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Statistical and Nonstatistical Dynamics in the Unimolecular Decomposition of Vinyl

Rate constants have been computed for three unimolecular decomposition reactions of vinyl bromide for

transition-state theory (EMS-TST) on a global vinyl bromide potential energy surface. The EMS-TST results
are compared with those obtained from a previously reported classical trajectory study on the same potential

energy surfaceJ. Phys. Chem1995 99, 2959] in order to assess the extent to which vinyl bromide

unimolecular decomposition is governed by statistical dynamics. For the three-center HBr elimination reaction,

it is found thatkems-tst iS greater thamajectory by @ factor of 1.5-3.5 over the energy range considered. For

the C-Br bond scission, the EMS-TST and trajectory results at lower energies are equal within the statistical
The EMS-TST calculations also reproduce a surprising result from the trajectory study, that the rate constant

the energy range, even though the barrier height for the latter reaction is 0.34 eV lower. These results imply

that three-center HBr elimination and-®r bond scission are governed by statistical dynamics. For the

energies and a factor of&¥ at higher energies. This result necessarily implies that the dynamics of the

The nonstatistical behavior for this reaction is attributed to a

breakdown in the coupling among vibrational modes as thdrdyment departs, which leaves energy in

excess of the statistically predicted amount in the dissociation coordinate. A study of intramolecular vibrational

The IVR analysis also shows that such a breakdown in mode-to-mode coupling does not exist for the three-

center HBr elimination and that nearly global randomization of the internal energy rapidly occurs as the
system moves through the transition-state region for HBr elimination. Thus, the nature of IVR on the vinyl

bromide potential surface used in this work is consistent with the present EMS-TST results showing that

three-center HBr elimination is well-described by statistical reaction rate theory, while three-center H
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several energies in the range 5:28367 eV, using statistical variational efficient microcanonical sampling
error in the trajectory calculations, while at higher enerfigg st exceed¥uajectory DY a factor of 1.4-2.9.
for three-center HBr elimination is an order of magnitude greater than thatf&r Gond scission throughout
three-center Klelimination reaction, howevekqajectory IS greater tharkems-tst by a factor of 2-4 at lower
three-center Klelimination are nonstatistical.
relaxation (IVR) rates and pathways in vinyl bromidePhys. Chenl996 100 8085] supports this conclusion.
elimination is not.

I. Introduction

It is generally established that small, three- or four-atom
molecules, or single-center molecules such as,@enerally

obey the central assumption of all statistical theories that interna
energy is randomly distributed over phase space so that all

phase-space points of enerByare sampled with equal prob-

When the reacting system is polyatomic, however, the
existence of internal modes essentially decoupled from the
reaction coordinate increases the probability that intramolecular

Ivibrational relaxation (IVR) bottlenecks will exist. Conse-

guently, more and more such systems are being found that do
not behave in accordance with statistical theory. For example,

ability.! Recent examples have been provided by Peslherbe andEXperimental investigations of the decomposition reactions of

Hase? who studied the decomposition dynamics of; Aind

substituted benzenes reported by Bersohn and co-w8iers

found excellent agreement between statistical theory and have shown that extensions of RRKM theory are insufficient

trajectories. Klippenstein and KoésBave obtained similar
agreement between statistical theory aiminitio scattering
results for the He+ H,™ — HeH"™ + H reaction. Klippenstein
and Radivoyevitchfound statistical behavior in their investiga-
tion of NO, dissociation. Recent results reported by Hu and
Hasé have verified that the decomposition of ¢id a statistical

to explain the translational energy distributions of product
hydrogen atoms. Holland and Rosenféldbtained similar
results in the photolysis of W(C@) It was found that
microcanonical phase-space thédi} could not predict the
observed energy disposal patterns. Viggiahal'*and Graul
and Bower¥ have investigated the halogen exchange reaction

process. The agreement between experiment and variationaPetween CI and CHBr and found that the measured rate

transition-state theory calculations for the reaction of OH
radicals with CH reported by Truong and Truhfaand Melissas
and Truhlaf indicates the statistical nature of this system.
Similar results for the CH+ H, and the OH+ Hj reactions
have been obtained by Gonzalez-Lafental.®

® Abstract published i\dvance ACS AbstractSanuary 1, 1997.

coefficient is independent of the vibration/rotation temperature,
which is inconsistent with the predictions of RRKM theory. The
CHsCl product is also found to have a nonstatistical distribution
of internal energy. Van Ordeet al1® obtained a similar result
for the exchange reaction betweendnd CHCI. Choet al17:18
and Vande Linde and Ha¥ehave found the reaction between
Cl~ and CHCI to involve nonstatistical behavior with extensive
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barrier recrossings and intramolecular dynamics that are not inll. Computational Procedures
accord with transition-state assumptions. Carpenter and co-
workerg®-24 have found striking nonstatistical branching ratios
in several systems whose reaction mechanisms involve large
biradical species.

By comparing the results of trajectory calculations with
classical EMS-TST (efficient microcanonical samplirtcansi- K(E) = 1 f dl" o[H(I') — E] 0(0rc ~ do)IGre
tion-state theory) and EJS-TST (efficieglhtonserving sampling 2 f dl" S[H(T) — E]

transition-state theory) calculatidds3® on the same potential
energy surfaces, we have identified the presence of nonstatistica{/vherer is the set of phase-space coordinates and momenta
{q.p}, H(I') is the Hamiltonian of the systent; is the total

dynamics in decomposition reactions obiH, 1,2-difluoro-

1 i —29,31-33 1 . . ; . -
ethgne, aﬂd vinyl l?rqmlltjf. havi fln cop|_ttrt1ast,20ut1rl prevuﬁuls energy grec = Ore(Q) is the reaction coordinatgg is the critical
stuc |e32;2£w statistical behavior for Sikhe -chloroethy value ofgrg, i.€., the location of the transition-state dividing
radlcal,eﬂ k?nd the ;nvre]rsmrll (;eacnons f(irde;?/;o[Z..l.O]- surface separating reactants from produtgs,= Orc(q) is the
penlta; : T. ese r.ﬁstl: tSf avede hus to conclude | staﬂrs]- velocity along the reaction coordinate, and the integrals in the
tical dynamics will be faored wheneer motion along the numerator and denominator are understood to be over the phase
reaction coordinate does not produce large energetic Changes g, qe of the reactants only. While eq 1 can be evaluated directly
using Metropolis samplirg over reactant phase spat®es8 it

in one or more bonds in the remainder of the moleculé¢hen
such energetic changes occur, there will frequently be an .5, 3150 pe transformed into an expression amenable to

enhanced coupling between the dissociation coordinate and the,, 4 1uation by Metropolis sampling over the reactant configu-
remainder of the molecule that leads to increased IVR rates and, 4ion space only, provided that the Hamiltonian is separable,
decreased reaction rates, both of which will tend to eliminate ¢ is,
nonstatistical effects. A second principle postulated by Car-
penter and co-worket$ 22 is thatnonstatistical behaior will H(T) = T(p) + V(q) )
become more pralent as the energy of the reacting system
approaches thresholdOur result8>-2%3tsupport this hypoth-  where T is the kinetic energy an¥ is the potential energy.
esis. Substitution of eq 2 into eq 1 has been sh&wfto give for

We have recently examined the dynamics of intramolecular k(E) the expression
energy transfer in vinyl bromidéusing the projection methd.

According to classical transition-state theory (TST), the
microcanonical rate constam(E), for a unimolecular reaction
'is given by®

The calculated total energy decay rates and the pathways of dg W(@) & - In
energy flow for initial excitation of each of the 12 vibrational k(E) = 1 f AW O(ke ~ G ke ()
modes in the equilibrium configuration show that the minimum 2 f dg W(q)

energy decay rate among the 12 modes is at least 3.1 times

larger than the trajectory-computdecomposition rate of vinyl  in which W(q) is the efficient microcanonical sampling (EMS)
bromide with 6.44 eV of excitation energy present. However, weight factor?

it is also found that energy transfer is not globally rafidin

configurations near the minimum energy structure on the W(q) = [E — V(q)] @V 9”2 @)
optimum dividing surface for three-centeg dlimination, the

intramolecular energy transfer rate for some mode-to-mode and el Dis the momentum-averaged absolute velocity along
processes is slower than the unimolecular dissociation rate. Inthe reaction coordinate, given by

contrast, energy transfer in configurations near the minimum

energy structure on the optimum dividing surface for three- do SIT(p) = K

center HBr elimination is globally rapid relative to the HBr ol C= f P olT(p) 116l (5)
NN RC

elimination rate for all modes except the-C—Br bend. The f dp S[T(p) — K]

energy transfer dynamics for vinyl bromide therefore suggest
that three-center HBr elimination may be accurately described yherek = E — V(q) is the kinetic energy at configuratian

by statistical theories, but the corresponding three-center H Equation 3 can be evaluated by a Markov walk over reactant

elimination reaction will probably behave nonstatistically. configuration space, with momenta being required only for the
In this paper, we report the results of efficient microcanonical evaluation of the average absolute velocity when the walk

sampling-transition state theory (EMS-TST) calculatigmz® reaches a configuration at the transition state. Use of eds 3

of the reaction rates for three-center elimination of HB+; &} to evaluate microcanonical unimolecular rate constants is called

bond scission, and three-center elimination gfdd the same  the EMS-TST methcd and is the method used in this work to
potential hypersurface used in previous trajectory studies of theseevaluatek(E) for various unimolecular decomposition reactions
processe¥ We have previously notéé2° that if kems-TsT iS of vinyl bromide. The potential energy surfat4g), employed
less thankgajectory ON the same potential energy surface, the in the calculations is our previously publisiédlobal potential
system must behave nonstatistically. Thus, by comparing thefor vinyl bromide.

results of the present EMS-TST calculations with the trajectory  The EMS weight facto¥\(q) used in the Markov walk gives
results, we can assess the extent to which vinyl bromide a larger weight to configurations of lower potential energy,
unimolecular decomposition is governed by statistical dynamics. which means that configurations in the transition-state region
The remainder of the paper is organized as follows: section Il are sampled much less frequently than those near the equilibrium
provides a brief general description of the EMS-TST procedure configuration. Thus, evaluation of the integral over the transi-
and describes the details of its implementation here for vinyl tion-state region in the numerator of eq 3 k) will converge
bromide unimolecular decomposition; section Ill presents and relatively slowly. However, the convergence rate can be
discusses the comparison between the EMS-TST and trajectoryincreased by introducing importance sampling into the Markov
results; and section IV summarizes our conclusions. walk28 To do this, an importance sampling functio(y),
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given by -0.2f

I(q) = [E — V(q)]* (6) {.‘/r-‘“‘“ﬂmtlﬂim
wherea is an adjustable parameter, is inserted into eq 3to give _ , ,| l
f%‘a a8 88 8g8ga68

]

1/ 99 Wer(9) 1(9) 0(dre — Ac) TrclDl
? J A Wee() 1(@)

in which the effective weight factoWes(q) is

K(E) =

log [ k(E) / (1/ps) ]

W,(q) = [E — V(@) &7 @)

Increasing the value ofu increases the relative weight of : n s
configurations of higher potential energy, so that the transition- Millions of Markov Steps

§tate region is sampled more frequently and the numeratorFigure 1. Convergence of the microcanonical rate constdg) at
integral converges more rapidly. On the other hand, the value seyeral prospective transition-state dividing surfaces for the three-center
of the integral in the denominator of eq 3, which covers the HBr elimination in vinyl bromide, as a function of Markov walk length
whole reactant configuration space, is determined primarily by atE = 5.23 eV: filled squaresl)), gc = 2.4 A; open squaresl), qc
contributions from regions of low potential energy. dfis = 2.5 A; filled circles @), qc = 2.6 A; open circles®): gc = 2.7 A;
increased too much, these regions will be sampled infrequently filled triangles @): gc = 2.8 A. Lines connecting data points are for
enough to decrease the convergence rate of the denominatoiSual clarity only.
integral. In previous work8 choosinga to give the exponent  In eq 10, the delta functiod(qrc — dc) from eq 7 is
in eq 8 a value between 1 and 1.5 produced good convergenceapproximated by the simple prelimit for@(q;) /A, whereA
of both numerator and denominator. Thus, in this work the is the width of the transition-state region and
value ofa was chosen to be 5.0, which for vinyl bromide €
6 atoms) makes the exponent in eq 8 equal to 1.5. o(q) = {1, Oc — A_S Orc < Qc (11)

In evaluating eq 7 to finé(E), the average absolute velocity ' 0, otherwise
across the transition-state dividing surfacfrc/l) must be The Metropolis sampling procedure to generate the set of
evaluated whenever the Markov walk reaches a configuration configurations{q;} is as follows. An initial configuratiorgo
inside the transition-state region. This can be done for any is chosen (see below), and its weidi(cqo) computed. Then
arbitrary dividing surface using eq 5, which must be evaluated a trial configurationgyiy is generated frongo by moving all
via a Monte Carlo procedure. However, for the special case of three Cartesian coordinates of one or more atoms from their
simple bond scissions, such as the B bond scission in vinyl current values by a random amou#t-{ 0.5) Ag, whereé is a
bromide, for which the reaction coordinaigc is the length of uniform random number between 0 and 1, s the Markov
the dissociating bond and the dividing surface is thus a spherestep size. The trial configuration is first checked to see whether

of radius equal t@c, eq 5 has been evaluated analyticaliyp it has crossed any “reflecting surfaces” set up to keep the
give the simple formula Markov walk on the energy shell and in reactant configuration
space (see below). If so, the trial is discarded and a new one
oy | 0= (%)1’2[(3“' — 5)/2]! ©) generated by moving the same coordinates using different
RET Nl [(3N — 4)/2]! random numbers. Once a permissiflg has been obtained,

its weight Wes(Qriar) is then computed and compared with

where u is the reduced mass for motion along the reaction Wg(qo). If the ratioWas(quial)/ Wer(qo) is greater thaig', where
coordinate. Furthermore, it has been shtwthat the same ¢ is another uniform random number, then the trial configuration
formula also applies to more complicated reactions, as long asis accepted and becomgs, the first configuration in the set
the dividing surfaces are spherical and the reduced mass is{q;} used to evaluate eq 10. If the ratdu(Cia)/Wer(do) iS
chosen correctly. For example, in the three-center eliminations |ess thané', then the trial configuration is rejected, ang
of HBr and K from vinyl bromide, eq 9 can be useddkc is becomesy;. This set of operations constitutes the first “step”
chosen to be the distance between the carbon atom and the HBpf the Markov walk in the Metropolis sampling procedure. The
or Hy center of mass, and the reduced mass is obtained usingsucceeding steps in the Markov walk obtain configuratipn
the mass of the carbon atom and the total mass of the HBr orin the set from configuratioq; using the same set of operations,
H. fragment. In all the calculations reported here, eq 9 has with new random numbers in each step. After each new step
been used to obtain values Gifjrc|L] in the walk is taken, the sums in the numerator and denominator

The actual numerical evaluation of eq 7 to get the rate of eq 10 are updated. In this work, three of the six vinyl
constant(E) consists of generating a set Bf configurations  bromide atoms were moved in each Markov step, and the

{ai, i =1, .., M} via Metropolis sampling with weighWes Markov step size wadq = 0.2 A. The value oM, the number
(from eq 8) and then using these configurations to compute the of configurations used to evalust¢E) in eq 10, was 18 million.
Monte Carlo approximant to eq 7, which is This number of configurations was more than sufficient to

ensure convergence of the sums in eq 10, as illustrated by Figure

M 1, which shows intermediate values of Ikg(at several
1 £ (@) ©(a) Trcll! prospective transition-state dividing surfaces for the three-center
k(E) = — (10) HBr elimination reaction, computed at intervals of 720 000
2A M Markov steps in a Markov walk & = 5.23 eV.
[(a;) As mentioned above, an initial configuratiap must be

i= generated as a starting point for the Markov walk used to
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TABLE 1: Reaction Coordinate Definitions and Reflecting Surface Locations Used in the EMS-TST Calculations; Superscripts
on Atomic Symbols Refer to the Atom Numbers Defined Below; the Bond Distances and Bond Anglesa to Which the Table
Refers Are Also Defined Below

reaction definition of reaction coordinate location of dividing surfaces

three-center HBr elimination distance betweéera@d the HBr maximum bond distances: 5 A for, ra, r3, r, rs®

center of mass, when the’HBr minimum bond angles: 90or as; 105’ for ay, ap, a4, as

distances, is less than 2.0 A
C—Br bond scission &-Br distancers maximum bond distances: 5 A for, r, r3, s

minimum bond angles: 90or as, ag; 105’ for ay, az, a4, as

three-center klelimination distance betweent @nd the MH® maximum bond distances: 5 A for, r°, r, rs, rs

center of mass, when the*HH® minimum bond angles: 90or &y, ay, as; 105 for a4, as

distance, is less than 1.3 A

ar, andrs are subject to this constraint only for configurations in which tliBrtlistancers, is greater than 2.0 A.r, andr; are subject to this
constraint only for configurations in which the*Hf distance, is greater than 1.3 A.

evaluate eq 10. This initial configuration is produced by placing dividing surfaces wasys = 31 and their spacing wasqgc =

the vinyl bromide molecule in its equilibrium configuration and 0.1 A. For the three-center HBr elimination and the & bond

then doing a “warm-up” Markov walk to reach the configuration scission reactions, the innermost surface was located at=

o, using the procedure outlined above. The purpose of this 2.0 A, while for the three-center flimination the innermost
procedure is to ensure thaj, is a random configuration  surface was afjc; = 1.0 A.

characteristic of the total enerdsy In this work, the value of For each of the three reactions investigated here, the reaction
Mwarm, the number of configurations in a warm-up Markov walk, coordinategrc Was assumed to be the distance between the
was 100 000. This value &f,.mwas chosen based on previous center of mass of the dissociating fragment (HBr for three-center
work involving disilane, SiHg.26 HBr elimination, Br for C-Br bond scission, and or three-

As mentioned earlier, the integrals in egs 3 and 7 are assumedcenter H elimination) and the carbon atom to which the
to be over the reactant configuration space only. In practice, fragment was bonded in the original vinyl bromide molecule.
this condition is enforced by restricting the Markov walk in eq Also, the reduced mass for motion along the reaction coordinate
10 to reactant configurations through the use of “reflecting was computed using the total mass of the dissociating fragment
surfaces” at the periphery of reactant configuration space. A and the mass of the carbon atom. These choices allow the use
reflecting surface would be crossed by the Markov walk if a of eq 9 to compute the average absolute velocity along the
Markov step produced a configurati@nthat (i) was off the reaction coordinate, as mentioned previously. However, using
energy shell [i.e.V(q) > E], (ii) was past the transition-state  this reaction coordinate definition for the HBr and ¢limination
dividing surface [i.e.agrc(q) > dc], or (iii) caused a particular ~ reactions was problematic in that, in practice, it did not clearly
bond length to exceed some maximum value or a particular bonddistinguish between the desired elimination reaction and the
angle to fall below some minimum value. In this last case, competing G-Br or C—H bond scissions. This problem was
maximum values on bond distances eliminate competing bond most acute for the HBr elimination since the center of mass of
scission reactions, while minimum values on bond angles the HBr fragment lies so close to the Br atom. To fix the
eliminate competing three- and four-center elimination reactions. problem, a further specification was added to the reaction
The values of the maximum bond distances and minimum bond coordinate definition in the case of the HBr and élimina-
angles used for each of the three dissociation reactions studiedions: the H-X separation in the fragmentyx, was required
here are given in Table 1. to be less than some maximum valug max. In this work,

Since the rate constak(E) computed statistically using eq  ryx.maxWas chosen to be 2.0 A for 3 Br and 1.3 A for X=
3 is an upper bound to the “true” rate constant computed by H. These values were chosen to be somewhat smaller than the
classical trajectories on the potential energy surfabe, value H—X separations in the equilibrium geometry of vinyl bromide
of k(E) should be minimized with respect to the location of the (2.52 and 1.88 A, respectivéR), yet large enough that the
transition-state dividing surface. This minimization procedure potential energies of the HX fragments on the vinyl bromide
can be done using a single Markov walk having several different potential surfac® at these H-X separations were considerably
dividing surfaceyc;, each with an associated transition-state larger (by more than 0.5 eV) than the average energy in the
region of widthA, in the portion of configuration space where fragments after reactiof. The effectiveness of this method in
the transition state is supposed to be.qdfi is the location of distinguishing between the three-center HBr elimination and the
the innermost dividing surface and there amg surfaces C—Br bond scission is illustrated in Figure 2, which shows for
separated by a distandg|c, then the positions of the dividing  each reaction the minimum potential energy value obtained at
surfaces are given byc; = gc1+ (i — 1) 6qc, withi =1, ..., each transition-state dividing surface in a Markov wallEat
ns. When the Markov walk reaches a configuratepfor which 7.23 eV. The two curves go to their correct limiting values on
Ocj-1 < Orc(d) < qcj, then the sums in the numerator and the potential energy surface (3.45 and 3.1 eV, respec#jely
denominator of eq 10 are updated only for the dividing surfaces In this study, rate constants were computed using the EMS-
Oc, throughgc .. The sums for the surfaceg 1 throughgc;-1 TST method for the three-center HBr elimination;-Br bond
are not updated, since for these surfaces the configurgtisn scission, and three-center, Ktlimination reactions of vinyl
outside reactant configuration space. When several dividing bromide at total energidsof 5.23, 5.73, 6.23, 6.48, 6.73, 6.98,
surfaces are used in this manner, only the outermost surface7.23, and 7.67 eV and compared with rate constants for these
Ocne is also a reflecting surface for the Markov walk. In this reactions computed using classical trajectoffesThe total
work, for all three of the reactions studied the number of energies used represent zero-point energy plus varying amounts
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= -©- C-Br bond scission
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2 3 4 . 5 2.0 2.5 3.0 3.5 . 4.0
Location of Dividing Surface / A Location of Dividing Surface / A
Figure 2. Minimum value of the potential energyat each transition- Figure 3. EMS-TST results fokusr, the microcanonical rate constant
state dividing surface for the three-center HBr elimination and for the for three-center HBr elimination in vinyl bromide, as a function of
C—Br bond scission, obtained in each case by a Markov walk =t transition-state dividing surface locatia. Results are shown fdg
7.23 eV. Ordinate values are plotted with respecWtg the global = 5.23, 6.23, 6.98, and 7.67 eV. Lines connecting data points are for

minimum on the vinyl bromide potential energy surface. Lines visual clarity only.
connecting data points are for visual clarity only.

TABLE 2: Markov Walk Parameters Used in the EMS-TST 1.0t ® E=523eV
Calculations S Elthay
= 0. €
Markov walk parameter value 0.8 ¢ -0- E=7.67¢V
number of warm-up Markov stepilyarm 100 000 \
number of steps in Markov walk/ 18 000 000 =
number of atoms moved per Markov step 3 £ 0.6 1
Markov step sizeAg/A 0.2 N
importance sampling exponent, 5.0 2
number of transition-state dividing surfaces, 31 z 09
spacing between dividing surfacesic/A 0.1
width of each dividing surfacey/A 0.1 0.2k
location of innermost dividing surfacge /A 2.(°or1.00 ' g
aFor the three-center HBr elimination and-8r bond scission? For 209000000000000000
the three-center Helimination. 0.0

of excitation energy over the range 4-08.44 eV, as in the 3.0 s a0 4.5 5.0
corresponding trajectory calculations in ref 32. However, the Location of Dividing Surface / A
above energies are 0.14 eV greater in each case than the totdfigure 4. EMS-TST results fokc-g, the microcanonical rate constant
energies used in the trajectory calculations. The discrepancy!©" C~Br bond scission in vinyl bromide, as a function of transition-

g . . state dividing surface locatiomc. Results are shown fd = 5.23,
comes from the fact that 'n_th's_work the zero-point energy was 6.23, 6.98, and 7.67 eV. Lines connecting data points are for visual
taken to be 1.23 eV, which is the Hartreleock unscaled clarity only.
harmonic zero-point energy of vinyl bromide reported in ref
32, whereas the trajectory calculations used a zero-point energypyblished results for Sils using the same potential energy
of 1.09 eV, which is the value obtained by normal-mode ana|ySIS SurfaceZ_G Markov walk parameters for the 2$-|6 test calcula-
at the vinyl bromide equilibrium geometry on the analytic tions were identical to those in ref 26. Five Markov walks using
potential energy surface used here and in ref 32. For each vinylgjfferent initial random number seeds were used to compute
bromide reaction at each energy, the reported rate constant ishe reported results and their errors at each energy. Our results
the average of six values of the rate constant computed usingfor average bond distances and potential energies are in excellent
seeds. The associated error bar is the 95% confidence limit, sj—s;j bond scission generally agree within the statistical error
given by twice the sample standard deviation of the set of siX of the calculations.
rate constant values. Table 2 summarizes the values of the
Markov wglk parameters used in the EMS-TST cglculations ON |i1. Results and Discussion
vinyl bromide. The trajectory rate constants to which the results
of this work were compared are not given explicitly in ref 32. The dependence of the EMS-TST valuek{E) on qc, the
They were found by multiplying the total vinyl bromide location of the transition-state dividing surface, is shown in
decomposition rate constant at each energy (from Figure 7 of Figure 3 for the three-center HBr elimination, Figure 4 for the
ref 32) by the appropriate branching ratio (from Table 18 of C—Br bond scission, and Figure 5 for the three-center H
ref 32). elimination in vinyl bromide. For the sake of clarity, results

In addition to the vinyl bromide calculations described above, are shown only fole = 5.23, 6.23, 6.98, and 7.67 eV. The
a preliminary set of calculations were performed to test the plots ofk versusgc show interesting energy-dependent features,
EMS-TST computer program used in this work. In this test, particularly for the two three-center elimination reactions. In
average bond distances and potential energies as well as rat¢he case of the HBr elimination, the minimum in tkeersus-
constants for SiSi bond scission were computed for disilane, qc curve is found atic = 2.7—2.9 A for E in the range 5.73
Si;He, over the energy range 5.39.31 eV and compared with ~ 6.48 eV and atjc = 2.3—2.4 A for E in the range 6.737.67
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Figure 6. Comparison of EMS-TST and trajectory values of the rate
constant for three-center HBr elimination in vinyl bromide, as a function
of the total energyE:. Lines connecting data points are for visual clarity

= 5.23, 6.23, 6.98, and 7.67 eV. Lines connecting data points are for only.

visual clarity only.

TABLE 3: Comparison of EMS-TST and Trajectory Values
of the Rate Constant for Three-Center HBr Elimination in
Vinyl Bromide 2 (Errors in the EMS-TST Results Are 95%
Confidence Limits)

E/eVP Kems-tst/pst Kirajectony/PS ™t
5.23 0.172+ 0.013 0.117
5.73 0.574+ 0.094 0.288
6.23 1.265+ 0.133 0.465
6.48 1.653+ 0.180 0.574
6.73 2.21% 0.291 0.739
6.98 2.613+ 0.299 0.818
7.23 2.800+ 0.153 0.925
7.67 3.274+ 0.194 0.939

a Trajectory values obtained from ref 32, as described in the text.
b For the EMS-TST calculations only; total energy for the trajectory
calculations is 0.14 eV smaller.

TABLE 4: Comparison of EMS-TST and Trajectory Values
of the Rate Constant for C—Br Bond Scission in Vinyl
Bromide? (Errors in the EMS-TST Results Are 95%

Confidence Limits)

E/lew kems-Tst/ps? ktrajectorzlpg1
5.23 0.00692+ 0.00066 0.00945
5.73 0.024H- 0.0029 0.0355
6.23 0.059H- 0.0079 0.0397
6.48 0.0878+ 0.0088 0.0779
6.73 0.123+ 0.009 0.0880
6.98 0.1574 0.017 0.0819
7.23 0.198+ 0.010 0.100
7.67 0.285+ 0.027 0.0971

aTrajectory values obtained from ref 32, as described in the text.
b For the EMS-TST calculations only; total energy for the trajectory
calculations is 0.14 eV smaller.

eV. The presence of two minima in the graph is evident at all
energies above and including 6.23 eV, with the inner one
becoming more important dsincreases. For the-€Br bond
scission, the minimum in thieversusec curve lies atjc = 4.6
Afor E=5.23 eV and in the range 3.8 A qc < 4.2 A for all
other energies, moving inward slowly Bsncreases. The shape
of the curve indicates, however, that the valuek afe nearly
constant for a relatively large range gt values near the
minimum. In the case of the dklimination, the minimum in
the k-versusgc curve lies atgc = 1.7 A for the two lowest
energies and alc = 1.4 A for all the remaining energies.

0.30+

0.251

- EMS-TST results
-O- Trajectory results

0.20

K(E) / (1/ps)

0.05-

0.001

5:0 5:5 6.‘0 6:5 7.‘0 7i5

E/ eV
Figure 7. Comparison of EMS-TST and trajectory values of the rate
constant for G-Br bond scission in vinyl bromide, as a function of the
total energyE. Lines connecting data points are for visual clarity only.

function of energy for the HBr elimination and-@®r bond
scission, respectively. For the HBr eliminatidkgms-Tst IS
larger thankyajectory at all of the energies considered, a result
that is consistent with the conclusion that the HBr elimination
is governed by statistical dynami¢s2® For the G-Br bond
scission kems-T1st andKyajectory@re approximately equal &=

6.48 eV and below, andtems-Tst is noticeably larger than
Keajectory@t E = 7.67 eV and above. At the two lowest energies,
Kirajectory IS actually slightly larger tharkems-tst, but the
difference is less than our estimate of the statistical error in the
trajectory calculations at these energies. Thus, th&Cbond
scission may also be governed by statistical dynamics, particu-
larly at higher energies. It is interesting that the EMS-TST
calculations reproduce the surprising result from the trajectory
study?? that the rate constants for the HBr elimination are an
order of magnitude larger than those for the B bond scission.
This is demonstrated by Table 5, which compares the EMS-
TST and trajectory values of the ratkggi/kc—pr across the
energy range. The EMS-TST values of this ratio are larger than
the trajectory results at all energies, but agree to within at least
a factor of 3 and often to better than a factor of 2. The fact
that the trajectory calculations showed the rate constants for
HBr elimination to be larger than those for-@r bond scission

is remarkable in that the energy threshold for the former reaction

Tables 3 and 4 and Figures 6 and 7 show comparisonsis 0.34 eV higher than that for the latter. This result was one

between the EMS-TST and trajectory values K{E) as a

piece of evidence leading to our earlier conjectéithat the
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TABLE 5: Comparison of EMS-TST and Trajectory Values T T N T T
of kuer/ke—gr, the Ratio of Rate Constants for Three-Center 1.0f @ o
HBr Elimination and C —Br Bond Scission in Vinyl /
Bromide2 0.8 g EMS-TST results ]
A -O- Traject 1t /
E/eVv® EMS-TST value trajectory value £ 0.6 rajectory resus :
5.23 24.8 12.3 = o
5.73 238 8.1 g 04 |
6.23 21.4 11.7 0.2} |
6.48 18.8 7.4
6.73 18.1 8.4 0.0 1
6.98 16.6 10.0
7.23 14.1 9.2
7.67 11.5 9.7
aTrajectory values obtained from ref 32For the EMS-TST 0 ]
calculations only; total energy for the trajectory calculations is 0.14
eV smaller. — 1L ]
g
TABLE 6: Comparison of EMS-TST and Trajectory Values 2 |
of the Rate Constant for Three-Center H Elimination in =~-2 ]
Vinyl Bromide @ (Errors in the EMS-TST Results Are 95% ‘i’
Confidence Limits) ;-3 r @ EMS.TST resul ]
- results
EleV® kews-tsi/ps? KirajectoryPS = al -O- Trajectory results
5.23 (2.84+0.63)x 10°5 c . B ‘ ‘ ‘ 1
5.73 0.0012G+ 0.00019 0.00559 55 60 65 70 73
6.23 0.00856¢ 0.00097 0.0183 E/ eV
g;‘g 88%8% 888887 8?225 Figure 8. Comparison of EMS-TST and trajectory values of (a) the
6.98 0.0506% 0.0050 0.259 rate constant and (b) the base-10 logarithm of the rate constant for
723 0.0761 0.0100 0.420 three-center Klelimination in vinyl bromide, as a function of the total
7.67 0.146+ 0.014 1.015 energy,E. Lines connecting data points are for visual clarity only.

000000000000000000000000
o

aTrajectory values obtained from ref 32, as described in the text.
b For the EMS-TST calculations only; total energy for the trajectory
calculations is 0.14 eV smalletBelow the detection limit of the
trajectory calculations at this energy.

dynamics of vinyl bromide unimolecular dissociation are
nonstatistical. Since the EMS-TST calculations reproduce the
result, however, it would appear instead that the relatively low
rate of C-Br bond scission arises from the topology of the
potential surface rather than from nonstatistical dynamical
effects. While this conclusion is strictly true only for our model
vinyl bromide potential energy surface, we note with interest
the results of recent experiments involving photolysis of
bromoacetoné? which have shown that the-€Br bond scission
is very slow relative to €C bond scission even though the
barrier to C-Br bond scission is much lower. 1 3 3 p

Table 6 and Figure 8 show comparisons between the EMS- Location of Dividing Surface / A
TST and trajectory values &{E) as a function of energy for  Figyre 9. Minimum value of the potential energyat each transition-
the H; elimination. The most striking feature of these results state dividing surface for the three-centeréfimination, obtained by
is that the values dfyajecroryare larger than thie=ps-rst values Markov walks atE = 5.23 and 7.67 eV. Ordinate values are plotted
throughout the energy range, by a factor of4£ at lower with respect td/eq, the global minimum on the vinyl br_omide potential
energies and a factor of & at higher energies. This necessarily €nergy surface. The curve fér= 7.67 eV has been displaced upward
means that nonstatistical dynamics govern this reaéfioH, \t/)i)gl?éls(i(\:\/ri{?/ro\ll’:ls;al clarity; lines connecting data points are also for
which is a surprising result in view of the apparent statistical '
behavior of the HBr elimination and €Br bond scission Jc, for the H elimination. For values ofic greater than about
reactions. An examination of Figure 5 shows thag@avalues 2 A, the minimum potential energy is constant at 4.44 eV, which
further out along the reaction coordinak€E) at each energy  is equal to the barrier height for the reacti®nThus, forqc
increases from its minimum value to values larger than the greater than about 2 A, the interactions between theaht!
trajectory result. Thus, the nonstatistical results arise becauseC=CHBr fragments have disappeared and the system has
of the minimum in thek-versusgc plot at small values ofjc. reached product configuration space. In view of this, it is
Since there is no potential well or barrier to the back reaction reasonable that any bottleneck to reaction should lie along the
along the minimum energy pathway for the three-center H reaction coordinate afc less than 2 A, where interactions
elimination on the potential energy surface used in the calcula- between the separating fragments are still significant. An
tions3? it was not immediately apparent why the minimum in  examination of the vinyl bromide structures associated with the
the plot should occur, so we devoted some effort to uncovering minimum potential energy values from Figure 9 reveals that
the origin of this feature. all of the structures fogc less tha 2 A have the departing H

Figure 9 shows how the minimum value of the potential fragment aligned such that the-HH bond is perpendicular to
energy attained at each transition-state dividing surface duringthe reaction coordinate, as shown in Figure 10. This suggested
the Markov walk varies with the location of the dividing surface, to us that the bottleneck to reaction that produces the minimum

&
T

Minimum Vglue of (V-Veq) / eV

[
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7.35 —

6.33 —

5.31 —

4.29 —

(V-Veq)/eV

3.27 -90°

2.25 °
1.1 12 1.3 14 15 16 1.7 1.8 19 20 q)

Location of Dividing Surface / A

Figure 11. Variation of the potential energy as a function ofp, the
H_-fragment rotation angle defined in the text, apgd the location of

the transition-state dividing surface along the reaction coordinate for
H; elimination. The potential energy values are given with respect to
Veq the global minimum on the vinyl bromide potential energy surface.
The spacing between grid lines in tiedirection is 4.

TABLE 7: Vibrational Modes of Vinyl Bromide
(Superscripts on Atomic Symbols Refer to the Atom
Numbers Defined in Table 1)

mode designation description of mode frequéfay
V1 C—C—Brbend 345
Vs CHBr wag 576
V3 C—Br stretch 623
Va CH, wag 889
Vs CH,—CHBr torsion 963
Ve C—C—H°bend 1004
7 C—C—H3bend 1214
Vg H—C—H bend 1377
Vg C=C stretch 1606
V10 CHz symm. stretch 3004
Vi1 C—H3 stretch 3086
V12 C—H; asymm. stretch 3121
Figure 10. Minimum energy structures obtained by a Markov walk @ From normal-mode analysis on the vinyl bromide potential energy

atE=5.23 eV, at (ajic = 1.3 A and (b)gc = 1.4 A along the reaction ~ surface used here and in ref 32.
coordinate for three-center;t¢limination. In each case, the<C—Br
plane coincides with the plane of the paper. In part a (top) theHd A in the k-versusgc graphs at higher energies. Similarly, the
bond is nearly perpendicular to this plane, while in part b (bottom) the drop in potential energy ag goes from 1.7 to 1.8 A correlates
bon s Sssentaly In he plane. These represent exteres or Uit the minimum o = 1.7 A In thekcversusqc curves at
< 2 A throughout the eneyrgy range. In each ca?sye, the figure shows low energies. Itis Ilkely that the double mlnlma In tlwersu§— .
that the H—HS bond is nearly perpendicular to the; limination Qc curves for th_e HBr ellmlnatlon_ also arise because of a similar
reaction coordinate. barrier to rotation of the departing HBr fragment.

Given the existence of this bottleneck tg Blimination on

in thek-versusgc curves for the Helimination may arise from  the potential energy surface, the fact th@fiectory > Kems-tst

hindering of the departing Hragment's rotation in the €EH—H means that the trajectory calculations do not reflect the presence
plane. of the bottleneck to the same extent that the EMS-TST

To test this hypothesis, we examined how the potential energy calculations do. It seemed to us that this effect must arise
of the system varies with, the angle between the-+HH bond because coupling of the departing fragment to the vibrational

and the reaction coordinate, at each of the transition-statemodes of the &CHBr fragment breaks down as the trajectory
dividing surfaces havingic < 2 A. To do this at a given proceeds. Since the basic assumption of EMS-TST and all other
dividing surface, we started from the coordinates of the statistical reaction rate theories is that the internal energy of
minimum energy structure for that surface, rotated the H the system is globally randomized during the course of the
fragment by small increments in the—€i—H plane while reaction at a rate that is fast compared to the reaction rate, such
holding the coordinates of all the other atoms fixed, and a breakdown in coupling during the trajectories could trap energy
calculated the potential energy of the system as a function of in excess of the amount predicted by EMS-TST in the
the rotation angle. By our definition,¢p = 0° when the H-H dissociation coordinate. This would lead to the result that
bond lies along the reaction coordinate, afhe= +90° when Kiajectory > Kems-TsT. TO see whether this explanation is correct,
the H—H bond is perpendicular to the reaction coordinate. The we examined the IVR rates and pathways in vinyl brorfide
results are shown as a surface plot in Figure 1l. The plot showsusing the projection methdd. This technigue extracts informa-

that the potential energy is symmetrical aroupe= 0°, as it tion about IVR in a molecule by analyzing the envelope
ought to be when the two H atoms have identical masses, andfunctions of the temporal variations of a diagonal kinetic energy
that the potential energy is much larger for valueg afear O matrix for the molecular vibrational modes. Table 7 lists the

than for values of near+90°. This confirms the presence of 12 vibrational modes of vinyl bromide, for use as a reference
a configuration-space bottleneck to reaction that produces thein the discussion that follows. Our projection study first looked
minima in thek-versusegc curves for the H elimination. We at IVR in vinyl bromide for configurations near the equilibrium

note that the sharp increase in potential energy at sprasigc configuration. The results showed that for each of the 12
goes from 1.3 to 1.4 A gives rise to the minimumaat= 1.4 vibrational modes excited with 3.0 eV of energy in excess of
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zero-point energy, the total IVR rate out of the mode is a factor §F ' ' ' ™
of 3—12 larger than the trajectory-computed total decomposition @
rate of vinyl bromide having an excitation energy of 6.44 eV. 6 i

However, not all of the mode-to-mode IVR rates are large
compared to the reaction rate, so that IVR is glabally fast

on the time scale of the decomposition reaction. Taken together,
these two results mean that over the energy range studied here
it is possible for the system to exhibit statistical behavior, but 2r
such behavior is not guarante€d?28.31.33

In addition to the above, we also investigated IVR rates in B : : '

. : . X A . 1.0 1.1 1.2 1.3 1.4
vinyl bromide f_or conflgt_Jratlons far from eqU|I|br_|um, I_ylng Location of Dividing Surface / A
along the reaction coordinates for the &d HBr elimination
reactions. To do this, we used as the initial configurations for g 1 . . .
the projection method the minimum energy structures found by (b)
the EMS-TST Markov walk at various transition-state dividing c23
surfaces near the optimum surfacekat 7.67 eV. The kinetic
energyK, for the initial structure was randomly distributed over
the vibrational modes, as described in ref 33. Figure 7 of ref
33 shows the temporal variation of the mode kinetic energies
for a vinyl bromide trajectory whose initial configuration was
the minimum energy structure at = 1.0 A along the H
elimination reaction coordinate. This particular trajectory L , \
sampled phase space in the transition-state region for about 50 2.0 2.1 2.2 2.3 2.4
time units (tu; 1 tu= 0.01018 ps), after which it re-entered Location of Dividing Surface / &
reactant phase space. An examination of the various tracesFigure 12. (a) Atom—atom coupling constantS; between atoms of
shows that the CHwag (v4), the G-C—H> bend ¢s), the the carbon chaini & 1, 2) and atoms of the Hragment [ = 4, 5), as
H—C—H bend §g), the G-H stretch {10, 11, ¥12), the G=C a function of dividing surface locatiofx along the reaction coordinate
stretch o), and the CH—CHB torsion ) modes all gain for three-center K elimination. (b) Coupling constaniS; between

. . . . . atoms of the carbon chain€ 1, 2) and atoms of the HBr fragmert (
relatively large amounts of kinetic energy in the first few time  _ 3 6), as a function of dividing surface locatigaalong the reaction

units of the trajectory, while the €C—H?2 bend ¢7) and the coordinate for three-center HBr elimination. Atom numbérar(dj)

Br modes {1, v2, v3) gain small amounts of kinetic energy. are defined in Table 1. Lines connecting data points are for visual clarity
The group of modes that gain energy include all five of the only.

modes {4, vs, Vs, V10, V12) that contribute to motion along the
reaction coordinate. At roughly= 20 tu, the energies in the
CH, wag (v4) and the G-H? stretch ¢1;) decrease to nearly
zero. This energy is transferred primarilyitg ve, vs, v9, and

v10, all of which are modes belonging to the group that gained
energy early in the trajectory. By= 40 tu, four of the five
modes contributing to motion along the reaction coordinate (all
but v4) are still highly excited. Throughout the whole time
period, the G-C—H?3 bend §-) and the Br modesy{, v, v3)
remain relatively uninvolved in the overall IVR dynamics, and
it is clear that the IVR process as a whole is not globally rapid.

Thesg results support our contention that th_e moqle-to-modein which o andj run over the three Cartesian coordinatesy[f)
coupling breaks down to some extent for configurations along _ (91,02,03)] of atomsi andj, respectively. Th€&; are invariant

the reaction coordinate foraelimination, in such a way that 4 {ransiations of or rotations around the molecule’s center of
energy can be trapped in the dissociation coordinate. mass and provide a direct measure of the extent of potential
In contrast to this situation, Figure 8 of ref 33 shows the coupling in the molecul®? We calculated values oEj as a
temporal variation of the mode kinetic energies for a vinyl function ofqc, using the minimum energy structures at various
bromide trajectory whose initial configuration was the minimum dividing surfaces in the transition-state regions for theaHd
energy structure atic = 2.3 A along the HBr elimination  HBr eliminations. These structures were found by Markov
reaction coordinate. This trajectory sampled phase space alongvalks atE = 7.67 eV. Part a of Figure 12 shows coupling
the reaction coordinate for about 25 tu (0.255 ps), after which constant<C; between the atoms of the carbon chair=(1, 2)
dissociation to HBr occurred. The temporal variation of the and the atoms of the Hragment | = 4, 5) for structures found
mode kinetic energies shown in this figure clearly demonstrates along the H elimination reaction coordinate, while part (b)
(1) that all of the vibrational modes except the-C—Br bend showsC; between the carbon-chain atoms and the atoms of
(v1) participate fully in the IVR dynamics throughout the time the HBr fragmentj(= 3, 6) for structures found along the HBr
period before reaction and (2) that the internal energy is elimination reaction coordinate. Clearly, the largest of the
essentially globally randomized at a rate that is fast compared coupling constants i€,3, which measures the coupling between
to the unimolecular decomposition rate. These results indicatethe H atom of the HBr fragment and the carbon atom to which
that the HBr elimination ought to be well-described by statistical it is directly bonded. C,3 is larger thanC,4 and Css, the
reaction rate theory, as the EMS-TST calculations reported hereanalogous €H interactions for the blelimination. In addition,
for that reaction have demonstrated. Thus we are led to theC,z increases as the system moves out along the HBr reaction
interesting result that in vinyl bromide some of the unimolecular coordinate, whileC,4 and C;5 decrease as the system moves
decomposition reactions (e.g., the three-center HBr elimination) out along the Hreaction coordinate. Another interesting feature

Cij/ eV*A**2
F =

[
T
1

o

Cij / eV*¥A**2
Py

(5]

are governed by statistical dynamics, while others (e.g., the
three-center Belimination) involve nonstatistical dynamics.

An alternative method for comparing the relative magnitudes
of the mode-to-mode coupling in the;tdnd HBr elimination
reactions is provided by the calculation of atoatom coupling
constantsCj, defined by?®

12)
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of Figure 12 is thatCis, which measures the next-nearest- tical. It seems to us that such a situation is likely to be realized
neighbor interaction between the Br atom and the carbon to experimentally in large polyatomic systems with many vibra-
which it is not directly bonded, becomes increasingly important tional modes and decomposition pathways, even if it does not
as the system moves out along the HBr reaction coordinate. Inoccur experimentally in vinyl bromide but arises in the present
contrast, the corresponding next-nearest-neighbor couplings forwork as an artifact of the potential surface.

the H elimination, C,4 and C,s, are small and, for the most

part, either constant or decreasing as the system moves out alon§y. Summary

the H, reaction coordinate. All of these results are consistent
with the picture of vinyl bromide IVR drawn by the projection
study described above and thus support the general conclusio
we have made about the differing natures of the dynamics

governing the three-center,Hnd HBr elimination reactions on our previously report@d global vinyl bromide potential

on our model potential surface for vinyl bromide. energy surface. We have compared the EMS-TST results with
It is important to note that all of the above conclusions apply those obtained from our classical trajectory stday the same
to a model system whose potential energy surface is the analyticpotential energy surface in order to assess the extent to which
surface described in ref 32. This potential has been fitted to @vinyl bromide unimolecular decomposition is governed by
data base comprising transition-state energies computeth by  statistical dynamics.
initio methods at the MP4 and QCISD(T) levels of theory using  For the three-center HBr elimination reaction, we find that
6-311G(d,p) and 6-31#G(2df,p) basis sets, experimental ... . is greater tharkyajectory DY @ factor of 1.5-3.5 over
geometries, and vibrational frequencies for all reactants andhe energy range considered. For theB bond scission, the
products, e}nd measured heats Qf reaction for all energeticallygns-TST and trajectory results at lower energies are equal
open reaction channels. Analysis of the surfdshows that,  yithin the statistical error in the trajectory calculations, while
in many respects, the result is a reasonably accurate representas; higher energiekeys_tst is greater tharkysjectory by @ factor
tion of the experimental vinyl bromide system. Equilibrium of 14-29. The EMS-TST calculations also reproduce a
bond distances are predicted to within 0.082 A or better. The gyrprising result from the trajectory study, that the rate constant
average deviation of the fundamental vibrational frequencies for three-center HBr elimination is an order of magnitude greater
predicted by the analytic surface and those obtained from eitherinan that for &-Br bond scission throughout the energy range,

We have computed rate constants for three unimolecular
decomposition reactions of vinyl bromide for several energies
n the range 5.237.67 eV, using statistical variational efficient
microcanonical samplingtransition-state theory (EMS-TS%¥)

experim?nt orab initio theory is 10.2 cm! for H2C=CHBrl, even though the barrier height for the latter reaction is 0.34 eV
12.0 cnr+ for acetylene,125.3 cmt for H.C=CDBr, 46.3 e lower. These results imply that three-center HBr elimination
for D,C=CDBr, 78 cn+ for DC=CHBr, and 81.3 cm* for and CG-Br bond scission are governed by statistical dynamics.

H.C=CH. The average absolute error in the predicted potential  on the other hand, for the three-centeretimination reaction
barriers _for _flve decomposmon chanr_lels_ of ylnyl bromide and e find thatKyajectory IS greater tharkems—tst, by a factor of
for the vinylidene— ace_tylene isomerization is 0.125_eV. The 2_4 at lower energies and a factor of-3 at higher energies.
average a_bsolute error in the predicted heats of reaction for theserpis result necessarily implies that the dynamics of the three-
channels is 0.083 eV. center B elimination are nonstatistical. The nonstatistical
Although the above properties of vinyl bromide are repre- behavior for this reaction is attributed to a breakdown in the
sented with good accuracy by the analytic potential, properties coupling among vibrational modes as thgfthgment departs,
of the transition states other than their energies are not so well-which leaves energy in excess of the statistically predicted
described. For example, the—@® stretching frequencies amount in the dissociation coordinate. A study of IVR rates
obtained from the analytic surface at the transition state for four- and pathways in vinyl bromid&supports this conclusion. The
center HBr elimination are in very poor agreement with abe IVR analysis also shows that such a breakdown in mode-to-
initio calculations. The same is true for one of the-i€ mode coupling does not exist for the three-center HBr elimina-
stretches and for the imaginary frequency along the reaction tion and that nearly global randomization of the internal energy
coordinate for the four-centerzlimination. The geometries  rapidly occurs as the system moves through the transition-state
in the transition states are also not well-described. These defectgegion for HBr elimination. Thus, the nature of IVR on our
arise primarily because the surface properties in the transition-vinyl bromide potential surface is consistent with the present
state regions are strongly dependent upon the switching func-EMS-TST results showing that three-center HBr elimination is
tions employed to connect the various reaction channels. Eachwell-described by statistical reaction-rate theory, while three-
of these functions contains only a single adjustable parameter,center H elimination is not.
which has been used to fit the computed or measured potential
barriers. The analytic potential therefore does not contain Acknowledgment. We are pleased to acknowledge financial
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