% 1.775 A+
R 1.9229A 1.9229 A R 1.009A 1.009 A
R-Z,-” 1.9229 A 1.9229 A R-Jj” 1.0803 A 1.0803 A
Bi 0.428 46 (eV AY)  0.428 26 (eV A1) Bi 037247 (eVAY  0.372 47 (eV A?
ph 3.690 15 (eV) 4.224 12 (eV) ph 4.637 33 (eV) 4.411 36(eV)
i 1.11067 (eV AY) 2.07047 (eV AY) i 2.29598 (eV AY) 1.307 61 (eV AY)
R 3.00 A 3.00 A : 2.00 A 2.00 A
c 0.400 (A2 0.400 (A2 ) 0.400 (A2 0.400 (A2
c 1.9229 A 1.9229 A c 1.9229 A 1.9229 A
c W @ 4.876 eV 4.876 eV
Do 4.876 eV 4.876 eV
ol 2.000 A1 1775 A1
ol 1.981 A1 1.981 A1
RY 1.097 A 1.097 A
Rﬁj.l) 1.0785 A 1.0785A
Bi 0.317 71 (eV AL 0.317 71 (eV AY
ph 4.440 46 (eV) 4.212 23 (eV)
Ui 1.954 33 (eV AL 0.963 50 (eV Al
R 2.00 A 2.00 A
o 0.400 (A2) 0.400 (A?)
c 1.9229 A 1.9229 A

The first five terms in eq 12 are the bond stretching potentials subject to the constraint that the potentials and first derivatives

for the five chemical bonds in vinyl bromide that we wish to

given by eq 13 match those of eq 14 at the péint= Rf The

fit to the ab initio database for these bonds. Empirical examina- switching functionS;(Ry») varies the bond d|350C|at|on energy,
tion of several possible fitting functions have led us to the the equilibrium separation and the equilibrium curvature of the

following choices for these functions

Vii(Rj) = Dylexp{ — 2a;(R; — Rc;)} -
2 exd — oy(Ry — Rj))}] + B (R — RI(J)) for Rj =< Rﬁ (13)
and
Vi(Ry) = [ — wy(Ry — R:,))] exp{— (R; — R(;)Z} for
R =R (14)

In eq 13,Dj, oy, and R are functionally dependent upon the
C—Br distance Ri2. This dependence is given by

D, =D + [D{ — D] (R, (15)

o = (1(4) + [OL(l) i(j4)] Si(Ry») (16)
and

R =RY+[RY - R (R, (A7)

The ;j, wj, and B parameters are fitted to the ab initio data

i—j bond as the bromine atom dissociates so that variations in
these quantities as vinyl bromide converts to the vinyl radical
can be properly represented. Its functional form is taken to be

S(Rp)=1.00-tanhgy(R, — ¢ (18)

With this definition, it is clear that the quantitie”, o, and
RY are the well depth, equilibrium curvature and distance
parameters for vinyl bromide, Whereﬁ)ﬁ) (14) and R(4) are
the corresponding parameters for the vinyl radical. The fitted
parameter values for all bonded atoms are given in Table 3.
Figure 2, parts A through E, shows comparisons of the bond
potentials for G&C, C—Br, C—H3, C—H?*, and C-H,5 respec-
tively, given by eqgs 1318 with the MP4 calculations described
in the previous section. In each case, the curves are the results
of nonlinear least-squares fitting of eqs-113 to the ab initio
data, which are shown as solid points after shifting the
equilibrium potential energy to zero and subtracting the bond
dissociation energy from the computed values. For interatomic
distances less thahcj, the fits are seen to be very good. When
R> Rﬁ the electronic structure calculations yield energies that
lie slightly above our fitted potentials because the molecular
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orbital calculations overemphasize the importance of ionic terms. TABLE 4: Bending Potential Parameter Values for V,
The MP4 data points to which eqs 13 and 14 are fitted are given potential surface
in Tables 1S5S in the Supporting Information.

The angular terms in eq I8V;(0;), represent the bending parameter PESL PES2/PESS
potentials for the six, three-body anglésdefined in Figure 1. ke j-gg% gg g-g% ggg ng :gg
The analytic fitting functions used for these potentials have the ke 0.000 00 0.450 370 (eV rad)
form Ky 5.012 50 3.308 250 (eV rad)

ks 6.820 44 6.615 827 (eV rad)
V,(6,) = 0.5k[6, — 67 (19) K 0.000 00 0.000 000 1 (eV rad)
k7 3.800 00 3.800 000 (eV raé)
where ks 3.800 00 3.800 000 (eV rad)
ko 2.450 00 2.450 000 (eV rad)
kio 4.600 00 4.600 000 (eV rad)
k =k S(R) (20) kit 6.820 44 6.615 827 (eV rad
kiz 0.000 00 0.000 000 1 (eV rad)
with 0. 2.086 00 2.086 00 (rad)
[CF} 2.134 00 2.134 00 (rad)
, O3 2.058 34 2.058 34 (rad)
S(R,) = 1.0— tanhpy(R, — R)7] for 0., 2.157 00 2.157 00 (rad)
C_ Os 2.160 00 2.160 00 (rad)
(i=1,2 0r4) (21A) e 1.960 72 1.960 72 (rad)

d 0, 2.122 32 2.122 32 (rad)
an s 2.127 56 2.127 56 (rad)

O 2.03331 2.033 31 (rad)

S(R) = 1.0 tanhpy(R, — R)] for (i =5) (21B) O10 2.363 18 2.363 18 (rad)

O11 2.160 00 2.160 00 (rad)

In eq 21, parts A and BR, is the interatomic distance other Or 1.960 72 1.960 72 (rad)

. ey ) . a1 0.400 00 0.400 00 (rad)
than G=C forming the anglé); in vinyl bromide andR’ is the 2 0.750 00 0.750 00 (rad)
corresponding equilibrium bond distance. TB¢R,) function a3 0.400 00 0.400 00 (rad)
attenuates the bending potentialsRasbecomes large. Conse- a4 (l)-ggg 88 (l)-ggg 88 Er&gg

i i i i i a5 . . rac
quently, this function couples the stretching motions of vinyl e 1.000 00 1000 00 (rad)

bromide to the bending motions. It has been found that the ab

initio data base can be adequately fitted using the angulartgpies 6S-9S in the Supporting Information give the MP4
bending terms for the three-€—H angles and the €C—Br energies to which the analytic surface is fitted.
angles. Consequently, only the(6) terms for6y, 02, 6, and The couplings between the stretching and bending coordinates
0s appear in PES1. o have been determined using the MP4 calculations by evaluation
We incorporate variations in the vibrational force constants ¢ changes in the bending potential as a functioRofAt fixed
ano! equiliprium angles as vil_nyl bromide converts to the vinyl | 51ues ofR, with the corresponding anglé at equilibrium,
radical using theSi(Ri) switching function in @ manner  he remaining geometry of the molecule is optimized and the
analogous tp that employed for stretthng potentials in egs 15 \pa energy E) is calculated. With the same optimized
— 17. That is, we define these quantities to be geometry 0, is changed by a small incremef® and the new
o ) energy Ej) is computed. Equations 19 and 20 show that the
ki =kie T (5 — kg SR (=1,23,..6) (22) (difference in these two energies is given by

and V(67 + A0) — V(6) = E;— E; = 0.5K S(R)[AG]"  (24)
07 =051 (0, — 0,0 SR (i=1,2,3,..6) (23)  The same calculations witR, = R,° give

Consequentlyk; and ®; are the bending force constants and V(O? + AQ) — V(9i°) = Efeq — Efqz 05 kl_° SZ(RZ)[AQ]Z =
equilibrium angle, respectively, for angt in vinyl bromide o 2
andki+s and®; ¢ are the corresponding constants for the vinyl 0.5k [A0]" (25)
radical. The values ok and ®; are fitted using least-squares

methods to the ab initio data obtained in the electronic structure ?€CaUSE2(R,°) = 1. Division of eq 24 by eq 25 gives

calculations. Theki+s and ®;s values are taken from our E—E
previous fitting? for the vinyl radical. The bending potential S(R) = L (26)
parameters are given in Table 4. Ef— E

Figure 3, parts A through D, shows comparisons of the
angular potentialsV;(6;), for (i = 1,2, 4, 5), which are the  Theag parameters in eq 21, parts A and B, are computed by
C—C—H?, C—C—H,* C—C—H?5, and C-C—Br angles, respec- least-squares fitting to the data points obtained using eq 26.
tively, with the MP4 calculations described in the previous The results are given in Table 4. Figure 4, partsy compares
section. In each case, the curves are the results of nonlineatthe analyticS;(R,) coupling function to the ab initio data, which
least-squares fitting to the ab initio data, which are shown as are given by the points. Tables 16$3S in the Supporting
solid points after shifting the equilibrium potential energy to Information give the results of the MP4 calculations used in
zero. At angles less than the equilibrium angle, the analytic this fitting.
potentials lie slightly below those given by the MP4 calculations.  TheVagcp(¢i) terms in eq 12 represent the contributions from
When the angle exceeds the equilibrium angle, the inequality torsional variations in the vinyl bromide structure. These
is reversed. In general, the accuracy of the fits is very good. interactions are expressed in terms of four dihedral anglés
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TABLE 5: Potential Parameters for the Dihedral
Interactions in the V, Channel Potential

value

parameter PES1 PES2/PES3
do 0.3325 0.3325eV
d; 0.0 0.0eV
d, —0.4025 —0.4025 eV
ds 0.0 0.0eV
ds 0.10275 0.10275 eV
ds 0.0 0.0eVv
ds —0.03275 —0.03275 eV
Ay 1.000 1.000 eV
A; 1.000 1.000 eV
Az 1.000 1.000 eV
Ay 1.000 1.000 eV
As 1.100 1.100 eV
As 0.000 0.000
A7 0.000 0.000
Ag 1.100 1.100 eV
D21 0.130 0.130 At
bos 0.220 0.220 At
D31 0.500 0.500 A
bs, 0.500 0.500 At
o7 0.160 0.160 At
b4 0.250 0.250 At
b1z 0.550 0.550 At
bi2.4 0.550 0.550 At
F 1.000 0.580
F 1.000 0.890
Fs 1.000 0.980
Fs 1.000 0.850

=1, 2, 3, 4) formed by atoms A, B, C and D as defined in
Figure 1C. The analytic functions chosen to fit the energies
obtained in the MP4 calculations have the form

Vagco(@) = Vi S(Rag) Sii(Rep) FiSumgy) — (27)
where
V? =Aipat (A — A S(R) (28)
and
6
sum@) = d cos{#) (29)
J; J

The values off, j =0, 1, 2, 3,...6) and\; (i = 1, 2, 3, 4) are
fitted to the energies obtained in the MP4 calculations. Aheg
(i=1, 2, 3, 4) parameters control the magnitude of the dihedral
interactions in the vinyl radical. These values are taken from
our previous formulation of the fEi3Br surface? The F
parameters introduce additional flexibility in the adjustment of
the curvatures of the dihedral potential.

The S5(Rag) and Ssi(Rep) functions couple the dihedral
interactions and the stretching coordinates for theBAand
C—D bonds. The general analytic form chosen for these
functions is

Sy(R) = 1.0~ tanhb, (R, = R)] (30)
whereR, is eitherRag or Rep as defined in Figure 1C, arig
is the corresponding equilibrium distance for theB.or C—D
bond. The values of thb,; parameters are obtained by least-

Rahaman and Raff

Figure 5 compares the torsional potential given by eqgs 27
29 with the results of the MP4 calculations for vinyl bromide
with the interatomic distances between all bonded atoms and
the bond angled); (i =1, 2, 3, ...,6), fixed at their equilibrium
values. As can be seen, the fit is excellent except at the point
¢ = 90°, where the analytic fit underestimates the magnitude
of the torsional barrier by about a 0.1 eV. The ab initio energies
plotted in Figure 5 are given in Table 14S of the Supporting
Information.

The parameters in th&;(R,) coupling functions are fitted to
the MP4 calculations in a manner analogous to that described
by eqs 24-26 for theS; functions. With vinyl bromide in its
equilibrium conformation, the MP4 energy of systeBfY is
computed. One of the dihedral angles,(¢s, or ¢4) is then
changed by 5and the new system energ¥;{), is calculated.
The bond distanc®, is now varied to a new value and the
above calculations are repeated to obt@iandE; for the new
value of R, The value ofS5(R,) predicted by the MP4
calculations is obtained using eq 26 wB(R,) replaced with
Ssi(R,). Theb,; parameters in eq 30 are fitted to these data points
using least-squares methods. Figure 6, partsFA shows
comparisons of the ab initio results f8%(R,) with the analytic
fits given by eq 30. Tables 15&0S in the Supporting
Information give the MP4 results used in the calculations.

The product configuration spaces for the three-center dis-
sociation channels leading to HBf H,C=C and b + C=
CHBr are described by, and Vi, respectively. TheVy,
potential has the form

Vi = Vie(Ryg) + VCZHZ(Rl!R3'R5'R7’R8) (31)
whereVygr(Ri3) is a simple Morse potential for HBr and:,q,
(R1,Rs,Rs,R7,Rg) is the vinylidene/acetylene potential, which has
been previously fitte® to the results of ab initio electronic
structure calculation¥17 The Vi, potential is

VVII = VHH(RQ) + VHBrC=C(R1!R2'R4'R11’R12)

Vin(Ro) is a Morse potential for b The Vigre=c(Ri,Re,Re,Ri1,R12)
term is fitted to electronic structure resulfsl” The complete
details of the fitting for the product spaces of the three-center
elimination channels are given in ref 12.

The foregoing discussion completes the description of
potential surface PES1. To investigate the effects of equilibrium
and reaction coordinate curvature upon the computed energy
transfer and unimolecular dissociation dynamics of vinyl
bromide, we have developed two additional potentials surfaces
that alter these topographical features one at a time. Potential
surface PES2 alters some of the parameters contained PES1 to
obtain close agreement between the experimental and computed
normal mode vibrational frequencies. These parameters include
the ajj, dj, andu; for the stretching terms, thie andki.¢ for
the bending potentials, tHg for the dihedral terms and a few
of the switching functiora; parameters to maintain the potential
barriers for the various reaction channels unaltered. We also
incorporate an additional angular term for the-8—H bend
in the Y& Vi(0;) summation contained in eq 12. This addition
permits us to obtain better agreement between theory and
experiment for the low-frequency vibrations. An alternative
procedure to fitting the measured scalar frequencies involves
fitting the second derivatives of the potential at equilibrium.

(32)

squares fitting to the ab initio database as described below. TheSuch methods have been previously discussed by Dasgupta and

results of this fitting are given in Table 5. It should be noted

Goddard® and by Rice et a! This type of fitting is more

that eq 30 ensures that the dihedral interactions vanish whenevedemanding in that there are many more second derivatives than

eitherRag or Rcp become large.

frequencies.
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Figure 2. Stretching potentials for bonded atoms in the Channel | potential. The analytic fit to the MP4 data is shown as the curve. The switchover
point atR; = Rfj is indicated in the figures. The points are computed MP4 energies as described in the textGAjo@d, (B) C-Br bond, (C)
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Figure 4. Variation of theS(R,) function defined by eq 26 for the-GC—X (X = H3, H, H>, or Br) angle as a function of the-<X interatomic
distance. The points are the results obtained in the MP4 calculations. The curve is a least-squares fit of eq 21A and 21B to these-dateHIA) C
angle, (B) C-C—H* angle, (C) C-C—H? angle, (D) C-C—Br angle.

' ' ' ' ab initio surface and one that is semiempirical. The data base
1.0 ® abinitioMPs data @ ] employed for the fitting incorporates not only the present
pralytie FiE Ba (29) electronic structure calculations and those that!2wend
otherd*~17 have previously reported, but also experimental

(eV)

<t

~ L 4

-'j 0-8 e o information related to the equilibrium vibrational frequencies

| for the product conformations. Nevertheless, we suggest that

§ o.6r i the terminology is appropriate because the product vibrational

§ frequencies could have easily been computed, and these

o 0.4 . topographical features of PES1 have virtually no effect upon
the energy transfer and dissociation dynamics of vinyl bromide.

g 0.2h _ The minimum-energy structures for reactants and products

: are located using a damped trajectory met¥dd.this method,
qd the atoms are initially placed in a configuration near the local
g 0.0 | minimum being sought. The kinetic energy of each atom is set

‘ T to zero and Hamilton’s equations of motion are integrated until
0 20 40 60 80 100 120 140 160 1830 the total kinetic energy attains a maximum. At this point, the
Torsional Angle (degrees) integration is halted and all momenta are again set to zero. This
Figure 5. Comparison of the dihedral potential given by eqs-2% procedure is repeated until the system potential energy converges
with the MP4 results obtair_led_ in the elec_trq_nic structure calculations. tg g local minimum. In all calculations, convergence to eight
The t(':sur'\r/ﬁegg/gsir:i?ig 2:2'?;;;‘;% tgt?t:i?ngémt? d d"’}f/? dtizatt%r: s:r?]wgtgg significant digits is obtained. For a 16-dimensional hypersurface,

oints. . .
tpotal torsional potential t?y four because fo):Jr dihegral angleg are this dar_nped trajectory meth&s generally faster and more
changing as the torsional angle varies. convenient to use than the usual steepest-descents/Newton

. . Raphson procedure because the energy is minimized with

_ The effects upon the energy transfer and reaction dynamics espect 1o all 15 independent coordinates simultaneously, and
introduced by alterations of the reaction coordinate curvatures o necessary Hamiltonian equations of motion have already
and geometries have been investigated by developing a modi-pgen programmed in preparation for the molecular dynamics
fication of PES2 that maintains all other topographical features computations to follow. Thé\E values with zero-point energy
nearly constant as these reaction coordinate properties are altereglyrections included for the various reaction channels are listed
by varying primarily the switching function; parameters. i, Taple 6 where they are compared to the experimental and
Except for this constraint, the actual variations incorporated are inegretical results. As can be seen, there is good agreement
arbitrary. We label this surface PES3. _ between the thermochemistry predicted by the analytic surfaces
_ The parameter values for surfaces PES2 and PES3 are givennq that obtained from experiment and/or theory. The average
in Tables 2, 3, 4, and 5. An examination of these tables shows apgqjyte deviation between the two for the four reaction channels
that most of the surface parameters for PES1 remain unchangegisied is 0.092 eV. The corresponding equilibrium geometries
for PES2 and PES3. given by the analytic surfaces are compared with the experi-
mental data in Table 7.

The calculated fundamental vibrational frequencies obtained

Although we have termed surface PES1 an "ab initio" from a normal-mode analysis using each of the three analytic
potential, it is clear that it is actually a hybrid between a pure potentials are given in Table 8 where they are compared to the

V. Overview and Properties of the Potential Surfaces
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TABLE 6: Energies of Reaction with Zero-point Energy TABLE 8: Comparison of Fundmental Vibrational
Corrections Included Frequencies for Vinyl Bromide Obtained from the Analytic
E (eV) Surfaces with Experimeng
analytic ei Ie:jrlxllfzctor
potential  experiment mode dgviations
reaction PES1 or theory reference No. description (A) PES1 PES2 PES3 efpt
A I R v C—C—Brbend 0092 335 340 340 344
CHPBr—C=CHBr+H, 3910  3.991 12 v2 CHBrwag 0077 581 570 571 583
H,C=C — HC=CH ~1982 —1.990 15 V3 C—Br stretch 0.025 593 603 603 613
V4 CH, wag 0.075 986 902 902 902
TABLE 7: Comparison of Predicted Vinyl Bromide vs  CH,~CHBrtorsion  0.079 1053 ~ 953 953 942
Equilbrium Geometries for Bond Lengths, Angles, and ve  C-CH bend 0104 1130 1022 1022 1006
Dihedral Angles with Experimenta V7 C—C—H3bend 0.079 1142 1231 1231 1256
Vg H—C—H bend 0.087 1375 1396 1396 1373
variable PES1 PES2 PES3 experinfient ve  C=C stretch 0.089 1765 1603 1603 1604
bond lengths vio C—H stretch 0.080 3386 3015 3008 3027
—C 1.3226 1.2928 1.2928 1.330 vz C—H stretch 0.094 3478 3087 3085 3086
C—H? 1:0706 1:0684 1:0684 1:077 vz  C—H stretch 0.076 3520 3135 3136 3113
C—Br 1.8943 1.8990 1.8990 1.890 aThe frequencies are reported in equivalent wave numberstjcm
C—H* 1.0780 1.0771 1.0771 1.083 Eigenvector displacements are given in angstrdhRMS Deviation
C—Hs 1.0710  1.0686  1.0686 1.085 = (18) ™ {Tfa [ — XPESY? + (yob — YPES)” 4 (20 — PESH}12
angles wherex?® andx”ESidenote thec components of the normalized normal-
C—C—H3 123.59 123.59 123.59 124.2 mode displacement vectors obtained in the ab initio SCF calculations
C—C—Br 123.76 123.76 123.76 1225 and those using the PES1 analytic surface, respectively, with analogous
C—C—H4 119.52 119.54 119.54 118.7 definitions for they andz components¢ Sverdlov, L. M.; Kovner, M.
Br—C—H?3 112.65 112.65 112.65 113.3 A.; Krainov, E. P.Vibrational Spectra of Pol_yatomic Moleculew_iley:
H4-C—H5 118.21 118.17 118.17 120.0 New York, 1974; pp 414426. The experimental mode assignments
are obtained by simple frequency matching.
dihedral angles . . o .
H4-C—C—H3 0.0000 0.0000 0.0000 0.0000 For bromine-atom dissociation, the potential along the reac-
H5-C—C—H3 180.0 180.0 180.0 180.0 tion coordinate on the analytic surfaces rises monotonically to
H4C—C—Br 180.0 180.0 180.0 180.0 that characteristic of the product state. There is no barrier to
H5-C—C—Br 0.0000 .0000 0.0000 0.0000 the back reaction. This is also the case for the MP4 calculations

2 Bond lengths are given in angstroms. Angles are given in degrees WN€ré no transition state and no back-reaction barrier was
b Sverdlov, L. M.; Kovner, M. A.; Krainov, E. PVibrational Spectra found'? for Br-atom dissociation. For three-centes &limina-
of Polyatomic MoleculgsWiley: New York, 1974; pp 414426. tion, the MP4 calculatiortd predict a transition state and a small

back-reaction barrier. In the case of three-center HBr elimina-

measured IR and Raman experimental data. The table alsdtion, the electronic structure calculatidhmdicate the presence
compares the normalized normal-mode eigenvectors obtainedof a transition state whose energy lies about 0.09 eV below the
from an ab initio SCF calculation using the same basis set ascomputed endothermicity for the reaction. Consequently, there
that employed in the MP4 calculations with those obtained using is a potential well in the product valley for this dissociation
the analytic PES1 potential. The comparison is done in terms channel but no back-reaction barrier. The analytic surfaces have
of the root mean-square deviations of the eigenvector compo-no back-reaction barriers for the three-center dissociation
nents as defined in Table 8. As is generally the case, the processes. Table 9 compares the results.
stretching frequencies predicted by the MP4 calculations are  Although the potential barriers for reaction are identical on
too large by 5 to 10%. The bending frequencies given by the all analytic surfaces, the reaction coordinate curvatures are not
ab initio calculations are in better accord with experimental identical. The smaller equilibrium curvatures present on PES2
measurements, but they too are often too large. Because PESiead to curvatures along the three-center dissociation coordinates
is fitted to these results, the frequencies obtained from this that are less than that for PES1. PES3 was formulated to reduce
surface reflect these inaccuracies in the electronic structurethese curvatures even further. The reaction profiles for each
results. The parameters in PES2 and PES3 have been adjustegurface for three-center HBr and; lelimination reactions are
to produce better agreement with the measured frequencies. shown in Figure 7, parts A and B, respectively.

The potential barriers for the various reaction channels are
obtained from the analytic surfaces using a combination of grid
search and constrained, damped trajectory mettg8&or HBr The dependence of the dissociation dynamics of vinyl
elimination, a two-dimensional search over-Br and C-H bromide upon various topographical features of the potential-
distances is executed. Similarly forldlimination, a searchis  energy hypersurface have been investigated at several internal
executed over the two dissociating-& bonds. At each node  energies in the range 4%5.44 eV in excess of zero-point energy
in the grid, a sequence of constrained, damped trajectory cyclesusing classical trajectory methotfsOur conclusions are based
are executed in which the virtual forces required to hold the upon a comparison of the computed dynamics on potential
two bond-distances of the grid fixed are incorporated. These surfaces PES1, PES2, PES3, and EPS. Whenever possible, we
damped trajectory cycles permit all atoms to relax to the most also compare the results of these studies with the corresponding
stable configuration associated with each grid point. The barrier experimental data. The differences between PES1, PES2, and
heights are determined by iteration to the point at which all PES3 are described in Section IV. The methods employed to
first derivatives of the potential are zero to three or more develop the EPS surface are much more empirical than is the
significant digits and a normal-mode analysis yields exactly one case for PES1. The major differences are summarized in Table
imaginary frequency. 10.

VI. Dissociation Dynamics of Vinyl Bromide
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Figure 6. Comparisons of the functional dependenc&g(R,) uponR,. The plotted points are the results obtained in the MP4 calculations using
the procedures described in the text and eq 26 ®i(R,) replaced withS;(R,). The curve is result of a least-squares fitting of eq 30 to the MP4
data. The fittedSsi(R,) function is given in the figure. (A) &(R2), (B) Ss3(R2), (C) S1(Rs), (D) Ss3(R7), (E) S4(R7), (F) Ssa(R12).

TABLE 9: Calculated Forward and Reverse Potential Barriers for Different Reaction Channels with Zero-Point Energy
Corrections Included

barriers (eV) back reaction barriers (eV)
reaction PES1 PES2 PES3 MP4 PES1 PES2 PES3 MP4
CoH3Br — C,Hs + Br 2.953 2.953 2.953 3.186 0.000 0.000 0.000 0.000
C;H3Br — H,C=C + HBr 3.179 3.180 3.179 2.886 0.000 0.000 0.000 0.080
H,C=C — HC=CH 0.017 0.017 0.017 < 0.088 1.999 1.999 1.999 <2.078%
C,H3Br — C=CHBr + H, 4.198 4.198 4.198 4.322 0.000 0.000 0.000 0.167

aReference 12° References 1417.

The initial states for the trajectories are prepared by insertion rotational energy set to zero. With these initial states, trajectories
of zero-point energy into the vinyl bromide normal modes using are integrated until reaction occurs or until an upper limit of
projection method&?26Subsequently, Hamilton’s equations of  time, tmay iS exceeded. With this integration step size, energy

motion are integrated using a fourth-order Run#eitta is usually conserved to six significant digits. In some regions
procedure with a fixed step size of 2.038 10716 s for a of the very complex vinyl bromide surface, the second deriva-
randomly chosen time periot}, given by tives of the potential become very large. Because we do not
vary the step size, a few trajectories are lost because of failure

t, =&t (33) to conserve energy. The fraction lost in this manner was 0.025.

All calculations are executed using in-house programs.

whereé is a random number chosen from a distribution thatis  Final states are determined using both distance and energy
uniform on the interval [0,1], and is the characteristic period  criteria. C-H or C—Br bond rupture is considered to have

of the lowest frequency vibrational mode in vinyl bromide. This occurred whenever the bond distance exceeds 3.538 or 4.725
procedure serves to randomize the vibrational phase angles fold, respectively, and the relative translational energy of the
each trajectory. After completion of this integration, the desired products is greater than the residuatig or C—Br attractive
excitation energy is randomly partitioned among the twelve potential. The product phase space for three-center dissociation
vibrational modes using projection technicgfe8with the initial to HBr is defined to be those points for whiéh > 3.538 A
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TABLE 10: Qualitative Comparison of the Methods Employed to Develop the ab Initio PES1 Potential Surface for Vinyl

Bromide with Those Used in the Development of the Hybrid EPS Potentiét

topological feature

method employed

PES1 surface

EPS surface

equilibrium bond lengths
equilibrium angles
vibrational frequencies
bond stretching potentials
bending potentials
dihedral potentials

bond energies
stretch-bend coupling terms

dihedral-stretch coupling

barrier heights

equilibrium bond lengths
equilibrium angles
vibrational frequencies

bond stretching potentials
bending potentials
dihedral potentials

bond energies
coupling terms

fit to ab initio data points
fit to ab initio data points
fit to ab initio data points
fit to ab initio data points
fit to ab initio data points
fit to ab initio data points

fit to ab initio data points
fit to ab initio data points

fit to ab initio data points

fit to ab initio data points

vinyl bromide

fit to experimental data

fit to experimental data

fit to experimental data

Morse potentials arbitrarily used

harmonic potentials forms used

arbitrary periodic form used.
single parameter fitted to measured
torsional frequency

Morse parameters adjusted to give
measured endo or exothermicities

arbitrary forms adjusted to yield the
correct asymptotic limits.

arbitrary form adjusted to yield the
correct asymptotic limits.

fit to ab initio data points

decomposition products

fit to ab initio data points
fit to ab initio data points
fit to experimental data

functional forms same as

for vinyl bromide with

parameters fitted to
experimental data.

fit to experimental data
same as for vinyl bromide

fit to experimental data
fit to experimental data
fit to experimental data

functional forms same as
for vinyl bromide with
parameters fitted to
experimental data.

fit to experimental data
same as for vinyl bromide

4
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Figure 7. (A) Reaction profiles for three-center HBr elimination on
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Figure 8. Logarithmic decay plots of I?Z/N1] versus time at different
excitation energies on potential surface PES{is the total number

of trajectories computed, which is 400 in the above example Naisd

the number of trajectories that have not reacted at tinféne points

are the trajectory data. The lines are least-squares fits. The slopes of
the lines yield the values df(E). Time is given in molecular time
units (tu) where 1 tu= 0.010 19 ps.

If the internal energy exceeds these limits, dissociation to either
2H or H + Br is considered to have taken place.

The computed quantities of interest are first-order decay
curves from which the microcanonical rate coefficierd),

PES1, PES2, and PES3. In each case, the reaction coordinate is takeAre obtained, the product branching ratios as a function of
as the distance between carbon atom 2 and the midpoint of the HBrinternal energy, the HBr vibrational energy distribution and the

distance. (B) Reaction profiles for three-centgrtimination on PES1,

dissociation mechanisms.

PES2, and PES3. In each case, the reaction coordinate is taken as the a Totg] Decomposition RatesThe total decomposition rates

distance between carbon atom 1 and the midpoint of thdistance.

of vinyl bromide on PES1, PES2, and PES3 have been obtained

andRy, > 4.725 A combined with the requirement that the HBr  at each internal energy investigated by least-squares fitting of

internal vibrationat-rotational energy lie below its dissociation

the computed decay plots. Figure 8 shows the results obtained

limit. The product phase space for three-center dissociation toon PES1 folE = 4.5, 5.0, 5.5, 6.0, and 6.44 eV. The points are

H. is defined to be those points for whiéh > 3.538 A andR;
> 3.538 A combined with the requirement that thgirternal
vibrational-rotational energy lie below its dissociation limit.

the trajectory results obtained from a total of 400 trajectories
with tmax= 250 tu (1 tu= 0.010 19 ps). The lines shown in the
plot are the least-squares fits to the data. The negative slope of
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TABLE 11: Comparison of the Total Decomposition Rate Coefficients of Vinyl Bromide at Different Internal Energies on
PES1, PES2, and PES3

rate coefficients, k(E) (p3)

energy (eV) PES1 PES2 PES3 EPS
4.50 0.93249.9x 107 0.893 (-6.3 x 1075) 0.736 -4.8 x 1075) 0.350
5.00 1.49242.2 x 10°%) 1.551 (£1.4 x 10°4) 1.354 (£1.8 x 104 0.540
5.50 2.06143.4x 1074 3.013 &3.0x 1079 2.208 3.4 x 107%) 1.040
6.00 2.709£6.4 x 107%) 3.984 (8.4 x 1074 3.445 6.6 x 107%) 1.490
6.44 4.55347.6 x 107%) 4.652 @-1.2 x 1073) 4.995 5.8 x 1074 2.110

aThe results previously reported by Abrash et?alsing a predominately empirical potential surface are given in the column labeled EPS. The
uncertainties in the slopes of the least-square fits are given within the parentheses

TABLE 12: Ratio of kyE) for Potential Surface s to that for TABLE 13: Percentage Yields of Products on PES1, PES2,
PES1 as a Function of Excitation Energy PES3, and EPS Surfacées
ky(E) potential ~ excitation percentage yield of product
kpes{E) surface energy (eV)  HBr H Br H
energy (eV) surface s: PES2 PES3 EPS PES1 4.5 81£2) 0 1¢44)  4@23)
5.0 89 (2) 0.5@70) 3*31) 3@&31)
4.5 0.958 0.790 0.376 55 87 @&2) 5(22) 3@*31) 3E27)
5.0 1.039 0.908 0.362 6.0 86 (+2) 8(£17) 2 (40) 3 (£28)
5.5 1.462 1.071 0.505 6.44 85{2) 7(+19) 3&30) 5@E23)
6.0 1471 1272 0.550 PES2 45 7243) 0 2@37) 11 @14)
6.44 1.022 1.097 0.463 5.0 84¢2) 0 2(£38) 10 @15)
5.5 85 @2) 1(+44) 5@&*22) 916)
sf '] 6.0 90 42) 1 (50) 4&25) 5@21)
6.44 88(2) 1(*57) 6&21) 5@23)
PES3 45 7343) 0.5@&70) 4 (&24) 2 (£33)
5.0 86 (-2) 1(£50) 5@*22) 3 (£30)
ol - 55 89 (2) 2 (£40) 7 (@*19) 2 (£38)
6.0 91¢2) 3(*31) 4@&E24) 2@&37)
iy 6.44 86 £2) 3(+31) 11 @14) 0.3 (E99)
I EPS 4.5 88 2 11 0
2 3l 1 5.0 89 4 8 0
- 55 74 16 9 1
6.0 63 29 7 2
a 6.44 44 48 5 3
I 2 2 The total percent yields for all products do not sum to 100% because
some trajectories do not react at times less thap The percent
statistical uncertainties are given within the parentheses.
1 coefficients on PES2 and PES3 are nearly the same. The
maximum difference is 37%. The average absolute percent
. ! ! I difference is 19%. There is, however, a significant difference

4.5 5.0 5.5 6.0 6.5 between the decomposition rates obtained on the more empirical
Excitation Energy (eV) EPS surface and those obtained onaheinitio potential. The
) N o ) ) decomposition rates computed on the EPS surface are between
Figure 9. Total decomposition rate coefficients as a function of internal a factor of 2 to 3 less than the corresponding values on PESL.
excitation energy on the four potential surfaces. The computed results - .
are shown as points connected by straight-line segments to enhancé\t Present, there are no experimental data available for the total

the visual clarity. decomposition rates of vinyl bromide as a function of internal
excitation energy.
these lines give the corresponding value k¢E). The near B. Branching Ratios. The product branching percentages for

linearity of the decay curves show that the total dissociation is various reaction channels in the decomposition of vinyl bromide
well described by a first-order rate law. The results obtained have been computed on PES1, PES2, and PES3. These results
on surfaces PES2, PES3, and ERSe qualitatively similarto  are given in Table 13 where they are compared with data
those shown in Figure 8. previously reported by Abrash et &lusing the EPS empirical

The rate coefficients for all surfaces are tabulated in Table potential. The statistical uncertainties are given inside the
11. The table also presents the results previously obtained byparentheses. These uncertaintiésare computed frod
Abrash et al? using the EPS surface. The uncertainties in the
slopes are given inside the parentheses. The ratiegE)fkpesr
(E) for surface s are listed in Table 12 for PES2, PESS, and
EPS as a function of the excitation energy. A plot of the results
on all potential surfaces is shown in Figure 9. It is clear that whereN is the total number of trajectories computed, aid
close fitting of the potential surface curvatures near equilibrium is the total number that reacted to produce a given product.
to the measured fundamental vibrational frequencies makes veryComparison of the results obtained with the ab initio surface
little difference in the computed total decomposition rate PES1 and the two derivative surfaces, PES2 and PESS, reveals
coefficients. Most of the ratios are near unity with the maximum that only minor differences exist. On all surfaces, the major
variation being 47%. The same conclusion can be drawn aboutdecomposition product at all energies investigated is HBr. The
the effect of the reaction coordinate curvatures because the ratevariations in the percentage yields of the minor products, in

N — Ng]2

A =100 NN,

(34)
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many cases, fall within the combined statistical uncertainties 45
of the calculations. Exceptions include hydrogen and bromine-
atom dissociation reactions on PES2 and PES3. When-¢ C Z 35
vibrational frequencies are adjusted to more nearly match the § ¢ N =39.432%exp(1.53"E)
spectroscopic data on PES2, there is a significant enhancement jg: 25
of the hydrogen-atom dissociation probability. The only effect g
of the reaction coordinate curvature variations introduced in =
PES3 is some enhancement of bromine-atom dissociation at the S 15
highest energy. é

In contrast, there are major differences in the branching ratios 2 5
computed on PESL1 and the empirical EPS surface. On the EPS

surface, three-center ;Hdissociation competes equally with Y 0.5 15 25 35 45
three-center HBr dissociation at 6.44 eV. As the internal energy
rises, the H dissociation channel monotonically increases in
importance, whereas that for HBr dissociation declines steadily. Figure 10. Computed classical distribution of HBr vibrational energies
The origin of these differences may lie in the significant on PES1 after HBr elimination _from vinyl bromide at an excitation
- - energy of 6.44 eV. The curve is a least-squares fit of a Boltzmann
variations of the topology of PES1 and EPS that arise becauseyisyinution to the trajectory data which are given by the points.
of the very different formulation procedures used in the
development of the potentials. These procedures are summarize@nergy distributions. This determination also permits us to
in Table 10. This view suggests that the problem lies primarily execute a direct comparison with measured results for this
in the EPS surface. It leads to the conclusion that although somedistribution. Recently, Dai et &f. have carried out photolysis
dynamic features of a complex reaction, such as total decom-experiments on vinyl bromide at 193 nm (6.44 eV). The IR
position rate, may be reasonably modeled using predominatelyemission from vibrationally excited HBr is measured and the
empirical surfaces, other features, such as branching ratios, maypristine vibrational-state distribution determined. They find that
be in serious error. There is, however, a second possibility. Thetheir results are essentially Boltzmann with an effective tem-
PES1, PES2, and PES3 potentials do not include the four-centetperature ofT$;™" = 6999 K.
dissociation channels leading to HBr and, ldlimination, Because we know the momentum components of all atoms
whereas the EPS surface does. Although our previous calcula-at each moment of time from the trajectory results, it is a simple
tions'? have shown that such four-center dissociation rarely matter to project out the component ofBr relative velocity
occurs, the possibility exists that at higher internal energies, associated with vibrational motiomt". The total HBr vibra-
the system might explore regions of phase space that correspongional energy is then given by
to stretching of the bonds involved in a four-center reaction
even though such a process does not proceed to completion. If Mo = 0.5upg, [VHET2 + Vg, + D (35)
this is the case, then the problem may lie with the ab initio
potential that does not include the four-center dissociation whereuyg, is the HBr reduced mass,g, is the HBr interatomic
channels. potential, which is assumed to be a Morse potential in the present
There are no experimental measurements of branching ratioscalculations, and is the HBr potential well depth.
for vinyl bromide decomposition that have been reported. The  The distribution of HBr vibrational energies is obtained from
present findings as well as those reported by Abrash@tzak the results of all trajectories resulting in three-center HBr
in accord with the theoretical studies of the dissociation dissociation. For each trajectory, eq 35 is used to compute
mechanisms for ethylene and vinyl chloride reported by JensenEy, . The energy range from zero to 4.0 eV is then divided
et al® and Riehl and Morokum&respectively. In both cases, into 50 equally spaced bins, and the results f@irlﬁre used to
H, and HCI dissociation was predicted to occur via a three- determine the number of trajectories resulting in HBr vibrational
center process. These predictions are in agreement with theenergies that lie within the energy range characteristic of each
experimental observations published by Okabe and McNesby bin. A plot of these data yields the classical HBr vibrational
and by Balko et aP,Ausloss et al’,Reiser et af, and Huang energy distribution. The result for surface PES1 at an excitation
et al? Similar measurements are needed for the vinyl bromide energy of 6.44 eV is shown in Figure 10. Inspection of the plot
system. shows the distribution to be noninverted and near-Boltzmann
It should be noted that the although Br-atom dissociation has in character. Consequently, we may fit the results to the
the lowest potential barrier of any of the decomposition channels Boltzmann distribution law

Vibrational Energy, E,;;, (eV)

on PES1, PES2, and PESS, it plays a relatively minor role in HBr
the overall decomposition process. This emphasizes the danger N( HBr) = Aexp — Vb (36)
inherent in utilizing energies of stationary points and transition b KT

states alone to predict reaction mechanism when the available

energy is significantly in excess of the potential barriers. Such WhereN(E[E") is the number of trajectories in the energy bin

a procedure ignores the importance of dynamic effects. In this whose energy midpoint is "' The solid curve shown in

case, there is a large energy-transfer bottleneck in moving Figure 10 is a plot of N(Eﬁr) versus [';'}bBr with A = 39.432 and

internal energy into the €Br stretching coordinate because of (kT)~! = 1.53.

the large bromine-atom mass. This bottleneck greatly reduces To provide a direct quantitative comparison with the experi-

the frequency of bromine-atom dissociation. mental results obtained by Dai et &l.we quantize the final
C. HBr Internal Energy Distributions. To assess the  HBr vibrational distribution as follows: The energy of thth

importance of equilibrium and reaction coordinate curvature HBr vibrational state can be written as

upon the energy partitioning dynamics in the dissociation HBr

process, we have computed the product HBr internal vibrational E~ =@+ 05, —(v+ 0-5)2wexe (37)
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TABLE 14: Comparisons of Normalized Relative HBr . . .
Vibration-state Distributions Obtained from Trajectory

Calculations on PES1, PES2, PES3, and from the Photolysis L .
experiment$” at an Excitation Energy of 6.44 EV (193 nm) N

PES1 ]
-~--- Boltzmarm Fit Eg. (40)
N O Dai et al. (Ref. 27)

normalized distributions
PES2 PES3

HBr vibration state PES1 éxpt

o
.
w

Tvib(PES].) = 7084 K |

DU WN P

0.406
0.246
0.161
0.087
0.061
0.039

0.406
0.246
0.160
0.087
0.061
0.039

0.403
0.246
0.161
0.088
0.062
0.040

0.409

a Reference 27.

wherev, is the measured fundamental HBr frequency aixd:
is the measured aharmonicity factor. The values of these
parameters are taken from Herzbé¥dn order for HBr to be
in the »th vibrational state, its vibrational energy must be at
least equal to F°". Therefore, we assume that HBr will be in
the \th vibrational state if its vibrational energy lies in the range
END < ENST < EM'PL. With this assumption, the number of HBr
molecules in vibrational state N,, is given by

HBr

_[eR ib Br
N, = | o Aexp— dERP

When the calculations are done on surface PES1, eq 38 become

(38)

HBr
v+1

N, = 39.432 / " expl- 1.53 B2 dENY =
E

25.773 [(;XQ— 1.53 E®} — exp{— 1.53 E5}] (39)

where E*® and E'?] are given by eq 37.

The experiments carried out by Dai etato not permit the
concentration of HBr in the ground vibrational state to be
determined because there is no IR emission from:the 0
vibrational state. Therefore, direct comparison of theory with
experiment requires that we normalize both the experimental
and computed excited-state vibrational distributions to a com-
mon constant. This is done by requiring tHeg-:1 N, = 1.
Table 14 presents the relative HBr vibrational state populations
obtained from PES1, PES2, and PES3 and from the experi-
ments?’

To obtain an effective temperature from our computed data,
we have fitted the results given in Table 14 to a quantized
Boltzmann distribution function

(v+0.5) v, — (v + 0.5Fw X,
a KT

PE™Y=A exp[ (40)
using least-squares methods withand T being adjustable

parameters. In eq 40, tHé(EZ'Br) values are the normalized
relative populations given in Table 14. The resulting vibrational

T, i (Expt.) = 6999 K|

o
.
N
T
.
L

o
.
[
T
’
’
’
1

Relative Population
/” -

0.0C t 1 I 1 L 1 ]
1 2 3 4 5 6

HBr Vibrational State

Figure 11. Comparison between HBr vibrational-state energy distribu-
tions after HBr elimination from vinyl bromide at 6.44 eV excitation
energy. The dashed curve is a fit to a Boltzmann distribution with a
vibrational temperature of 7084 K®j computed data from PES1
surface 0) Experimental data, Reference 27.

suggests that the important topographical features of the potential
surface that do exert major influence upon this energy partition-
ing are correctly described by the fitting to the ab initio
calculations. Furthermore, this near exact agreement provides
compelling evidence of the correctness of our previously drawn
conclusiod? that HBr dissociation occurs on the electronic
ground-state potential surface after internal conversion from the
excited state produced by the 193 nm photolysis.

D. Ground-State Dissociation MechanismsBy monitoring
the temporal behavior of appropriate geometric variables, it is
a simple matter to determine the mechanism or mechanisms
for three-center dissociations of HBr and..HThe results
obtained using PES1, PES2, and PES3 are qualitatively identical.
This again demonstrates that as long as the potential surface is
fitted to extensive, high-level ab initio calculations, small
variations in the potential curvatures do not produce major
changes in the observed dynamics.

We observe three different mechanisms for HBr elimination
reactions but only one for Hlissociation. The three dissociation
modes for HBr production are illustrated in Figure 12, parts A,
B, and C, where the temporal behavior of the- B, C—H?,
and the H—Br interatomic distances is shown for typical
reactions involving each of the three dissociation mechanisms.
These interatomic distances &g, Ry, andRy3, respectively,
in the notation illustrated in Figure 1. The trajectory whose
details are shown in Figure 12A is typical of those in which
HBr dissociation involves a simultaneous cleavage of both the
C—H and C-Br bonds. In the case shown, this concerted bond

temperatures are 7084, 7075, and 7165 K for PES1, PES2, andupture occurs around 57 t.u. into the trajectory. After bond
PES3, respectively. Figure 11 shows a comparison between thescission, a slow, oscillatory motion of the—Ei distance is

ab initio results on PES1 and experiment along with the fit
produced by eq 40 with a vibrational temperature of 7084 K.
The virtually exact agreement between the HBr vibrational

observed. This oscillation is due to HBr rotation. Because of
the asymmetric transition statérotational energy is expected
to be imparted to HBr being formed in a concerted dissociation

distributions obtained on PES1, PES2, and PES3 shown in Tableprocess.

14 and Figure 11 indicates that energy partitioning between HBr
and vinylidene in three-center HBr dissociations is nearly

independent of the potential-energy curvatures at equilibrium
and along the reaction coordinate. The near exact agreemen
between the theoretical and the experimental distributions

Figure 12B illustrates HBr dissociation via a mechanism that
involves C-H bond rupture followed by transfer of the hydrogen
atom to the bromine atom. This intermediate lives for a short
period after which the process is either reversed to reform vinyl
bromide or the €&Br bond ruptures to form HBr and vinylidene.
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for one such reaction. Around 5 t.u., concerted® and C-H
bond scission occurs. However, the newly formed HBr molecule
remains in the near vicinity of vinylidene for about 40 t.u., after
which it slowly moves away.

The only dissociation mechanism we have observed for three-
center H elimination involves concerted bond rupture of both
C—H bonds. The trajectory details are qualitatively similar to
those seen in Figure 12A.

Abrash et al? observed only one dissociation mechanism
for three-center HBr elimination when the primarily empirical
EPS surface was used in the calculations. This is in marked
contrast to the three dissociation processes seen in the present
calculations. Therefore, it appears that while some features of
the dynamics are very similar on both empirical and ab initio
surfaces, others exhibit significant differences. The total de-
composition rates as a function of internal excitation energy,
the branching ratios at lower excitation energies, and the H
dissociation mechanism are examples of dynamic features that
are described with fair accuracy by the empirical surface. The
branching ratios at higher energies and the HBr dissociation
mechanisms are dynamic features whose characteristics are
markedly different on the empirical and ab initio surfaces. As
noted previously, this might be due to topological features of
the EPS potential that are poor representations of the experi-
mental surface. Alternatively, the differences might be the result
of our having eliminated consideration of the four-center
dissociation channels in the development of the ab initio
surfaces.
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VIl. Summary

The reaction dynamics of vibrationally excited vinyl bromide
have been investigated using classical trajectory methods on a
global, analytic potential-energy hypersurface (PES1) that is
developed primarily by least-squares fitting of appropriately
chosen functional forms to the results of ab initio electronic
structure calculations. These calculations are carried out at the
MP4 level of theory with all single, double, and triple excitations
included. A 6-31G(d,p) basis set is employed for the carbon
and hydrogen atoms. Huzinag®s(4333/433/4) basis set
augmented with split outer s and p orbitals (43321/4321/4) and
a polarization f orbital with an exponent of 0.5 is used for the
rupture occurs around 13 t.u. Simultaneously, theBr distance bromine atom. A second potential surface (PES2) is developed
decreases to a value characteristic of theB# equilibrium by empirical adjustment of the surface curvatures at equilibrium
distance. Clearly, Mhas transferred to the bromine atom which so as to produce good agreement between the vinyl bromide
is still partially bonded to the carbon atom. Examination of the Vvibrational frequencies obtained spectroscopically and those
C—Br distance after the H-atom transfer shows the bond to have predicted by the surface. In the execution of this fitting, the
extended. Around 25 t.u., the transfer is seen to reversesurface parameters are adjusted so as to maintain the other
momentarily reforming vinyl bromide. At 37 t.u., we again see topographical features of the surface as constant as possible.
hydrogen-atom transfer to the bromine atom. This time, the The curvatures along the three-center elimination reaction
C—Br bond breaks around 47 t.u. before the transfer processcoordinates for PES2 are then arbitrarily varied to produce a
can be reversed the HBr and vinylidene products are formed. third surface (PES3). Again, to the extent possible, the surface
Again, we see the presence of rotational energy in the newly parameters are varied to a avoid altering the remaining features
formed HBr. This type of transfer mechanism is not unexpected. of the potential. The dissociation dynamics of vinyl bromide
In 1978-1980, Holmes and Set$@suggested that four-center ~ on each of these surfaces are computed using classical trajectory
hydrohalogen elimination reactions would proceed by migration methods and the results compared with each other and with
of a hydrogen atom to the halogen followed by rupture of the previously reported data obtained using a much more empirical

20 40 60

Time (t.u.)

80 100

Figure 12. Mechanistic details for three-center HBr elimination
reactions. The plot shows the temporal variations of thd3€distance
(Ru1p), the C-H8 distance R;) and the H—Br distance Ry3). Time is
given in units of 0.010 19 ps. The curves Ry, andR; are displaced
upward ty 1 A to enhance the visual clarity of the plot. (A) concerted
dissociation mechanism, (B) sequential mechanism involving hydrogen-
atom transfer followed by €Br bond scission, (C) concerted dissocia-
tion with subsequent formation of a van der Waals complex.

For the trajectory illustrated in Figure 12B, the initia-& bond

C-halogen bond. Previous theoretical stutfleéd of the gas-
phase decomposition of 1,2-difluoroethasieexplicitly con-
firmed the suggestion made by Holmes and SéfsEne present

potential surface (EPS). These comparisons show the following:
(1) Total decomposition rates are well described by first-order
kinetics. The microcanonical rate coefficients are obtained from

results demonstrate that three-center dissociations can alsdhe slopes of computed decay curves. Only small differences

involve such a transfer mechanism.
A third mechanism for HBr dissociation involves a concerted
C—H and C-Br bond rupture followed by the formation of a

between the results on PES1, PES2, and PES3 are observed.
Consequently, potential-surface curvature variations do not
produce significant changes in the dissociation rates. There are

short-lived van der Waals complex. Figure 12C shows the details significant quantitative differences between the rates on the
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empirical EPS surface and those obtained for the ab initio (2) See, for example: (a) Bakkas, N.; Bouteiller, Y.; Loutellier, A.;

; ; Perchard, J. P.; Racine, $.Chem. Phys1993 99, 3335. (b) Wladlowski,
potential. These differences are a factor of two to three = e ooy o e sl e Vallen, W. D.: Brauman, J.1. Chem.

depending upon the excitation energy. However, the results phys'1994'100 2058. (c) Walch, S. Rl. Chem. Phys1993 98, 3163. (d)
obtained with the EPS potential show no major qualitative Walch, S. PJ. Chem. Phys1993 99, 5295. (e) Robertson, S. H.; Wardlaw,

. s . . Morokuma, K.; Lin, M. C.J. Chem. Physl994 101, 3916. (g) Maluendes,
(2) There are some minor quantitative differences in the o A.; McLean, A. D.. Yamashita, K.; Herbst, & Chem. Phys1993 99,

computed branching ratios on PES1, PES2, and PES3. In someagi2,

cases, the differences are less than the combined error Iimits.loq(si)gé]fnsen, J. H.; Morokuma, K.; Gordon, M.J5Chem. Physl994
AF IrC])WheXCItatlgon_ engrglgs, thr? r?glsts on PE.Sll are in fair aCCOr:d (4) OI.<abe, H.; McNesby, J. R. Chem. Phys1962 36, 601.

with those obtained using the potential. However, at the —(5) gajko, B. A.; Zhang, J.; Lee, Y. Tl Chem. Phys1992 97, 935.
highest energy investigated (6.44 eV), there are major qualitative  (6) Riehl, J. F.; Morokuma, KJ. Chem. Phys1994 100, 8976.
differences present. The branching ratios obtained with empirical 197(37)7 7%32'225' P.; Rebbert, R. E.; Wijnen, M. Bl. Res. Nat. Bur. Std
Zurfﬁ'ce zre nOt evefn n qur?“ta“(\j/%accord Wlth thhose F;]redICteld (8) Reiser,. C.; Lussier, F. M.; Jensen, C. C.; Steinfeld, J. IAm.
y the ab initio surface. These differences might be the result chem. soc1979 101, 350.
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