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Abstract: A direct trajectory method was employed to investigate the intramolecular dynamics and unimolecular
decay of the trimethylene biradical over a range of energies. This method proved to be computationally viable
when the internuclear forces were determined by semiempirical molecular orbital theory. The trimethylene decay is
double exponential at low energies, but becomes single exponential with a statistical rate constant as the energy is
increased. The non-statistical behavior at low energies arises from incomplete intramolecular vibrational energy
redistribution (IVR). The simulated results are in good agreement with the available experimental data.

I. Introduction that energy is randomized among all the biradical degrees of
freedom, the RRKM lifetime is in near exact agreement with

A fundamental goal of chemical dynamics is to obtain a ) .
that determined experimentally.

microscopic picture of how energy flows and atoms move durin A - . . ) .
pep gy g In this paper classical trajectory simulations of the intramo-

the course of a chemical reactibf. Both theoretical and : X X S
chemical approaches have focused on this goal and their use!ecular and unimolecular behavior of the trimethylene biradical

in complementary ways, has often proven particularly effective. '€ reporFed. These calpulations provide further insight into
Classical trajectoryand time-dependent quantBialculations (e experiments of Zewail's group and test thEmRRKM, mode|
give a complete picture of the reaction event. Recently it has USed by Doubleday. “A previous trajectory stitiinvolving
become possible to obtain the same level of detail from real- the trl_methyler_le radical was based_ on a reduced d'mens"?”
time laser femtochemistry experimefitin which one “ob- analytic potentlal energy function derived from quantum chem_l-
serves” the motion of the atoms involved in the chemical €& calculations. The focus of the work presented here is
reaction. exclusively on the trimethylene lifetime and not with the
The microscopic mechanism of the unimolecular decay of guestion of double and single methylene rotations in trimeth-

cyclopropane and cyclobutane has intrigued chemists for moreY/€ne- _ o _ _ _ _

than 50 years. Of particular interest are the possible roles the Here a direct dynamics simulatign?! is used in which
trimethylene and tetramethylene biradicals play in these reac-rjectories are integrated “on the fly”, without an analytic
tions, and understanding them is a central issue in developingPotential, by obtaining the energy and gradient directly from
accurate models for chemical kinetics and dynamics. Quantum €lectronic structure theory. For short time eveatisnitio direct
chemical calculations of potential energy surface (PES) proper- dynamics is possibléx'71® However, this approach is not
ties have helped characterize these biradicals as transition stateBractical for following the long-timei ., picosecond) dynamics
or reaction intermediates. Recently Pedersen, Herek, and ZewaiPf the trimethylene biradical and, instead, semiempirical direct
used laser femtochemistry to observe them and measure thejdynamics is employetf:'®19°21 The trajectories are calculated
lifetimes? Following this work, Doubleday calculated a tri- PY interfacing the general dynamics computer program VE-
methylene PES from a high level complete active space NUS?? with the semiempirical electronic structure theory
multiconfiguration self-consistent field (CASSCGRab initio package MOPAC 7.82 The resulting program is called
calculation and used it in a variational RRRM? calculation (11) Hase, W. LJ. Chem Phys 1972 57, 730. Hase, W. LAcc Chem

of the trimethylene lifetimé? Though the experimental lifetime ~ Res 1983 16, 258. Wardlaw, D. M.; Marcus, R. Adv. Chem Phys

is fairly short,i.e., 120+ 20 fs7 and RRKM theory assumes 1988 70, 231.
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VENUS-MOPAC2* The AM1 parametef8 in MOPAC,
supplemented with specific reaction paraméfe(SRPs), are
used in the trimethylene direct dynamics.

Semiempirical direct dynamics with SRPs has been used in

two recent studie821 with mixed results. For formaldehyde
dissociation to H+ CO this approach was unable to reproduce
the experimental product energy partitioning or that determined
by ab initio direct dynamics, even with SRPs chosen to
reproduce thab initio PES2?! On the other hand, thab initio
direct dynamics results were in excellent agreement with
experiment® Apparently the semiempirical-SRP model cannot
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represent the subtle PES features which influence product energy

partitioning for formaldehyde dissociation. More success was
obtained when using AM1-SRP direct dynamics to study the
intramolecular and unimolecular dynamics of the €CH3Br
complex?® The AM1-SRP calculation gave non-RRKM dy-

namics as found in a classical trajectory study based on an

analytic PES derived by fittingab initio calculations and
experimental data. However, detailed aspects of the-CHs-

Br dynamics determined from the AM1-SRP model were
strikingly different from those found from the analytic surface.
The simulations reported here for trimethylene and their
comparison with the experiments of Zewail's group provide
another test of the AM1-SRP direct dynamics model.

Il. AM1-SRP Semiempirical Model

The goal in constructing the PES was to mimic essential
features of theab initio surfacé?2’” and to reproduce the
experimental activation energies of cyclopropane isomeriza-
tions?® We used the AM1 Hamiltoni&hin the MOPAC 7.6°
semiempirical package modified by the use of specific reaction
parameterd® The resulting model is designated as AM1-SRP.
Use of the BIRADICAL keyword, which invokes a 8 3 CI
including HOMCG, HOMO'LUMOY, and LUMC obtained by
the half-electron methotf, gave a qualitatively reasonable
description of trimethylene and the cyclization process. The

4 (Cy

C1CyC3=111.9°
H1C1C2C3=90°
Hs5C3C,C=0°

3 (C2v)

C,C,C3=116.0°
H 1C 1C2C3=0°

5(Cy
CH3=1.19 A
CiH=162A H|C|C,C3=1.3°

C)C,C3=109.6° CiCaCa=122.4°

H,C,CCy=45.1° H3C,C3=75.2° HsCiCyCi=-6.5°
Figure 1. Stationary point structures obtained from the AM1-SRP
Hamiltonian.

H-transfer saddle point required a 4-electron-4-orbital treatment Figure 1) and the terminal carbons, C; were increased. The

in the CASSCFab initio treatment2 In MOPAC, as expected,
use of 3x 3 Cl gave an unacceptably high barrier for H-transfer.
However, the 3x 3 Cl wave function was found to give
reasonable results for both cyclization and H-transfer if the
2-center 1-electron (resonance) integrals of AM1 were multiplied
by a different parameter for each of 5 atomic pairs. For atomic
orbitalsu,v located on different atoms, the original resonance
integral H,, was changed td4,, = B H., wherep,, de-
pended only om andv. To lower the barrier to H-transfer the
resonance integrals involving the middle hydrogessHt (see

(23) Stewart, J. P. P. MOPAC 7.0, a General Molecular Orbital Package.
QCPE 1993 455. Stewart, J. P. B. Comput Chem 1989 10, 209.

(24) Peslherbe, G. H.; Hase, W. L. VENUS-MOPAC, a General Chemical
Dynamics and Semiempirical Direct Dynamics Computer Program. To be
released.

(25) Dewar, M. J. S.; Zoebisch, E. G.; Healy, E. F.; Stewart, J. J. P.
Am Chem Soc 1985 107, 3902.

(26) Variational TST calculations using MOPAC with specific reaction
path parameters have been reported in: Gonzalez-Lafont, A.; Truong, T.
N.; Truhlar, D. G.J. Phys Chem 1991, 95, 4618. Liu, Y.-P.; Lu, D.-h;
Gonzalez-Lafont, A.; Truhlar, D. G.; Garrett, B. LAm Chem Soc 1993
115 7806.

(27) Yamaguchi, Y.; Schaefer, H. F., lll; Baldwin, J. Ehem Phys
Lett 1991, 185 143. Baldwin, J. E.; Yamaguchi, Y.; Schaefer, H. F., Il
J. Phys Chem 1994 98, 7513. Getty, S. J.; Davidson, E. R.; Borden, W.
T.J. Am Chem Soc 1992 114, 2085.

(28) Schlag, E. W.; Rabinovitch, B. $.Am Chem Soc 196Q 82, 5996.
Waage, E. V.; Rabinovitch, B. SJ. Phys Chem 1972 76, 1965.
Rabinovitch, B. SChem Phys 1982 67, 201.

(29) Dewar, M. J. S.; Hashmall, J. A.; Venier, C. EAm Chem Soc
1968 90, 1953. Dewar, M. J. S.; Trinajstic, Nl. Chem Soc A 1971,
1220.

resulting scale parameters @g,c,s = BHiCis = PHaCss = PHaCss

= 1.20 and ﬂH3C1FJ = IBHACIP = ﬂHISCSP = ﬁHACap = 1.25.
Parameters were also needed for cyclization since the unmodi-
fied reaction was only 30 kcal mol exothermic and the
cyclization saddle point occurred much later than orethé@itio
surface. Therefore the resonance integrals between the terminal
carbons were increased wjlla,sc;s = Bciscp = Beipcss = Beipcep

= 1.20.

As a result of these changes the biradical region of the PES
bore a close resemblance to thé initio surface in most
respects, but the increased resonance integrals made the products
about 30 kcal mol! too exothermic. The exothermicities were
adjusted by adding five potential energy teriswhere

Vy(r) =D 1 — (1 — € (<5 (), 1, > 1°

a > ™
=Dy Ty =Tg (1)
and
Su(re) = o1 + tanhg(h, — ry)] )

The indexa. is C,C; for cyclization andx. = CiH3, CiH4, CsH3,

CsH4 for the four possible H-transfers. Thg are in the form

of an inverted Morse potential multiplied by a switching function

S which varies from 0 to 1 such that the energy correction is
turned on as the products are approached, but there is no effect
in the biradical region of the PES. Since the products are
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Table 1. Trimethylene Stationary Points Located wib Initio and AM1-SRP Wave Functions

Doubleday et al.

ab initio® AM1-SRP

stationary point sym EreP sym Erel ZPE E + ZPEH yre
C, minimum (con)1 C; 0.0 C 0.0 47.4 0.0
C; cycl. saddle point (cord C -0.1 C 0.4 47.4 0.4 204
Cs minimum (dis) Cs 0.5
Cscycl. saddle point (disy Cs 1.2 Cs 2.8 47.2 2.6 322 135f
Con-Dis saddle poiat C 0.3
Con-Con saddle poirg& Caw 0.01 47.3 -0.1 42
CH, twist saddle point¢ C 1.9 Cs 2.0 47.2 1.8 231
H-transfer saddle poir@ C 7.9 Ci 7.4 46.8 6.8 131i0
cyclopropane Ch —61.6 51.2 —57.8
propylene Cs —68.6 48.7 —67.3

aMRCI energies from ref 122 Energy relative taC, minimum in kcal mot?, excluding zero point energyZero point vibrational energy, kcal
mol~1. ¢ Energy relative teC; minimum in kcal mot?, including zero point energy.Imaginary frequency of saddle point, cinf Has two negative
eigenvalues of the second derivative matfigaddle point for interconversion @ andCs minima." AM1-SRP parameters have the symmetry of

trimethylene, noDa, cyclopropane.

mutually exclusive, at most one of the fi%g is appreciably
different from zero at any given time. Ineqd (o = CGHj) is
the bond length of the nascen{-&; bond during H-transfer,
rqe (o = C1Cy) is the G—C;3 distance during cyclizatiorrgL is
an effective bond lengti), is the maximum energy correction
applied atr, < rg, Cqa controls the sharpness of the Morse
potential,g, controls the rate at which the switching function
is turned on, antl, is the point at which the switching function
is turned on half way. The values welbg;y; = 37 kcal moft?,
De.c, = 28 keal mot, cepy = Ceic, = 4.5 AL, 1y, = 1.045
A roclc3 =1.42 A, gcn = goic, = 8.0 AL hey, = 1.4 A, and
hc,c,= 1.9 A. The total potential energyused in the trajectory
studies is

V=Vawm T Ve, + Veu, T Ve, T Vep, T Ve, 3)

whereVaw; is the contribution from the AM1-SRP Hamiltonian.

After making appropriate changes to the MOPAC derivative
routine DHCORE, the AM1-SRP first derivatives were calcu-
lated using the default Dewat.iotard® package in MOPAC.
The accuracy of the derivatives was checked against double-
sided finite-difference (not available in MOPAC) and found
comparable, with the Dewailiotard technique about 6 times
faster. (To match the accuracy of finite-difference it is necessary
to decrease the THROLD parameter in subroutine DERNVO.
We used 0.0001.) To get the complete derivatives the AM1-
SRP derivatives were combined with those obtained by dif-
ferentiating eq 1.

Figure 1 shows the geometries of the stationary points located
with AM1-SRP and Table 1 compares the relative energies of
these stationary points with those obtained fradn initio
resultst? The character of the surface is similar to iinitio
PES. There is a shallo@ minimum 1 with a slight conrotatory
rotation of the CH groups, and a conrotatory cyclization saddle
point2. The saddle point for single GHotation is4 (Cs) and
the saddle point for propylene formationds Figure 2 places
1-5 on a 2-dimensional PES defined by the torsion angles.

There are several differences from thle initio PES. The
AM1-SRP surface has no detectal@le minimum with disro-
tatory CH rotations, and the saddle point for disrotatory
cyclization5 is a second order saddle point with two negative
eigenvalues of the second derivative matrix. With AM1-SRP
the C,, structure3 (edge-to-edge or (0,0) trimethylene) is the
saddle point for interconversion of enantiomeric structures
On theab initio surface the (0,0L,, structure is a second order
saddle poink’ Ab initio calculations predic# to have C;

(30) Dewar, M. J. S.; Liotard, D. Al. Mol. Structure (Theocheni©9Q
206, 123.
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Figure 2. Location of stationary structurels-5 on a 2-dimensional
PES defined by the {81;H, and GHsHs torsion angles.

symmetry instead of the exact (0,90) conformation obtained
from AM1-SRP, and the (0,907 structure is a second order
saddle point on thab initio PES?” On the AM1-SRP surface
the transition vector o#f is about 2.5:1 @HiH, rotation to
CsHsHg rotation; on theab initio PES it is nearly all gHsHg
rotation. Thus, the IRC path passing throughprimarily
involves a twist of a single Cifor both the AM1-SRP andb
initio potentials. However, for the former the path connects
the two enantiomeric structuréswhile for the latter it connects
cis and trans cyclopropane. In Figure 2 the minimum energy
path for cis-trans isomerization of cyclopropane is eis1 —

4 — 1' — trans (labeled “cistrans IRC"), wherel' is the
enantiomer ofl. An alternative non-IRC path directly connects
cis and trans cyclopropane vaand is less than 0.1 kcal n1dl
higher in energy. (Using the MOPAC Eigenvector following
geometry search routine, we were unable to find any genuine
saddle point for concerted eigrans isomerization of cyclo-
propane or disrotatory cyclization of trimethylene.)

The middle of Figure 2, especially along the conrotatory path,
is very flat with a total variation of 0.4 kcal mol between
enantiomeric structure®. As shown in Table 1, optical
isomerization (enantiomeric interconversion) of cyclopropane
via the conrotatory path is preferred over the disrotatory path
by 2.2 kcal mot* with zero point energy (ZPE) correction. The
ZPE-corrected barrier for cidrans isomerization is 59.6 kcal
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mol~1 (60—61 kcal mot ! from experimer#), which is 5.0 kcal
mol~! less than the barrier for H-transfer; the experimental
difference is 3.7 kcal mof-.28

H-transfer saddle
point and T.S.,
V=74

Ill. The Direct Dynamics Procedure

A. Trajectory Initialization. The trajectories were initial-
ized in two ways. The efficient microcanonical sampling
scheme (EMS§! which takes anharmonic effects into account,
was used to prepare microcanonical ensembles of the complete T.S. at E=146.4 keal/mol v=0
trimethylene classical phase space for total angular momentum cocoge e e IRE
J = 0 and total energies of 54.6, 77, 107, 146.4, and 164 kcal -

mol~1. This spans the range of energies that were investigated \/

bbb bomwasoaw

V, kcal/mol

in the previous variational RRKM calculatihand includes 0
the energy-146.4 kcal motl—at which experimental data are -62

-
—
available’ To compare with the dynamics resulting from the gg A\ v=s16 \/
EMS initialized trajectories, trimethylene was also excited -6 yeass —7

nonrandomly at the same energies by using quasiclassical normal 7’ o )

mode sampling to initialize statistical distributions at the saddle t':r:gm“éteh ?éngﬂfm%n ?:;imr':;c‘ii';enrgya;'0”%;2903?’\fé°ﬁ’if£gﬁethe

point separgting trimethy[e ne anq PTOPV'e.”e- The total angular station;/ry pointspmgryely serves to illupstra.te connectivity. ’

momentum is set to zero in both initialization procedures since,

similarly to calculations of Doubleday,we assume that the The relative potential energies for conrotatory cyclization and

femtosecond laser experiments of Zewail's group yield a H-transfer are summarized in Figure 3, where the cyclization

rotationally cold trimethylene intermediate. The agreement path includes the location of the variational transition state for

between Doubleday’s calculated rate constants (at0) and 146.4 kcal mot? along the IRC for conrotatory cyclization. The

the experimental data supports this assumption. The details ofcurves linking the stationary points merely serve to illustrate

the trajectory initialization and propagation are discussed in the the connectivity.

final section of the paper. 2. Unimolecular Rate Constants. RRKM theory assumes
B. Analysis of the Trajectory Results. 1. Definition of  that the unimolecular decomposition is statistical with the

the Transition States. Working definitions of the cyclization probability that decomposition occurs in the time intervéd

and H-transfer transition states are required to determine thet + dt given by the lifetime distribution

trimethylene lifetimes at various energies. The trimethytene

propylene transition state was assumed to be the same as the 1 dN(@) ke Xt

H-transfer saddle point and was not affected by a change in the WT — ke

energy. This assumption is consistent with the procedure used

to initialize trajectories at the H-transfer transition state. The wherek is the RRKM rate constaft. Thus, if trimethylene

trimethylene-propylene saddle point is shown in Figure 1 and decomposition obeys the assumption that underlies RRKM

H-transfer occurs when either thet; or C;H, bond elongates  theory, a single exponential lifetime distribution is expected

and the GHs, CiHa4, CsHs, or GsHa distance shortens accord- whose intercept and exponential constant equal the RRKM rate

ingly. constan®® Unless stated otherwise, the lifetime distributions
The cyclization variational transition state is energy dependent presented here correspond to the first time trimethylene crosses

and was defined in terms of theC;Csz angle. The angle that  the cyclization or H-transfer transition state. This allows for

is associated with the transition state at each preselected energglirect comparison of the rate constants extracted from the

was determined from the EMS sampling scheme. The numbertrajectoryP(t) plots with the RRKM rate constantsg., RRKM

of times that each {C,C3 angle was selected while performing theory assumes no recrossing at the transition state separating

this microcanonical sampling is proportional to the number of reactant from product. The total rate constant for trimethylene

states associated with that angle. A minimum in the number decay is

of states corresponds to the variational transition $t&&*The

presence of a fairly broad minimum at most of the energies Kiot = Keyar + kpwp ©)

made it difficult to unambiguously associate a singl&C£C;

angle with the transition state. Consequently, a set of EM

initialized trajectories were propagated and lifetimes determined

for different transition statd.g., C;C,Cs angle) definitions. The

angle that gave the fewest barrier recrossings was identified with KooK, ka ;ﬂ(t (6)

the transition state. In fact, the precise definition of th€4Cs yef PotTprop ot

angle-to within 2—3°—does not significantly affect the decay  \yhen a microcanonical statistical method is employed to

rate or the number of barrier recrossings (which is negligible at jnjtjalize the trajectories thé = 0 intercept ofP(t) gives the

the energies studied). The cyclization transition state definitions gnharmonic RRKM rate constant. The rate constant that is

obtained in this way are {C,Cs = 94° at 54.6 kcal mot*, 92° obtained when using (classical) EMS initialization is identified
at 77 kcal mot?, 9¢° at 107 kcal mot?, 8% at 146.4 kcal mot?, askdl
n

and 87 at 164 kcal motl.

P(t) = — (4)

g Where ke is the cyclization rate constant arigop is the
H-transfer rate constant. The normalized branching ratio of
cyclization to H-transfer is

3. Power Spectra. The applicability of power spectral

93(%%’;lyman, G.; Nordholm, S.; Schranz, H. \W.Chem Phys 1990 analysis to the understanding of intramolecular dynamics and
’(32) Chapman, S.; Bunker, D. . Chem Phys 1975 62, 2890. Sloane, (34) Robinson, P. J.; Holbrook, K. AJnimolecular Reactionswiley-

C. S.; Hase, W. LJ. Chem Phys 1977, 66, 1523. Interscience: New York, 1972; Forst, Wheory of Unimolecular Reactions
(33) Hase, W. LJ. Chem Phys 1976 64, 2442. Truhlar, D. G.; Garrett, Academic Press: New York, 1973.

B. C.Acc Chem Res 198Q 13, 440. Truhlar, D. G.; Hase, W. L.; Hynes, (35) Hase, W. L. InPotential Energy Surfaces and Dynamics Calcula-

J. T.J. Phys Chem 1983 87, 2664. tions Truhlar, D. G., Ed.; Plenum: New York, 1979; p 1.
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energy transfer pathways has been demonstrated previSusly. were calculated at each point along the péthilhe transition
The spectrum of a dynamic variabdgt) is obtained from the state at a specified energy is the configuration which corresponds

Fourier transform to a minimum inN*(E) along the patf:1933 This procedure is
' followed for both the conrotatory and disrotatory cyclization
I(v) = f_TT dr qu(r)e_h'” ) paths. Even though the disrotatory path passes over a second-

order saddle point, there is only one imaginary frequency in

wherel(v) is the intensity at a frequenayandT is the length the region of the variational transition state, which occuifis

of the trajectory that is propagated to obtain the autocorrelation kcal/mol below 5 in Figure 1. In the quantum RRKM
function Cqq. This is given by calculations the €C,C3 angle of the variational transition state

at 54.6 kcal mot! is C,C,C3; = 106.5 along the conrotatory

path and 104.%along the disrotatory path. At 164 kcal mél

these values decrease to 97.4hd 93.68, respectively. The

corresponding classical transition states at 54.6 kcat hrane

A composite spectrum, pertaining to the motion of the entire gt 105.3 along the conrotatory path and 103.8long the

trimethylene molecule, was obtained from the time development disrotatory path while at 164 kcal mdithey occur at 968

of all nine atomic coordinatesC(7) in €q 8 was calculated  and 93.3, respectively. Clearly, the location of the transition

from trajectories followed for 2.5 ps which gives Hn) spectral  states is fairly insensitive as to whether the quantum or classical

resolution of 6.4 cm. N*(E) is being minimized. However, the omission of anhar-
. monic effects yields transition state structures with larg€,Cs

IV. RRKM Calculations angles than %/hose obtained from the EMS sampglji% which

The RRKM rate constant for a non-rotating molecule with includes anharmonicity. The latter gives an angle of 84d

Coe®) = lim 2 [T dtq)q(t + 1) ®)

an internal energ¥ may be expressed as 87° at 54.6 and 164 kcal mol, respectively, for the conrotatory
path.
KE) = Ni(E) 9 The CH torsional modes of trimethylene have low frequen-
® = ho(E) ©) cies {.e., 59 and 262 cmt) and at high energies it may be more

accurate to treat these modes as free rotors instead of harmonic
whereN*(E) is the number of vibrational levels at the transition oscillators3® This was done in a second set of RRKM
state ancb(E) is the reactant density of stat¥s Both classical  calculations. The free rotor approximation was not applied to
and quantum harmonic RRKM rate constants were calculatedthe cyclization and H-transfer transition states since the torsional
to compare with the classical anharmonic RRKM rate constants modes have stiffened and, accordingly, their frequencies have
that were determined from the trajectories. The Beyer increased substantially. A standard RRKM computer package
Swinehart algorithi#f was used to obtain the quantum harmonic was used to determine the classical and quantum harmonic rate
N*(E) and p(E) in eq 9. The classical harmonic RRKM rate  constant?
constant is given by The harmonic RRKM rate constants and product branching
s ratios are listed in Table 2. The total rate constgpis a sum
v of Keon, Kdis, @andkorop computed by variational location of the
D "TE — Ejlst transition states for cyclization (along the con and dis IRC paths)
(10) and propene formation. The classical and quantum rate
constants and branching ratios are in good agreement, especially
at high energies. When the trimethylene torsional modes are
= treated as free rotors, instead of harmonic oscillators, the rate
constant is smaller at low energies and larger at high energies.
This is the expected trend since at low to moderate energies
the free rotor approximation will lead to a higher density of
states than the harmonic oscillator approximation (rotational
states are generally more dense than vibrational states). Since
' the free rotor density of states increasesE&88 whereas the
' harmonic oscillator density of states increaseg,&&the density
of free rotor states is lower than the density of vibrator states at
elevated energies.

Keu(E) =

s-1 E

where thew and »' are the reactant and transition state

harmonic vibrational frequencies, respectively, digdis the
potential energy difference between the transition state and
reactant, neglecting zero point energy. The trimethylene
harmonic vibrational frequencies are 59, 262, 422, 648, 695
798, 946, 1006, 1044, 1184, 1225, 1382, 1389, 1433, 1512
3101, 3134, 3242, 3244, 3256, and 3256 ¢m

The H-transfer transition state is assumed to be energy
independent and is located at the trimethylemepropylene
saddle point. Its harmonic vibrational frequencies are 313, 419,
468, 744, 787, 896, 938, 1034, 1182, 1238, 1333, 1394, 1441,
1610, 2858, 3165, 3234, 3238, 3252, and 3255%rand its A. EMS Initialization. When the EMS scheme is used to
classical barrier heigh€,, is 7.35 kcal mot?, excite trimethylene at 54.6 and 77 kcal mblthe lifetime

Variational RRKM theory was used to determine the energy distribution P(t) is biexponential. This is shown in Figure 4
dependent cyclization transition state structures. An intrinsic for the lower energy and indicates a decoupling of reactant phase
reaction path was determined by following the path of steepest space such that, within the time scale of reaction, the system is
descent in mass-weighted Cartesian coordinates, and harmonimon-ergodic. The decomposition is thus intrinsically non-
frequencies for the modes orthogonal to the reaction coordinate

V. Trajectory Results

(38) Truhlar, D. G.; Kupperman, Al. Am Chem Soc 1971, 93, 1840.
(36) Bendat, J. S.; Piersol, A. Gngineering applications of correlation Truhlar, D. G.; Kupperman, Al. Chem Phys 1972 56, 2232. Miller, W.
and spectral analysjaViley: New York, 1980. Sewell, T. D.; Thompson, H.; Handy, N. C.; Adams, J. B. Chem Phys 1980 72, 99. Isaacson, A.

D. L.; Levine, R. D.J. Phys Chem 1992 96, 8006. Sewell, T. D.; D.; Truhlar, D. G.J. Chem Phys 1985 76, 1380. Hase, W. L.; Duchovic,
Chambers, C. C.; Thompson, D. L.; Levine, R.Chem Phys Lett 1993 R. J.J. Chem Phys 1985 83, 3448. Vande Linde, S. R.; Mondro, S. L.;
208 125. Hase, W. L.J. Chem Phys 1987, 86, 1348.

(37) Gilbert, R. G.; Smith, S. CTheory of Unimolecular and Recom- (39) Davidson, NStatistical MechanigsMcGraw-Hill: New York, 1962.

bination ReactionsBlackwell Scientific Publications: Oxford, 1990. (40) Zhu, L.; Hase, W. LQCPE 1995 14, 644.
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Table 2. Classical and Quantum RRKM Harmonic Rate Constants{der the Decomposition of Trimethylefe

energ)b Keon Kais kprop Kiot kcycl / ktot: kprop/ ktot
Classical
54.6 1.29 (1.10) 3.04 (2.60) 0.26 (0.22) 4.59 (3.92) 0.94:0.06 (0.94:0.06)
77 1.29 (1.54) 3.22 (3.84) 0.62 (0.74) 5.13 (6.12) 0.88:0.12 (0.88:0.12)
107 1.25(2.07) 3.03 (5.03) 1.12 (1.85) 5.40 (8.95) 0.79:0.21 (0.79:0.21)
146.4 1.16 (2.63) 2.56 (5.81) 1.64 (3.74) 5.36 (12.18) 0.69:0.31 (0.69:0.31)
164 1.11 (2.82) 2.34 (5.96) 1.86 (4.71) 5.31 (13.49) 0.65:0.35 (0.65:0.35)
Quantum
54.6 1.18 (0.60) 2.08 (0.99) 0.01 (0.00) 3.27 (1.59) 1.00:0.00 (1.00:0.00)
77 1.29 (1.25) 3.11(3.01) 0.39 (0.37) 4.79 (4.63) 0.92:0.08 (0.92:0.08)
107 1.25(1.89) 3.07 (4.64) 0.98 (1.47) 5.30 (8.00) 0.81:0.19 (0.82:0.18)
146.4 1.17 (2.53) 2.62 (5.67) 1.58 (3.40) 5.37 (11.60) 0.71:0.29 (0.71:0.29)
164 1.12 (2.76) 2.39 (5.88) 1.80 (4.40) 5.31 (13.04) 0.66:0.34 (0.66:0.34)

2 This is the normalized branching ratio as given in eq 6. The rate constants obtained when employing a free rotor approximation for the two

CH;, torsional modes of trimethylene are presented in parentheEegrgy is in kcal mol®.
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Figure 4. Lifetime distribution of the trimethylene biradical at 54.6  Figure 5. Same as for Figure 1 but at an energy of 146.4 kcat ol
kcal mol* when the trajectories are initialized using the EMS scheme. The insensitivity of the decay dynamics to the initialization scheme
The double exponential shape of the decay curve reveals that the decaynd the fact that the single exponential decay rate is the sarkgnas
is non-statistical at this energy. The initial decay régg, is ~7 ps (14 ps'Y) shows that the decay is statistical at this energy.

whereas the rates associated with the double exponential are 9 and 3

pst. The inset shows the corresponding plot when the trajectories Table 3. Characteristics, Rate Constants, and Product Branching
are initialized at the trimethylerepropylene barrier. Although the Ratios from Trajectory Simulations of Trimethylene Decomposition
decay is single exponential, it decays with a rate of 3! pehich is energy fit toP(t) rate constant(8) k¢ branching rati®
slower thanksnn The sensitivity of the decay dynamics to the

initialization scheme employed is a feature of non-ergodic systems. EMS Initialization
546 doubleexp. 9 (80%),3(20%) 7  0.90:0.10

0 0 :

RRKM3541 with only the intercept ofP(t) equal to the 18; g%‘g?éee%?' ié (85%). 3 (15%) 108 0(.)6703;(')(_);1%7
anharmonic microcanonical RRKM rate constant. At 107 and 146.4 singleexp. 14 14 0.51:0.49
146.4 kcal mot? the trajectories exhibit single exponential decay 164 double exp. 30 (70%), 7 (30%) 18 0.49:0.51
with a rate constant that equals the intercepPj. Thus, at Barrier Initializatiort
these energies the decomposition is intrinsically RRKM. The 54.6 single exp. 3 0.84:0.16
lifetime distribution obtained at 146.4 kcal malis illustrated 7 double exp. 7 (60%), 4 (40%) 0.68:0.32
in Figure 5. Biexponential decay is observed again at 164 kcal 107 = singleexp. 9 0.58:0.42

1 . . . . 146.4 single exp. 12 0.49:0.51
_m_ol . In contrast to the blexpon_entlal b(_ahawor atlow energies, g, double exp. 20 (70%), 7 (30%) 0.41:0.59
it is associated with the dynamics of high-energy reactféns;
that is, a large percentage40—50%) of the trajectories decay 2The energy is in kcal mot and the rate constant, determined from

e ; : ; ot ] the first passage through the transition states, is . §$-or biexpo-
Wlth".] one V|br_at|0nal period of the cyclization or H transfer nential decay the percentage of trajectories decaying with a certain rate
reaction coordinate. The top half of Table 3 summarizes the constant is given in parenthesédhe intercept oP(t) following EMS

properties of the lifetime distributions following EMS initializa- initialization. ¢ [Number of trajectories forming cyclopropane/total
tion. number of reacted trajectories]:[number of trajectories forming pro-

- - . - lene/total number of reacted trajectorigigfor barrier initialization
Cyclization transition state recrossings do not significantly Pgaction is initially suppressed: Seé Figufz. However, #i(fwas

affect the rate constants at any of the energies. Also, at low stjll fit by a single or double exponential.

energies-54.6, 77, and 107 kcal mol—recrossings of the

H-transfer barrier do not have a large effect on the decay rate.trimethylene crosses the barrier at 54.6 kcal Thothe decay

When determining H-transfer rate constants from the final time s double exponential with 70% of the trajectories reacting with
(41) Bunker, D. L.; Hase, W. LJ. Chem Phys 1973 59, 4621. a rate an.Star.]t 9f 9 p$ and 30% with a "J?te constant of 3
(42) Bolton, K.: Nordholm, S.: Schranz, H. W. Phys Chem 1995 ps L. This is similar to the double exponential decay observed

99, 2477. when recrossings were not taken into account (80% decayed at
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9 pstand 20% at 3 ps'). At 107 kcal mot? the decay remains

Doubleday et al.

suppressed, the lifetime distributions were still fit by single and

single exponential when recrossings are taken into account anddouble exponentials which give a good representation of the

there is a slight decrease in the rate from 10 to 8.5.pst

P(t) except for the initial decay. At 54.6 kcal mdlthe fitted

higher energies the effect of recrossings becomes more severeP(t) is single exponential with a rate constant equal to the long-

At 146.4 kcal mot! the rate constant decreases from 14 to 11
ps ! when including the effect of recrossings while the decay
remains single exponential. At 164 kcal mblthe double

time component oP(t) for EMS initialization. The phase space
dynamics of the trajectories initialized at the barrier may be
similar to those which contribute to the slow exponential decay

exponential decay shows that 70% of the trajectories decay with component ofP(t) following EMS initialization.

a rate of 20 ps! and 30% with a rate of 7 p$when recrossings

At 77 kcal mofl® P(t) is double exponential as for the EMS

are accounted for. Comparison with the data in Table 3 showsinitialized trajectories. However, the relative contributions of
that the decrease in decay rate is primarily due to recrossingsthe fast and slow decays are different, as are their rate constants.

of the rapidly decaying trajectories.

A comparison of the classical anharmonic microcanonical
(i.e., RRKM) rate constants determined from ) intercept,
and listed in Table 3, with the classical harmonic RRKM rate

These results are consistent with non-ergodic dynamics and
intrinsic non-RRKM kinetics at this energy. At 107, 146.4, and
164 kcal mot? the lifetime distributions for the barrier and EMS
initialized trajectories are nearly the same. The lifetime

constants listed in Table 2 shows reasonable agreement at altlistribution at 146.4 kcal mol is illustrated in the inset to

energies studied. At 54.6 kcal mé) where the agreement is
poorest, the anharmonic RRKM rate constas? (ps) and
the harmonic RRKM predictions obtained from both the
harmonic oscillator approximation (4.59PBsand the free rotor
approximation for the torsions (3.62 P$ are of the same

Figure 5. The decay is single exponential and decays with a
rate that equals the anharmonic microcanonical decay rate. The
decay behavior is independent of the method of initialization
and, since the cyclization:H-transfer branching ratio is also the
same for both types of initialization (see Table 3), it indicates

magnitude. The free rotor is expected to become more accuratehat all of the trajectories that are started at the trimethytene

as the energy is increased and at 146.4 kcalfathere the
decay is intrinsically RRKM, the anharmonic rate constant of
~14 pslis in agreement with the harmonic prediction of 12.18
ps! obtained with the free rotor approximation.

propylene barrier are trapped in trimethylene phase space before
crossing either the trimethyleneyclopropane or trimethylere
propylene barrier. This insensitivity to the initialization pro-
cedure is a feature of ergodic systems. The same type of

Usually anharmonicity increases the reactant density of statesbehavior is observed at 107 kcal mél

p(E) in eq 9 to decrease the RRKM rate const&nfThus, it
was somewhat surprising to find the harmonic RRKM are

The double exponential decay seen at 164 kcalfnalas
discussed above.e., it is due to the extremely rapid decay of

constants smaller than the anharmonic values. A possible origina significant proportion of trajectorieoften within one vibra-

of this effect would be quartic anharmonicity for the trimeth-
ylene CH wags, as is the case for the gFadical?* which

tional period of the reaction coordinate. The effect of barrier
recrossings on the lifetime distribution decay is similar to that

would decrease the density of states. However, an investigationobserved for EMS initialized trajectories; the effect increases

of the potentials for the trimethylene Givags showed them
to be quite harmonic. A complete understanding of the
difference between the harmonic and anharmonic RRKM rate

at elevated energies so that substantial decreases in the decay
rates are seen at 146.4 and 164 kcal thol
C. Quasiclassical Trajectories and Power SpectraTra-

constants for trimethylene may require an accurate calculationjectories were initialized near the trimethylene potential mini-

of the anharmonic sumN*(E) and the density of statggE),
as has been done for other unimolecular reactdns.

B. Barrier Initialization. A prominent feature of the
lifetime distribution when the trajectories are initialized at the
trimethylene-propylene barrier is the smaller initial decay rates
compared to those for the EMS initialization. This is illustrated
for the energy of 54.6 kcal mot in the inset to Figure 4. The
shortest lifetime associated with cyclizatiorni80 fs and, thus,
the vast majority of the trajectories that decay in the initial 80
fs time period form propylene. This initial rate for propylene
formation is not significantly different from that found from
EMS initialization (.e., see rate constants and branching ratios
in Table 3). Thus, the principal effect on the decay, when
initializing trajectories at the trimethylengropylene barrier
and thus exciting trimethylene non-randomly, is to initially
suppress cyclization. This is an apparent non-RRKM effect
arising from the non-random sampling of phase spaée.
However, this initial non-random decomposition has a minor
effect on the overall product branching ratios which, as shown
in Table 3, are quite similar for EMS and barrier initialization.

The lower half of Table 3 lists the decay results and branching
ratios obtained when the trajectories were initialized at the
barrier. Though, as shown in Figure 5, reaction is initially

(43) Baer, T.; Hase, W. LUnimolecular Reaction Dynamics: Theory
and ExperimentsOxford University Press: New York, 1996.

(44) Duchovic, R. J.; Hase, W. L.; Schlegel, H.BPhys Chem 1984
88, 1339.

(45) Peslherbe, G. H.; Hase, W. . Chem Phys 1994 101, 8535.
Peslherbe, G. H.; Wang, H.; Hase, W.1.Chem Phys 1995 102 5626.

mum with quasiclassical normal mode samplfip study the
non-ergodic dynamics at 54.6 kcal mélin more detail.
Trajectories were chosen such that all modes had zero point
energy. The excess energy s kcal molt was distributed

in two different ways. In the first it was distributed between
the five lowest frequency modes so that modes 1, 2, 4, and 5
(in order of increasing frequency) had one quantum each (above
zero point energy) and mode 3 had two quanta. This energy
distribution gave the required total energy of 54.6 kcal Thol
Second, all of the excess energy was initially put in the lowest
frequency mode. Figure 6 is a typical power spectrum obtained
from 2.5 ps of internal motion when the excess energy was
distributed among the five low-frequency modes. The structured
appearance of the spectrum indicates that the trimethylene
dynamics is not ergodic. The decay associated with these
trajectories (see the stars in the inset of Figure 6) is significantly
slower than the decay obtained when all of the excess energy
was placed in the lowest frequency mode (see the circles in the
inset). For the former the decay is slower than that for EMS
initialization while for the latter it is faster,e., compare Figures

4 and 6. The regular structure of the power spectrum and the
dependence of the long-time features of the lifetime distribution
on the mode(s) excited are indicative of decoupled intramo-
lecular dynamics on the time scale of the reaction.

VI. Comparison to Experiment

In this section the trajectory results obtained at 146.4 kcal
mol~? for rotationally cold trimethylene are compared with the
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with the experimental data obtained from ref 7 (diamonds). The curves
are obtained when the effects of the finite trimethylene risetime are
energy and the remaining energy (7 kcal nipls partitioned between taken into account (see text). The solid curve corresponds to the double

the five lowest frequency modes. Only those peaks below 1600 cm exponential decay observed when the trajectories are initially in an
are shown for the sake of clarity. The structured appearance of the @PProximate face-to-face configuration (the decay is shown by the stars

spectrum shows that the trimethylene dynamics is regular at this energy.In the inset) and the dashed curve corresponds to the single exponential
The inset illustrates the significantly different decay rates obtained when decay observed when EMS initialization is employed (the decay is
initializing the trajectories in this way (stars) and when the remaining Shown by the circles in the inset).

energy is initially in the lowest frequency mode (circles). electrons initially having the correct orientation for ring closure.
. For EMS sampling, without constraining the torsions, the decay

{sgrl]z;?esgc?g?a:i?)izrllfxf(igmc(i/rg:ﬁo%fu; i?)ireserrr?éregjk;gr?salgser obtained from the final time of barrier crossing is exponential

N ) . with a rate constant of 11 p& This rate is nearly the same as
excited to induce fragmentation to CO and trimethylene. The 1
trimethylene photofragment has an energy~®&9 kcal moi? 8.3+ 1.'4 PS mgasured by Pedersen ef al.
. f the zero point energy) which corresponds to our The inset to Flgu_re 7 s_hows the decay at 146.4 kcal’ﬁ)ol
(|n'excess 0 ¢ 126 4 keal ?%’d{ The f P £ th when trimethylene is excited non-randomly with the torsions
ggigﬁ;?arl)/sirr]fearcgeyo% whic.h th((f:'aphotofragnier?tztiree;ar(;t; aeffectmitia”y constrained between 8%nd 95 (stars) is similar to
the vibrational, rotational, and translation energy of the trimeth- t_hat when tnmethylen_e_ Is excited ran domly with EMS |n_|t|a||za-

! ’ : . tion (circles). To facilitate comparison with the experimental
ylene (and CO) molecule.. Forexample, an anlsotrop|c surfacedata these decays are obtained from the final time that the
tmhgﬁglﬁa?hgo g;’regﬁy :T?g?g(?gle()fv:[/gi t:gPai'irgzlae“r;e éﬁ?dlcalvsng trime_th_ylene crosses either the cycIizatio_n or H-transfer barrier.
comparing the trajectory results to the experimental .data is is The mmgl rapid decay of some of the tn_methylene molecules
assumed that either the trimethylene is rotationally cold or that that are in the face-to-fape configuration is c.learly evident. The
any possible rotation will have an insignificant effect on the experiment measures trlmethylene versus time and_to compare
intramolecular dynamics and decay. Since the trajectory with experiment the rate of trlmethylene formatlon from
dynamics of the non-rotating molecule is ergodic at this energy cyclobgtanone must also be con5|der.ed. The experimentally

. . -~ 27 determined normalized number of excited cyclobutanone mol-
rotations are not expec_ted to effect the intramolecular vibrational ecules versus time is expt/105) and thus the probability for
?;Z:%]Str;n;;e;ﬁggﬁﬂgnsRulf'\ljlageeggsgt;itfvm' However, trimethylene formation by photodissociation at titne 7 is

The initial configurations and modes excited for trimethylene Piorm(T) = 1 — exp(—1/105) (11)
prepared by cyclobutanone photodissociation depend on the
features of the cyclobutanone potential surface. In cyclobu- The number of trimethylene molecules versus time is then a
tanone the trimethylene has an approximate face-to-face struc-convolution of this formation probability and the lifetime
ture. If the departing CO fragment has no affect on this distribution determined from the trajectoriés.,
configuration then the trimethylene photofragment will initially
maintain the face-to-face structure. Alternatively, if the depart- P,i(t) = j: Piorm(@)P(t — 7) dz (12)
ing CO induces rotation of the terminal Glgroups then the
structures of the trimethylene photofragments may be well The normalized results are shown in Figure 7. The solid curve
represented by the configurations obtained by statistical sam-corresponds to the trajectories that initially have constrained
pling schemese.g., EMS. torsions (and a double exponential decay) while the dashed curve
The effect of initializing the trajectories in an approximate corresponds to the EMS initialized trajectories. The experi-
face-to-face configuration was studied with the EMS scheme mental data are taken from Figure 4B of ref 7 and are shown
by only accepting configurations where the terminal torsions as diamonds.

Figure 6. A typical power spectrum of the trimethylene dynamics at
54.6 kcal mot! when all vibrational modes initially have zero point

were between 85 and 95 The subsequent decapbtained The simulated data obtained with the torsions initially
from the final time of barrier crossingwas double exponential ~ constrained are in better agreement with the experimental data
with 45% of the trajectories decaying with a rate~e40 ps?t than the data obtained with trimethylene configurations sampled

and 55% decaying with a rate ef10 pst. The initial rapid statistically. This indicates that there may not be a statistical
decay is primarily due to trajectories that cyclize extremely sampling of trimethylene phase space before the photofragment
quickly (sometimes directly) as a result of the unpaired p-orbital reacts,.e., the initial face-to-face configuration of the trimeth-



9930 J. Am. Chem. Soc., Vol. 118, No. 41, 1996 Doubleday et al.

ylene moiety in the parent cyclobutanone influences the new (trial) configuration was accepted or rejected according to the usual
subsequent dynamics of the trimethylene fragment. However, EMS procedured! Since these torsional “kicks” are outside of the
the similarity of both decay curves and the experimental results conventional EMS scheme, 10 000 “meltdown” steps were allowed after
does not allow for definitive conclusions regarding the trimeth- ©ach kick so that any memory of the kick would be lost. [This
ylene dynamics and decay that occurs under the experimentaf™e/tdown period is equivalent to the meltdown that is found at the
conditions. A similar observation was made in ref 7 where it eginning of the conventional EMS scheme in order to lose the memory

. M, of the initial minimum energy configuration.]
was noted that the trimethylene decay was not readily fitted by This modification allowed for multiple crossings of the torsional

a single exponential. barriers and statistical convergence that is more rapid than when the
] unmodified EMS scheme is employed. As expected, the converged
VII. Conclusion results obtained from the modified procedure agree with the corre-

The simulati ted h f trimethvl d iti sponding results obtained from the unmodified scheme (when in excess
€ simuiations reported here of trimethylene deComposIion ¢ 44 yjjjion steps are included in the Markov chain).

illustrate the feasibility and computational affordability of direct 5 * nitialization at the H-Transfer Barrier. The procedure for
trajectory methods when investigating systems of this size. njtialization at the trimethylenepropylene barrier selects the initial
Semiempirical evaluation of the internuclear forces allows for trajectory conditions according to a quasiclassical microcanonical
the explicit treatment of all degrees of freedom. Furthermore, statistical sampling of the normal mode vibrational states at the barrier.
direct trajectory techniques avoid the need to develop an analyticThis procedure yields the quasiclassical analogue of the quantum
potentia| surface and Consequenﬂy circumvent the approxima_ harmonic statistical distribution at the barrier. Each quasiclassical
tions and assumptions associated with this approach. There ig’ormal mode state with enerdy less than or equal to the micro-
good agreement between the simulations and femtosecond lasef2nonical trajectory energg;, will have an equal probability of being
experiments, which suggests that the semiempirical potential S€/€¢ted: The excess enerds; — B, is placed in the reaction

: . . . coordinate so as to propel the reaction toward the trimethylene phase
energy surface and trajectory calculations provide a valid space

description of the decomposition. The procedure for quasiclassical barrier sampling is based on the
The simulations show that the intramolecular dynamics is corresponding method for classical barrier samptfndh normal mode
non-ergodic at low energies and that the decay is intrinsically i, which is orthogonal to the reaction coordinate, is randomly and
non-RRKM. This behavior is also observed when simulating uniformly selected and, using a relevant weighting procedure, randomly
quasiclassical trajectories and is thus not an “unphysical” result assigned an energli = (0 + Y)hw; such thatE < Ey. The
associated with the classical sampling scheme. At increasedprobability of assigningy quanta to this mode is
energies the lifetime distribution is single exponential with an P(n) = W, /W, (13)
exponential constant that equals the anharmonic RRKM rate i n *ltot

constant. At very high energies a significant fraction of

: : : : : .| WhereW, is the number of quasiclassical states with energy less than
trajectories decay directly thereby leading to biexponential Ewy and with modei having ny quanta, This is determined by the

decay. . . . Beyer-Swinehart algorithm? W is the normalization constant and
For low energies the harmonic RRKM rate constant is g the sum of all possible states with energy less than or equak{o
approximately 50% smaller than the anharmonic RRKM rate j o wy, = 5 W,

constant obtained from the EMS initialized trajectories. The  Oncen, quanta (or energyn( + Y2)hwi) has been assigned to mode
difference decreases and approaches 10% at the higher energieg.the remaining energ; — Ei, is distributed among the other normal
Treating the two CHhltorsions of trimethylene as free rotors, modes in a similar manner. Hence a second nidgleandomly chosen
instead of harmonic oscillators, seems to be a more accurateand assigned quanta such tha, < Ew — E. The probability of
representation at elevated energies. A rigorous treatment ofchoosingn is
anharmonic effects is required in order to obtain RRKM

predicted rate constants that are valid at all energies. P(n) = Wo/Wiot (14)
VIIIl. Computational Section whereW, andW are determined by the BeyeBwinehart algorithm.
In general, afterm normal modes have been assigned quanta
A. Trajectory Initialization. 1. EMS Initialization. The EMS Ny,My,...Nm, Modem + 1 is randomly chosen such that+ 1= 1,2,...m.

scheme for preselected total angular momentum, discussed in detaillt is assignethn+1 quanta such that
elsewheré! was modified slightly for the present application. The

AM1-SRP barrier for internal rotation of a trimethylene terminal CH m 1
group is 2.0 kcal mott. At the lowest energy studied the average Eni1 = By~ Z n + 5 hw; (15)

energy in a single mode (54.6/2% 2.6 kcal mot?) is of the same i=

magnitude as the torsional barrier so that many Markov chain steps N ) . )
were required for multiple crossings of the barrier (which is necessary 1he probability of selectingm1 quanta is the same as that described
for a complete sampling of the trimethylene phase space). It was @Pove for modes and!. ) o

important to ensure that the initial conditions of the trajectories 1 NiS procedure selects each state with equal probability and the
comprising an ensemble represented a global sampling of reactant phasg'omentum distribution in the reaction coordinate is consequently in
space. There are a number of ways to achieve this: One may performadreement with RRKM theory/:*#4* The minimum energy (relative
many (5 to 10 million) steps along the Markov chain between each Fo the trimethylene mln!mum)_ that is aI_Iqwed for this sam_plmg scheme
trajectory. However, since the energy at each trial state is determinediS the sum of the quasiclassical transition state zero point energy and
semiempirically, this method is extremely inefficient. One may also the barrier height. At the trimethylengropylene barrier this is 54.3
increase the size of the steps along the chain in order to samplekcal mof. An additional 0.3 kcal mof was added in our lowest
configurations corresponding to different potential minima more easily. €Nergy trajectories in order to propel the trajectories toward trimethylene
For the trimethylene system the required step size (at 54.6 kcatmol ~Phase space. ) )

when a single coordinate is perturbed at each step) allows for only _ The Cartesian coordinates and momenta are obtained from the
10—-20% acceptance of the trial configurations hence making this displacement of the (energized) normal modes from equilibfium.
approach inefficient. One may also begin the Markov at different points R@ndom phases are selected for the normal mode momenta and
in reactant phase spadee(, not just at the potential minimum). This (46) Hase, W. L.; Buckowski, D. GChem Phys Lett 198Q 74, 284.

was the approach adopted here. After every fifth trajectory the CH  (47) wilson, E. B., Jr.; Decius, J. C.; Cross, PMRlecular Vibrations
terminals were rotated by a random amount between 0 ant 36¢e McGraw-Hill: New York, 1955.




Direct Dynamics Simulation of the Lifetime of Trimethylene

coordinate$? Since the transformation of normal modes to Cartesian
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Trajectories were integrated with a step size of 0.25 fs. Energy was

coordinates is not exact at elevated energies, it is necessary to scaleonserved to four significant figures over the lengths of the trajectories
the selected coordinates and momenta to obtain the desired micro-studied (ranging up to 2.5 ps). The integration of a typical 200 fs

canonical (trajectory) energy. The scaling factog{Escad“/? Where

Eu4j is the desired energy ariflcaeis the energy determined from the
coordinates and momenta which are being sc#edhe scaling is
repeated in an iterative manner until the energy is within 0.1% of the
desired value. Before the first scaling the magnitude of the difference
betweerEscaeandEy, was on average 4 and 14%[6f,; for the lowest

and highest total energies, respectivélg.(54.6 and 164 kcal mot).

B. Trajectory Integration. The atomic motion is evaluated in the
traditional classical trajectory fashion, as implemented by VERUS,
by solving Hamilton’s equations with a combined fourth-order Runge
Kutta and sixth-order AdamsMoulton predictor-corrector integration
algorithm#® At each step of the integration the Sctinger equation
is solved for electronic energies and forces on the nuclei by invoking
the appropriate routines in MOPAC 79.0nce a converged SCF has

trajectory required~788 cpu seconds on an IBM RS6000/370. The
trajectories were propagated until either the cyclization transition state
or the saddle point separating trimethylene and propylene was crossed.
All of the trajectories that were initialized at the H-transfer barrier or
using the EMS scheme reacted within the maximum time limit of 2.5
ps. The criterion for terminating the trajectory at the cyclopropane
product was the (C,C; angle decreasing to 7%see Figure 1). This

is at least 12 smaller than the angle at the cyclization transition state
and allowed assessment of barrier recrossings. The criterion for
terminating the trajectories that yield propylene was that thé; ©r

C;H, bond was at least 2.3 A and the correspondinlg4-CiHa, CsHs,

or CsH, distance was shorter than 1.3 A. These configurations lie on
the propylene side of the H-transfer barrier (see Figure 1) and using
them as a criterion for terminating the trajectories facilitated evaluating

been obtained and the configuration interaction has been included, thethe effects of recrossing the trimethyleneropylene saddle point.

first derivatives of the energy with respect to the Cartesian positions
are evaluated analytically within MOPAC 7.0. The starting point of
the SCF calculation is taken to be the set of molecular orbital
coefficients from the previous trajectory step and thus if the geometry
is changing smoothly over time only 9 or 10 SCF iterations are
necessary at each point.

(48) Bunker, D. L.Meth Comput Phys 1971, 10, 287. Press, W. H.;

Teukolsky, S. A.; Vetterling, W. T.; Flannery, B. Rumerical Recipes in
Fortran; The art of scientific computingJniversity Press: Cambridge, 1992.
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