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Abstract: We investigate reaction paths for the formation of ground-state 2-cyclopentenone and 3-cyclopen-
tenone arising from the electrophilic addition of*®) to a double bond of cyclopentadiene. Our calculations
show that one possible mechanism for these reactions is the formation initially of a triplet diradical that undergoes
intersystem crossing to a diradical singlet followed by passage of the system through the transition state to
ground-state products. Equilibrium geometries and total energies are computed for all species using the Hartree
Fock method, the local spin density approximation, four generalized gradient approximations, the G2 model
chemistry method, and the quantum Monte Carlo (QMC) approach in both the variational (VMC) and diffusion
(DMC) variants. Using DMC as a gauge of accuracy, a comparison of these approaches reveals that the density
functional methods show mixed performance, with the gradient-corrected B3PW91 functional giving the best
reaction pathway energetics overall for the group. The G2 energetics are in good agreement with DMC for
stable species but differ significantly for transition states. A resonance found in precursors to formation of
3-cyclopentenone (3CP) provides a possible explanation for the appearance of 3CP in trace amounts in
cyclopentadiene combustion reactors.

1. Introduction HH
Cyclopentadiene (CPD) combustion is a subject of consider- H H
able practical interest because CPD is one of the major H

intermediates in the high-temperature oxidation of benzene and
toluené? and is a constituent of diesel fuels. The subsequent

HH o H
reactions of cyclopentadiene in flow reactors are many and H H 2CP
complex. In these reactor studies there has been a lack of
observable stable intermediates with the exception of trace o¢P) + <

H H HH

CPD

amounts of 3-cyclopentenchésee Figure 1).
Recently, computational studies of the addition ofR)(to
CPD have appeared. A semiempirical approach was used to 0.
model the triplet pathwdyand an extension of the G2 method
to characterize the singlet pathwayvith the high accuracy
required to model reliably oxidation reactions, we have inves-
tigated the formation of 3-cyclopentenone fronP@)(reacting 3Cp
with CPD. It is also of interest to understand the formation of Figure 1. Reactions treated in the present study 3R+ cyclopen-
the closely related 2-cyclopentenone. tadiene (CPD)— 2-, 3-cyclopentenone (2CP, 3CP).
Oxidation of unsaturated hydrocarbons is an area of high
interest in combustion chemistry because of its practical reactions of OP) with unsaturated hydrocarbons involves
importance for fuel consumption. The accepted mechanism for addition to the double or triple bond to give a triplet diradical.
Intersystem crossing leads to formation of a singlet diradical
! Department of Physics, University of California at Berkeley and  fq)jo\ed by formation of singlet products. In this study we focus
Materials Sciences Division, Lawrence Berkeley National Laboratory. . .
* Chemical Sciences Division, Lawrence Berkeley National Laboratory ©N the formation of the singlet products 3- and 2-cyclopenten-
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and Department of Chemistry, University of California, Berkeley. one. Triplet diradical evolution is not followed here owing to
(1) Brezinsky, K.Prog. Energy Combust. Sd986 3, 1. higher energy barriers to reaction.
(2) Emdee, J. L.; Brezinsky, K.; GlassmanJl.Phys. Cheml992 96, . .

2151. We consider the two lowest energy reaction paths corre-

(3) Glassman, I. 19th Annual Combustion Research Conference Abstract, sponding to the two alternative attachment sites of the oxygen

Department of Energy, Office of Energy Research, Office of Basic Energy ; i _
Sciences, Chemical Sciences Division, Chantilly, VA, 1997; p 98. atom to the double borebne site leading to 2-cyclopentenone

(4) Zhong, X.; Bozzelli, J. Wint. J. Chem. Kinet199Q 29, 893. (2CP) and the other to 3-cyclopentenone (3CP) (see Figure 1).
(5) Wang, H.; Brezinsky, KJ. Phys. Chem. A998 102, 1530. In addition, the energy of a stable epoxide (see Figure 2) has
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would be prohibitively demanding, is modeled using a small
Cl calculation plus corrections based on Moli&lesset (MP)
perturbation theory. This method, which uses a fit to experiment
d for a large set of molecules formed of first-row atoms, has been
shown to be very accurate for a number of molecular properties.
However, G2 suffers the same drawback of poor scaling with
system size as mentioned above due to the need to do a ClI
calculation.

Quantum Monte Carlo (QMC), a comparatively recent
alternative for high-accuracy calculations, scales more favorably
been determined. Similar to previous studies of the oxidation with system size-N3, whereN is the number of electrons of
of allené” and ethylené&; 12 attachment of GP) leads initially the system. (There is also a dependence on atomic nufber
to triplet diradical states. The open-shell singlet diradical is stable which with the use of effective core potentials leads to a
and nearly isoenergetic with the triplet diradical, in accord with ~ 3;‘ dependencé’ 8 whereZg is the effective atomic num-
the initial step of the OP) reaction with ethylene and with  ber). Notwithstanding these dependencies, QMC calculations
allene. have been carried out on larger systems than have been treated

Energy differences must be evaluated with high accuracy if using CCSD(T) (coupled cluster with single, double, and
one is to correctly characterize these reactions. In particular, perturbation incorporation of triple excitations), owing to the
the energy difference between the diradicals (singlet and triplet) computational requirements of the latter approach using GAUSS-
and the singlet transition state is extremely challenging to IAN94.1° In that work it was determined that QMC, in the
calculate accurately by mean-field methods, e.g., the Hartree diffusion Monte Carlo variant, scales similarly to the Hartree
Fock (HF) and the local density approximation (LDA), which  Fock and local density approximations.
typically do not describe well the fine interplay between  In this study we employ eight theoretical approaches, includ-
Coulomb, exchange, and correlation effects for such compari- ing HF, LDA, GGA, G2, and QMC, to calculate critical points
sons. Hydrogen migration, involving the breaking and making and stable intermediates on the multidimensional potential
of bonds, is also less well described using ab initio basis set energy surface, as well as heats of reaction and atomization
expansion and gradient-corrected density functional methodsenergies of the stable molecular species. The predictive capabil-
which rely on cancellation of systematic errors of basis sets ity of each of these methods is assessed. The application of a
and density-dependent properties. range of state-of-the-art computational techniques enables us

The generalized gradient approximations (GGAs) have re- to (i) further understand these particular combustion reactions,
cently become popular for the prediction of the energetics of (ii) make predictions of chemical accuracy, and (iii) assess
chemical reactions and yield significant improvement over the accuracy among a number of commonly used theoretical
local density approximation. In particular, partial inclusion of approaches. The CCSD(T) approach is not included in these

EPOXIDE

Figure 2. Epoxide molecule formed from €¥) + CPD; hydrogen
atoms are not shown.

the exact HartreeFock exchange in the exchange functiéfal
has yielded an improved treatment of transition stétes.

comparisons owing to its computational demands.

However, the trends in improvement are not systematic with 2. Computational Methods

GGA methods. For this reason it is useful to assess a

In the present QMC approaéh?! both variational and diffusion

computational reaction path characterization obtained with thesepionte Carlo methods are used to obtain energies of quantum many-

methods by comparisons with other approaches.

body systems. We use variational Monte Carlo (V¥f&jmethod to

Ab initio basis set expansion methods such as coupled cluster/construct an optimized correlated many-body trial functioiR), as
many body perturbation theory can be used for such purposesa product of Slater determinanis and a correlation factdt;?®

in systems of order-15 first- and second-row atoms. In these

cases, very accurate results may be obtained. Unfortunately,
larger systems become increasingly difficult to treat due to the

scaling of these methods with number of partietggically
n’ wheren is the number of basis functions.

In the G2 semiempirical methd8;*®a quadratically conver-
gent configuration interaction (Cl) calculation, which ordinarily
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Phys. Chem199Q 94, 7969.

(7) Schmoltner, A. M.; Huang, S. Y.; Brudzynski, R. J.; Chu, P. M,;
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Here,| labels the nucleii, j denote electrons, ang, rj, rj designate
interparticle distances. Parametrization and optimizaticau(ifr;,r;),
which represents the electrerlectron, electrornucleus, and electren
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Single-reference trial functions were used for all of the systems
studied. Weights for CI computations of the ground-state configuration
state function are found to be 0:96.98 for all species considered
here, indicating that multireference wave functions are likely to have
little impact on our computed results. For a number of cases, we also
performed multiconfiguration self-consistent field calculations that
included wave function reoptimization, and we again found very weak
mixing of higher excitations with the ground state. For the triplet

diradical states, we used restricted open-shell wave functions as QMC EXP®

trial functions and unrestricted wave functions for the LDA and GGA
calculations.

Diffusion Monte Carlo (DMC) is based on the property that the
operator exp{tH), whereH is the Hamiltonian, projects out the ground
state of any trial function with the same symmetry and nonzero overlap,
and is used to remove most of the remaining variational Bi&=In
DMC, one simulates stochastically the imaginary-time Sdimger
equation,

f(Rt+7) = f G(RR;Df(R ) dR 2
wheref(Rt) = y1+(R¢o(Rt), G(RR;7) is a Green function which is
known in ther — 0 limit,2*2°and ¢(R}) is the asymptotic solution to
the time-dependent Schdimger equation in imaginary time. Effective
core potentiaf® are used to eliminate atomic cores for C and O.

In addition to DMC, we have also calculated reaction path energetics
using the LDA3Y32 four GGAs, and the G2 methods. For LDA, we
employ the parametrization of Vosko et*abf the exact uniform gas
results of Ceperley and Ald#r(this corresponds to the SVWN5 method
in GAUSSIAN949). For the GGAs, we have used the currently most
popular functionals, namely BLY#;3” B3LYP 337 BPW912%6:3 and
B3PW91'338 The HF, LDA, GGA, and G2 calculations were carried
out with the GAUSSIAN94 packadeon SGI Origin2000 machines.
The G2 method was implemented as described in ref 16. We were
unable to carry out CCSD(T) calculations using basis sets larger than
cc-pVDZ®® with the G94 and G98 packages due to computer time
requirements and storage limitations.

J. Am. Chem. Soc., Vol. 122, No. 47@D00

Table 1. Selected Optimized Structural Information for
Cyclopentadiene (CPDB)2-Cyclopentenone (2CP),
3-Cyclopentenone (3CP), and EpoXide

CPD
Ci—C, CrC3 GC3—Cs 0OCCC; C—H Cr—H
B3PW91 1.498 1.346 1.464 109.0 1.099 1.082
B3LYP 1.505 1.346 1.469 109.1 1.099 1.081
1.509(3) 1.342(4) 1.469(3) 109.3(3)— -
2CP
Ci—-C GC;—Cs CrC; Ci~O C—-H GCs—H
B3PW91  1.536 1.478 1.337 1208 1.096 1.083
B3LYP 1.540 1.482 1.338 1.210 1.095 1.082
3CP
C—-C C;—Cs C3-Cs GC—0O C—-H Cs—H
B3PW91 1.531 1.499 1.334 1.202 1.097 1.084
B3LYP 1.537 1.505 1334 1203 1.096 1.083
EXPF  1.524(10) 1.509(10) 1.338(5) 1.210(3) 1.086(5) 1.079(5)
Epoxide
Ci—C C;—Cs C,C; GCs—O C—-H GCs—H
B3PW91  1.518 1471 1335 1424 1.096 1.086
B3LYP 1.524 1.475 1.335 1.431 1.095 1.085

aNumbering of the carbons begins with the carbon with the two
hydrogens and increases sequentially clockwise. The ordering is retained
for the other molecules with orientation shown in Figures 1 and 2.
b Results are given (in angstroms and degrees) for the B3PW91 and
B3LYP methods using the 6-311G* basis and experimeReference
45.

numerical atomic HF orbitals which formed part of the basis set for
the DMC trial wave functions.

3. Structural Properties

Extensive basis sets were employed with each method for all species

considered. As shown in our study oftG;,*° converged energies require
the cc-pVQZ basis set which is employed in all present calculations.
For geometry optimization, the 6-311G** basis set was used in all cases.
Larger basis sets were found to have very little effect on geoméfries.

All molecular structures reported in this work are fully
optimized geometries determined using the given method, with
the exception of DMC; in the latter case we used B3LYP-
optimized geometries. As expected, the LDA approach gives

DMC calculations do not have the strong basis set dependence typicalgood geometries. The BPW91 and BLYP methods do not

for ab initio post-HF expansion methods, although they require a precise
wave function in the vicinity of nuclei. To this end, we computed
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V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;
Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-
Gordon, M.; Gonzalez, C.; Pople, J. &AUSSIAN94 Revision B.1;
Gaussian, Inc.: Pittsburgh, PA, 1995.

(36) Becke, A. D.Phys. Re. A 1988 38, 3098.

(37) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785.

(38) Perdew, J. P. liElectronic Structure of Solids91; Ziesche, P.,
Eschrig, H., Eds.; Akademie Verlag: Berlin, 1991; p 11.

(39) Dunning, T. H., JrJ. Chem. Phys1989 90, 1007.
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improve, on average, upon LDA structures. However, use of
the B3 exchange functional does lead to small improvements.

Structures optimized with the B3LYP and B3PW91 methods
are given in Table 1 for CPD, 2CP, 3CP, and the epoxide. For
CPD and 3CP, comparison of bond distances and angles with
experiment shows that both methods perform well. Overall,
B3LYP is in better accord with experiment, in agreement with
previous worki*4! and so we have used B3LYP geometries
for DMC calculations.

Itis important to understand the impact on energetics of using
B3LYP-optimized geometries for DMC. For each structure we
evaluated the effect of using the optimized geometries of
different methods on energies computed in the HF, LDA and
several GGA approaches. We found, for the species involved
in these reactions, rather flat regions of the potential energy
surfaces near the optimal geometries. As a result, deviations in
total energies with a given method among geometries which
were optimized by other methods are minimal. For example,
the total energies of the transition state leading to 2-cyclopen-
tenone for the BPW91 and B3LYP geometries differ by 1.4
kcal/mol with HF and 0.6 kcal/mol with LDA. Similar differ-
ences are observed for other species. For the subject reactions,
energies are found not to be very sensitive to the method used
for geometry optimization.

(41) Andzelm, J.; Baker, J.; Scheiner, A.; Wrinn, Mt. J. Quantum
Chem.1995 56, 733.
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Figure 3. Diradical states labeled D-2CP and D-3CP that lead to ~100
products 2CP and 3CP, respectively. Two highest occupied molecular
orbitals (calculated within LDA) are shown for each case. 120
Table 2. Energy Differences (kcal/mol) between the Initially Figure 4. DMC reaction pathways for subject reaction: energy (in
Formed Triplet Diradicals and Reactahts kcal/mol) relative to reactants. TS-2CP and TS-3CP denote transition
D-2CP D-3CP A states leading to 2CP and 3CP, respectively.
HF —4.0 —89 4.9 for organic reaction&? Our BGE results for D-2CP and D-3CP
LDA —51.6 —66.3 14.7 - - . .
BPW91 —317 455 13.8 (see Table 2) are obtained by consideration of the reactions
BLYP —295 —43.6 14.1 CsH;0H — H; + D-2CP and @H;0OH — H, + D-3CP. It is
B3PW91 —-28.5 -42.1 13.6 interesting to note that the BGE results place both D-2CP and
B3LYP —26.8 —40.7 13.9 D-3CP higher in energy than all of the GGA results, in
BGE —24 —38 14 gualitative agreement with the present DMC calculations.
G2 L3 d d The G2 method is in the b ith DMC for th
DMC ~18(1) —33(1) 15(2) e method is in the best agreement wit or the
. D-2CP energy, with an energy difference of 3 kcal/mol. For
2 The entryA denotes the energy difference of the two statés. D-3CP we were unable to find a minimum-energy structure on

2CP, diradical precursor to 2CPD-3CP, diradical precursor to 3CP. - .
4The G2 calculation for D-3CP did not converge. Assuming: 14 the MP2 potential energy surface. We infer a G2 D-3CP energy

kcal/mol based on the other methods, we estimate the G2 D-3CP energyof 35.5 kcal/mol based on a crude estimate of 14 kcal/mol for

to be~35.5 kcal/mol. the energy difference of the diradical states. This approximation
appears reasonable due to the stability of the predicted energy
4. Diradical States difference between diradical states, as discussed below.

_ o Despite the disagreement among methods for the triplet

As OCP) approachesdEls, two stable, triplet diradical states  giradical energies relative to the energy of the reactants, the
are formed, depending on to which carbon atom of a double gifference in energy (1415 kcal/mol) between D-2CP and
bond the oxygen atom attaches. The O attachment site deterp.-3cp appears remarkably stable across different methods, with
mines the remainder of the reaction path (and therefore the finalthe exception of the HF value. For the GGAs, one can perhaps
product). Figure 3 shows these two configurations, labeled ynderstand this result by considering the homogeneity of
D-2CP for the triplet diradical precursor of 2-cyclopentenone, electronic charge in each system. With the exception of the
and D-3CP for the triplet diradical precursor of 3-cyclopenten- region of attachment of oxygen, the diradicals have very similar
one. In addition to atom pOSitionS, the LDA-calculated orbitals bonding character and Charge distributionS, and one may
of the triplet electrons are shown. In each case, one of thesetherefore expect a reasonably consistent description of the energy
electrons is clearly localized on the O atom. For D-2CP the gifference since errors are likely to cancel rather well. On the
molecular orbital for the second electron is localized on the other other hand, comparing either D-2CP or D-3CP witR)(+
carbon atom of the double bond that was broken. In the case OszHﬁ, oneis Considering a greater Variety of bonding character
D-3CP, the second electron is shared among three C atom sitesand charge densities (i.e., a molecule with one double bond vs
indicating the formation of a resonance between this electron gn atom plus a molecule with two double bonds). In this case,
and the electrons from the double bond in the carbon ring, as one may expect less reliable consistency of energy differences
illustrated in Figure 3. due to the fact that the density-dependent errors likely cancel

Table 2 lists the energies of D-2CP and D-3CP with respect less well.
to reactants for the various theoretical approaches. Note that in  After O(P) has attached to form the triplet diradical, an
the HF approximation the two diradicals are barely stable with intersystem crossing occurs leading to open-shell singlet
respect to the reactants. In contrast, LDA significantly over- molecules. Molecules with electronic structure that violates
stabilizes these molecules relative to reactants. As is typically Hund’s rule are currently very difficult to evaluate with GGAs.
the case, the correct answer lies somewhere between thdn contrast, these systems pose no additional difficulties for
extremes of HF and LDA. Our DMC calculations predict D-2CP DMC approache&?2%22Because of the inability of the GGAs
to lie 18(2) kcal/mol lower in energy than the reactants and to evaluate the energies of open-shell singlet molecules correctly,
D-3CP to be 33(2) kcal/mol lower (Figure 4). While the GGA we have carried out only DMC calculations for these cases.
methods correct for much of the LDA overestimate, it is not Geometries are taken from the B3LYP-optimized triplet states.
enough based on comparison with DMC results, and, on this Our results show that the open-shell singlet and triplet diradicals
basis, the GGA results are sti10 kcal/mol too low. are very close in energythe difference is within the statistical

We have also performed Benson group equivalency (BGE) ™ (42) Benson, S. Wrhermochemical Kineticsiley-Interscience: New
calculations which have been used to estimate heats of reactionvork, 1976.
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Table 3. Energy Differences (kcal/mol) for the Transition States Table 4. Heats of Reaction (kcal/mol) for Product Systéms
TS-2CP and TS-3CP Evaluated Relative to the Energy of the .
Corresponding Diradical State D-2CP and D-3CP epoxide 2CcP sCcP
HF —33.6 —72.7 —68.3
Ars2CP Ars3CP LDA ~120.0 ~148.4 ~143.4
HF 41.6 25.7 BPW91 —88.7 -121.5 —116.2
LDA -9.8 —16.2 BLYP —83.8 —119.9 —1145
BPW91 —-1.9 —-10.4 B3PW91 —-84.1 —116.7 —-111.8
BLYP —-3.1 —-11.8 B3LYP —80.4 —115.9 —110.9
B3PW91 7.4 —-1.7 BGE —83 —-120 —114
B3LYP 6.1 —-3.2 G2 —86.8 —118.3 —114.2
G2 14.8 —8.7 DMC —80(2) —118(2) —112(2)
DMC 8(2) 1(2)

20EP) + CsHs — product.

a Estimated usindEp-scp = Ep-2cp — 14 kcal/mol as discussed in

footnoted of Table 2. lead to this finding, and, in fact, the BPW91 and BLYP

f the DMC esti . ith . i functionals predict the reverse result, i.e., they favor an
errors of the estimatesn agreement with previous studies isoenergetic transition to 2CP. Present findings support previous

of diradical intermediates for smaller molecufes. _ studies which have shown that bond-breaking is better described
All attempts at searching for a local minimum on the singlet p the hybrid DFT exchange functionals that contain an
manifold near the diradical geometries resulted in the eventual oy mixture of part of the exact HF excharfe.

relaxation through a transition state to a product state. However, The G2 results differ significantly from those of DM

o o oo eteh N9, 2CP 1= sbout 7 kcalmoligher st CP i sbout 9 kil
switch frdm a stable open-shell singlet state to a closed-shell mol Iow.er than the corresponding DMC V?"“es- Prgwous G2
transition state. The minimum energy pathway from these calcu'lr?ltlonéi.4 found e>§cellent agreement with experiment for
transition states leads to the stable 2CP and 3CP products transition-state energies. How_e ver, the fact that in thg present
" case the spin multiplicity is different between transition and
diradical states may contribute to the present poor agreement
between G2 and DMC results.
We performed transition-state searches from a variety of
starting points, including both the triplet and open-shell singlet 6. Products
diradical states, as well as several structurally perturbed states.
For both paths, i.e., leading to 2CP and 3CP, we found transition AS the reactions proceed from the singlet transition states,
states (TS-2CP and TS-3CP) on the closed-shell singlet manifoldthe hydrogen atom bonded to the O atom attachment site
that lead to the appropriate products. continues to migrate tovya}rd the other carbon of the double bond
A close examination of the transition-state geometries reveals that was broken. In addition to the product molecules 2CP and
that the oxygen atom has moved slightly away from its diradical 3CP. we have also found a stable epoxide state.
position. For TS-2CP/TS-3CP the O atom moves in the direction ~ To investigate these products in more detail, a careful
toward/away from the double bond. At the same time, the examination of the reaction path using internal reaction coor-
hydrogen atom begins to migrate away from the oxygen-bondeddinates has been carried out with the G94 package at the
carbon atom. B3LYP/6-311G** level of theory. We take TS-2CP and TS-
Table 3 lists transition-state energy differenctss, of each 3CP as initial geometries and step along the reaction path in

method relative to the energy of the corresponding triplet both the forward and reverse directions. Following the path in
diradical states (i.e Ats2CP = Ers_acp — Ep—2cp and Ars- the forward direction results in 2CP beginning with TS-2CP

3CP= Ers-3cp— Ep-acp). The HF results forrs are too large and 3CP beginning with TS-3CP. In the reverse direction, both
and place the transition states much higher in energy than thetransition states lead to the same epoxide state.
diradicals. In contrast, LDA gives values for these energy  Results for the heats of reaction of these products are given
differences that are significantly lower than the DMC results. in Table 4. As usual, the HF energies are far too low and the
The LDA underestimate of barriers is typically understood from LDA results are too high. The GGAs show mixed performance,
the increased coordination of transition states relative to reactantswith a range of 10 kcal/mol among the different GGA
combined with the tendency of LDA to overbind, leading to functionals for the heat of reaction to the epoxide. The BLYP
computed barriers that are too low. However, in this case the and B3PW9L1 functionals give the best agreement overall with
energy difference is measured from diradical states that are verythe DMC energies.
close in geometry (and therefore coordination) to the transition  Qur calculations of BGE heats of reaction for these three
states. Here the difficulties in predicting accuratélys are species are in very good agreement with the DMC results. We
entirely due to theelectronicstructure of these molecules. In  note that the BGE results for the diradicals compare less
particular, the tendency of LDA to favor closed-shell molecules favorably with DMC than those for the stable product systems,
over those with higher spin multiplicities is evident in these 2CP, 3CP, and the epoxide state. Our G2 results are also in
results, in which the closed-shell transition states are overboundclose agreement with the DMC energies.
relative to the open-shell, spin triplet diradical states. All methods considered here yield 2CP to be6tkcal/mol

Of the GGA approaches, the two hybrid functionals B3LYP |ower in energy than 3CP. The existence of 3CP in trace

and B3PW91 are in closest agreement with DMC values, with amounts and the absence of 2CP in combustion may have its
differences of only several kilocalories per mole. Our DMC
results show that, while the energy difference between the (43) Baker, J.; Andzelm, J.; Muir, M.; Taylor, P. Rhem. Phys. Lett.
diradical and transition state leading to 2CP is roughly 8 kcal/ 19?24)2%7&5;& 3. L. Rohlfing, C. MJ. Chem. Phys1993 86, 8031

mol, the transition to 3CP is nearly isoenergetic. With the  (45)| andolt-Banstein, New Series I1:Hellwege, K.-H., Ed.; Springer-

exception of B3LYP and B3PW91, the other methods do not Verlag: New York, 1976.
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Table 5. Calculated Atomization Energies (kcal/mol) for the Table 6. Comparison of Computational Time (Hours) and Disk
Stable Species with Nine Different Approaches Space (MB) Requirements for One Total Energy Calculation of the
cPD 2CcP 3CcP epoxide Diradical Molecule D-2CP
HE 897.2 969.9 965.6 930.9 cpu disk no. of nodes scaling
LDA 1357.1 1505.5 1500.5 1477.1 LDA 16 <10 8-16 Ne
BPW91 1188.6 1310.1 1304.8 1277.4 G2 200 ~20 000 2-4 N5-6
BLYP 1169.6 1289.5 1284.1 1253.5 DMCP 300 <50 unlimited N
B3PW91 1186.7 1303.4 1298.4 1270.8 2 — - - .
B3LYP 1174.4 1290.0 1285.0 1254.6 “2In addition, we list the maximum number of nodes and scaling
G2 1175.4 1293.7 1289.6 1262.2 with number of valence electronstatistical error of 2 kcal/mol.
Gx 1179.9 1297.3 1291.9 - . .
DMC 1181(1) 1300(1) 1294(1) 1261(1) and B3LYP methods and are converged with the 6-311G** basis

set; (iii) the HF and LDA methods provide a poor description
of reaction path energetics, although LDA can give decent
geometries; (iv) the GGA functionals BPW91 and BLYP yield

a Modification of G2, ref 5.

origin in the greater stability of the diradical precursor to 3CP

relative to 2CP better energies than LDA but still possess large errors for some
’ of the energy differences, includinyys; (v) the best DFT results
7. Atomization Energies are obtained with the hybrid GGA functionals B3PW91 and

) ~ B3LYP; however, caution must be exercised in their application
As a further test of the strengths of the various theoretical 1 reactions owing to nonsystematic errors of the order-ef®
approaches, we also compare atomization energies for thekcal/mol; (vi) it was not possible to converge the CCSD(T)
molecules involved in these reactions (Table 5). Our previous method: and (vii) good agreement with other high-accuracy
calculation of the CPD a_tomization energy (ATEdemo_nstrated approaches (i.e., G2) in the present and previous works
the need for large basis sets to achieve kilocalorie per mole compined with favorable scaling suggests that DMC calculations
convergence. Based on that experience, the AEs in Table 5 argor energetics can be used to characterize accurately reaction

computed with the cc-pvVQZ basis. o paths involving relatively large molecules and complicated
Again the LDA exhibits the usual 2680% overbinding. The  yrgcesses.

GGA functionals show significant improvement over the LDA, At the current level of computational power and algorithm
although there is still a range of values depending on the geyelopment, no single method can be used to accurately
functional used. The B3PWO1 functional gives by far AEs in  characterize ground-state reactions of the size system considered
best accord with DMC values. o _ here with chemical accuracy, i.e.~2 kcal/mol. Rather, our

In Table 5 we have also included atomization energies for experience leads us to suggest that a combination of methods
CPD, 2CP, and 3CP recently computed by a modified G2 s the pest approach. For example, combining the best GGA
approact?. We note that the modified G2 results are several (gqyits for geometries with DMC single-point energy calcula-

kilocalories per mole closer to the DMC energies than the ions can provide an accurate -2 kcal/mol) description of
unmodified G2 calculations. For AEs the G2 method is found the potential energy surface for a given reaction. We suggest

to be in closer accord with DMC method than the various GGA gych an approach even for larger systems and complicated

approaches. reaction paths, where it would still be advantageous to perform
DMC calculations for some (if not all) of the points on the
reaction path in order to check the reliability and accuracy of
This study supports the view that the reactions ofR)¢- the GGA functional employed.
CsHg to form 2-cyclopentenone and 3-cyclopentenone follow  Itis of interest to compare several important technical details
the generally accepted mechanism for reactions of ground-stateregarding computational demands among the various methods
oxygen atom with unsaturated hydrocarbons. This mechanismemployed here. To this end, we have compared the total CPU
involves addition to the double or triple bond followed by time required for a single total energy calculation, the disk space
formation of a triplet diradical. Singlet products arise from the needed to carry out the same calculation, the maximum number
triplet diradical undergoing intersystem crossing to the singlet of nodes the job can be efficiently run in parallel, and the scaling
manifold and singlet diradical followed by passage through a with number of valence electrons. These comparisons are listed
transition state to products. Because of our focus on singletin Table 6 for the calculation of the D-2CP diradical in the LDA,
product molecules, we have not considered the triplet manifold G2, and DMC methods. One notes that LDA calculations are
of reaction products. In addition, we have not considered by far the least computationally intensive, and that G2 is roughly
pathways which proceed through the cyclopentadienyl ion nor 50% faster than DMC (for stochastic error of 2 kcal/mol) for
considered cyclopentadienone, which has been found to bethis system. There are substantial differences in scaling with
important in high-temperature combustion of benzene and number of electrons among these methods. For disk space, G2
toluene, and pathways leading to noncyclic products. contrasts sharply with DMC and LDA and requires ap-
A notable difference in the pathways is the difference in proximately 1000 times more disk storage for this system. The
character of the triplet diradicals, D-2CP and D-3CP. The latter maximum number of nodes is determined by the number of
is found to have resonant stability, which may account for 3CP processors for which we were able to perform parallel runs
being found in trace amounts in combustors, in contrast to 2CP, without much loss of efficiency (i.e., almost linear scaling with
which is not found under such conditions. Further consideration increasing number of processors). For the LDA and G2
of this question lies outside the scope of this study. approaches, the maximum number of nodes was determined with
The implications of our findings are the following: (i) the the GAUSSIAN94 parallel package. Of course, more efficient
electrophilic addition of GP) to CPD may behave similarlyto  parallel algorithms are likely to increase these numbers (we are
smaller unsaturated hydrocarbon addition reactions (i.e., forma-aware of several LDA calculations which achieve close to linear
tion of diradical triplets that lead to singlet transition states and scaling on up to 64 nodes for small systems). Due to its
products); (ii) geometries are best described by the B3PW91 stochastic nature, the DMC method scales linearly for an

8. Discussion
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arbitrary number of nodes. This scaling makes DMC an ideal however, nonsystematic trends are found depending on region
method for massively parallel supercomputer architectures.  of the reaction path.
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