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We demonstrate that the quantum Monte Carlo (QMC) methodology (i) provides barrier heights
and heats of formation within-0.05 eV of experimental values, (ii) confirms recent measurements
for the ring inversion of cyclo-octatetraene, and (iii) enables us to predict quantities not yet measured.
Density functional methods show a mixed performance in achieving the accuracy required for predictive
calculations. Further comparisons show that QMC is competitive in accuracy with the best correlated
wave function methods while being applicable to much larger systems because of more favorable
scaling. [S0031-9007(97)04708-X]

PACS numbers: 31.15.Ar, 31.25.-v

The most important properties of reactions are geome-
tries, transition state barrier heights, and heats of forma-  ¢r = > d,D!D)} exp|: D u(rﬂ,rj,,rij):| . ()
tion. The fact that these properties might be difficult to n Li<j
estimate by experiments clearly demonstrates the impowhere I corresponds to the iong,j to the electrons,
tance of predictive computational approaches. Calculaand r;,rj;,r;; to the distances. Parametrization and
tions of reactions byb initio methods remain one of the optimization of u(ri,rj;,r;;), which represents the
most challenging problems in computational physics analectron-electron and electron-electron-ion correlations, is
chemistry, since the accuracy of commonly used approxidescribed in Ref. [10]. In the Slater determinant part, we
mate methods is often inadequate, while the system sizesnploy natural rather than Hartree-Fock orbitals [6].
which can be studied by higher accuracy approaches is lim- To eliminate most of the remaining variational bias we
ited to very few atoms. State of the art experiments camse diffusion Monte Carlo, which is based on the property
now measure transition states to within 0.1 eV for system¢hat the operator exp-7H), whereH is the Hamiltonian,
as large as 16 atoms [1], which is extremely difficult toprojects out the ground state of any trial function with the
achieve by the commonly used correlated wave functiosame symmetry and nonzero overlap. All QMC results
methods. presented here are from diffusion Monte Carlo.

In this Letter we show that barrier heights and heats of In addition to QMC, we have also calculated barriers
formation can be obtained to within 0.05 eV of experi-and heats of formation within the local density approxi-
ment with the recently developed quantum Monte Carlanation (LDA) [11], the generalized gradient approxima-
(QMC) approaches. Inorder to gain insight into the perfortion (GGA) with four different functionals [12—15], and
mance of different theoretical methods and further underthe coupled cluster method with singles, doubles, and per-
standing of the strengths and weaknesses of these methotigbationally triples [CCSD(T)] [16] using Hartree-Fock
we also employed seven different state of the art computgHF) as a reference. Extensive basis sets were employed
tional approaches in condensed matter physics and quawithin each method for all species studied [17].
tum chemistry. Several examples of molecular reactions All geometries were optimized within each method,
which proved to be difficult for commonly used methodsincluding the computationally demanding CCSD(T) ap-
[2] are studied. In addition, we present the first accuratgroach. Because efficient structural optimization has yet
calculations of a recently measured reaction, the ring inverto be developed within QMC, it is important to choose
sion of cyclo-octatetraene, the largest system for which thearefully the best possible geometries. As is often the
transition state has been experimentally observed and charase, the LDA and GGA geometries compare very well
acterized [1]. Our calculations show that QMC combineswith experiment for the equilibrium structures. Overall,
the necessary accuracy with the unique ability to perfornwe find the GGA functional B3-PW91 to give the best
correlated calculations for large systems. Moreover, thenatch (differing from available experiments by a maxi-
consistency of the QMC results enabled us to make genunum of 0.02 a.u. and 0°7 and we therefore use B3-
ine predictions for quantities not yet measured. PW91 optimized geometries for our QMC calculations.

In our QMC approach [3—-8], we use variational Monte In the following, we describe three different organic
Carlo to find an optimized correlated many-body trialreactions and compare the results of various theoretical
function, #r(R). #r(R) is a product of Slater determi- approaches: (i) The simple radical hydroxyl reaction,
nants,D,, and a correlation factor [9], OH + H, — H,O + H, involves the exchange of one
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hydrogen atom and has proved particularly problematierrors, etc.). In contrast, QMC is less sensitive to these
for the density functional approaches. (ii) The tetrazinegproblems and rather relies on a cancellation of the fixed-
reaction,H,C,N, — 2HCN + N, is interesting because node error which is usually much smaller, typically 5%
of the possibility of a single-step triple dissociation [18] of the valence correlation energy. Fixed-node QMC cal-
and has been investigated theoretically by several groupaulations of the barrier height for the hydrogen exchange
[2,18—20]. (iii) In the vinyl alcohol reactiorC,OH; —  reactionH + H, — H, + H [24] were in agreement to
acetaldehyde, a recent theoretical study has shown that tisthin ~0.005 eV with the exact calculations [25].
available experimental data may be suspect [21]. In many cases correct energy differences are found
Table | lists our calculated barrier heights and heatdo be “bracketed” by LDA and HF estimates. This
of formation for eight different methods plus experimentobservation can be qualitatively understood from the
for each of these reactions. Our QMC results are irfact that the exchange correlation can be expressed as
agreement to within 0.05 eV of the experimental valuesan integral over the strength of the electron-electron
for the cases where experimental data are available. Famteraction, where one limit in the integrand represents
the tetrazine reaction, both the barrier height and the he&tartree-Fock while the other LDA. Our calculations show
of formation are not well established experimentally. Thethat the effort to “correct” LDA by GGA’s produces
barrier height must fall at or below the threshold for mixed results and the predictions of various functionals
photodissociation (2.25 eV), and the heat of formationare inconsistent. For example, in the tetrazine reaction,
has not yet been accurately measured (e.g., two differetihe BLYP result which is the closest to the correct value
experiments have given values for the heat of formatiorfor the heat of formation fails by about 0.56 eV for the
—0.04 and—2.21 eV [22]). For vinyl alcohol, our results barrier height, and the predictions of the GGA’s are on
support a value around 2.47 eV which is different fromaverage not much better than LDA. In faapneof the
experimental estimates. As far as is known to us, thegradient corrected functionals is able to repair completely
experimental values are not available for these quantitiethe LDA error and the GGA's are off by at least 0.4 eV
and therefore we predict the theoretical values aheadr more—certainly an unsatisfactory result.
of experiment. Our QMC results are confirmed by the As a further test of the strengths of the different theo-
CCSD(T) method which, however, requires enormousetical approaches, we also compare atomization ener-
computational resources to accommodate the large bagiges for the molecules involved in the tetrazine reaction
sets needed to achieve such an accuracy. (Table Il). Note that LDA exhibits the usual 20%—30%
The Hartree-Fock barriers and heats of formation ar@verbinding. Although the GGA results are much im-
typically off by 0.5—1.0 eV. In LDA, one finds a wide proved over LDA, there is still a varying degree of sys-
range of errors, the worst being the negative barrier for théematic errors depending on the functional used. Quantum
hydroxyl reaction, thus predicting the transition state toMonte Carlo clearly gives values which are very close to
have a lower energy than both the reactants and productsxperiment, with differences from experiment of less than
A detailed investigation of the failure of density functional 2%. On the other hand, CCSD(T) with the largest basis
methods to describe the potential energy surface of thiset we could computationally afford shows errors on the
reaction can be found in Ref. [23]. order of 6% to 7%. Thus, we are able to make the most
Given the small sizes of the molecules in the hydroxylaccurate prediction to date for the binding energy of the
reaction, it may be somewhat surprising that the variousetrazine molecule, which, despite a number of theoretical
methods underperform so dramatically. The breaking oftudies done in recent years [19,27] has never been explic-
the hydrogen bond, however, is difficult for many stan-itly reported, to our best knowledge. The QMC estimate is
dard methods which rely on a cancellation of systemati@bout 34.36(5) eV which, assumirgl.5% underbinding,
errors (i.e., basis set incompleteness, density dependegives a best value so far of about 34.9(1) eV.

TABLE I. Barrier heights (BH) and heats of formatiénH,) in eV for the hydroxyl, tetrazine, and vinyl alcohol reactions calcu-
lated with different methods (see text) and compared with available experiments. Theoretical values include their respective zero
point energies. The QMC error bars are in parentheses.

Hydroxyl Tetrazine Vinyl alcohol
HF 1.05 —-0.07 3.01 —341 3.05 —0.54
LDA -0.91 —0.69 2.07 —1.99 191 —0.34
B-LYP —-0.10 —0.49 1.20 -2.35 2.22 —0.46
B3-LYP 0.03 —0.44 1.74 =2.15 241 —0.45
B-PW91 —0.03 —0.64 1.49 -1.73 2.12 —0.45
B3-PW91 0.04 —0.56 1.98 —1.68 2.32 —0.44
CCSD(T) 0.25 -0.57 1.79 —2.53 2.45 —0.46
QMC 0.22(4) —0.65(4) 1.73(7) —2.65(7) 2.47(4) —0.43(4)
EXP 0.17 —0.63 <2.25 S e —0.42
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aWith the cc-pVTZ [26] basis set.

The largest reaction considered in this study is the ring
inversion of cyclo-octatetraen€gHg) which has a tran-
sition state (see Fig. 1) that was recently shown to be an
open-shell singlet [1], thus violating Hund'’s rule. These
experiments, which mark a significant advance in transi-
tion state spectroscopy, place thg; open-shell singlet
=~(0.61 eV above the ground state and thg;, triplet
roughly 0.35 eV higher in energy than the singlet [1].

Previous theoretical work on the cyclo-octatetraene re-
action [28] has shown the tubD,;) geometry to be
the ground state structure, in agreement with experiment

.
Figure 1 shows the highest relevant single-particle orbitals
for the ground and transition state geometries. The low
symmetry nondegenerate highest occupied and lowest ur
(®

TABLE Il. Calculated atomization energies (eV) for the
tetrazine reaction systems and available experimental data.

N, HCN Tetrazine Transition state
LDA 11.03 15.23 42.45 39.98 EUMO
B-LYP 10.43 13.92 36.29 34.88
B3-LYP 9.97 13.61 35.38 33.42
B-PW91 10.29 13.87 36.64 34.93
B3-PW91 9.80 13.53 35.51 33.31
CCSD(Ty  9.37 13.05 33.57 31.37
QMC 9.75(5) 13.46(5) 34.36(5) 32.40(5) ¢ <
EXP 9.91 13.52 ¢

HOMO
()

occupied molecular orbitals of the ground state are indica-

tive of the nonequivalent bonding in the molecule. As the

reaction proceeds, these orbitals are transformed into twi

degenerat&, states which correspond to the equal bonds

along the transition stateg;, ring. The calculations in the

original paper [1] claimed to reproduce the experimental

barrier heights using a multiconfiguration HF with a smallFIG. 1. (a) Geometry and isosurfaces of highest occupied

; ; ; nd lowest unoccupied molecular orbitals for the groubw
bas'ﬁ set. HOV\:‘ever, ISU(.:h a calculation prowdle(;i only a;ltate of cyclo-octatetraene; (b) geometry and isosurfaces of the
small amount of correlation energy. In general, for pre-,q gegenerate orbitals for the singlet and triplet states of the
dictions in the 0.05-0.1 eV accuracy range much largefransitionDs, state of cyclo-octatetraene.

basis sets have to be employed.

Since Hartree-Fock is inappropriate for an open-shell
singlet state, we use a two-configuration generalized In our QMC calculations, correlating multideterminan-
valence bond (GVB) wave function. This gives an energytal wave functions is straightforward and, as is clear from
for the singlet which is too far (1.39 eV) above the Table lll, excellent agreement with experiment was ob-
ground state (see Table Ill). In LDA, the energies are todained using GVB for building the trial function. Thus,
small for the barrier to the ring triplet and too large for for this cyclo-octatetraene reaction, QMC is tloaly
the barrier to the ring singlet, thus reversing the triplet/method which is capable of correctly predicting both the
singlet ordering as in the case of GVB. The GGA resultdarrier heights and the energetic ordering of the transition
show almost no change for the singlet energy differencetates while, at the same time, providing a high level of
and tend to worsen the triplet. The challenges associatetbrrelation by obtaining=95% of the valence correlation
with correlating a multireference wave function (i.e., anenergy.
open-shell singlet) are especially apparent in the density In summary, we have calculated several organic reac-
functional approaches, which by construction rely ontions which revealed a crucial role of electron correlation
single-particle densities (or spin densities) and often havand its many-body treatment for reliable predictions of
difficulties with inherently multireference states such asbarrier heights and heats of formations. The results and
biradical singlets. Currently, the coupled cluster approacltomparisons with other methods and experiments show
is difficult to apply here with the same quality basis set aghe high accuracy of quantum Monte Carlo which enabled
in the smaller reactions. us to predict several quantities not yet measured. The
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