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To achieve a kilojoules-per-mole level of accuracy consistently in computational thermochemistry, the inclusion
of post-CCSD(T) correlation effects cannot be avoided. Such effects are included in the W4 and HEAT
computational thermochemistry protocols. The principal bottleneck in carrying out such calculations for larger
systems is the evaluation of the 75— (T) term. We propose a cost-effective empirical approximation for this
term that does not entail any reliance on experimental data. For first-row molecules, our W3.2lite protocol
yields atomization energies with a 95% confidence interval of ~0.4 kcal/mol at the expense of introducing
two such parameters. W3.2lite has been successfully applied to aromatic and aliphatic hydrocarbons such as
benzene, fulvene, phenyl radical, pyridine, furan, benzyne isomers, trans-butadiene, cyclobutene, [1.1.1]pro-
pellane, and bicyclo[1.1.1]pentane. The W3.2lite predictions for fulvene, phenyl radical, cyclobutene, and
[1.1.1]propellane are impossible to reconcile with experiment and suggest that remeasurement may be in

order.

I. Introduction

Recently, computational thermochemistry in the sub-kilojoule-
per-mole accuracy range has become possible on a near-“black
box” basis for small molecules thanks to two computational
thermochemistry approaches: HEAT (highly accurate extrapo-
lated ab initio thermochemistry) developed by an international
group of researchers '3 and W4 (Weizmann-4) by the Martin
group at Weizmann.* (We note in passing that validation against
experiment in this accuracy range would have been impossible
without the development of the active thermochemical tables
approach>™’ of Ruscic and coworkers.)

The most time-consuming steps in both W4 and HEAT are
post-CCSD(T) correlation calculations, which are essential for
consistently reaching this level of accuracy: if one neglects these
steps (as is done in, e.g., the older W1 and W2 methods),®° the
rms deviation for a representative sample of molecules will
increase by about an order of magnitude, from about 0.3 to 3
kJ/mol, unless one limits oneself to molecules dominated by
dynamical correlation.

The greatest weakness, at present, of both HEAT and W4
are the strenuous demands on computational resources places
by the post-CCSD(T) calculations. Fully iterative CCSDT
(coupled cluster with all single, double, and triple excitations)
calculations exhibit asymptotic CPU time scaling «<n’N> (where
n is the number of correlated electrons and N is the number of
orbitals) that reaches o«<n*N° for CCSDT(Q) (i.e., CCSDT with
quasiperturbative connected quadruples), e<n*N° for fully itera-
tive CCSDTQ, and o<n’N’ for CCSDTQ5.

In practice, W4 is limited to at most four heavy atoms with
some symmetry (BF3, SOs, and very recently FOOF),!* whereas
the reduced-cost variant W4lite* was successfully applied to the
SiF, molecule.!" Even the hardware available to us (8-core AMD
Opteron and Intel Cloverton systems, each with 32 GB of RAM
and a 2 TB striped disk array) was stretched to the limit by
these calculations.

7 Part of the special issue “Robert Benny Gerber Festschrift”.
* Corresponding author. E-mail: gershom@weizmann.ac.il.
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Basis set convergence of these contributions was recently
studied in great detail:'? it accelerates in the sequence CCSDT—
CCSD(T) < CCSDT(Q)—CCSDT < CCSDTQ—CCSDT <
CCSDTQ5—CCSDTQ. As a result, even in W4lite and W3.2,
the f"3—(T) contribution (that is, the CCSDT—CCSD(T) differ-
ence) is obtained from relatively large basis sets of up to spdf
quality (Dunning’s correlation consistent cc-pVITZ, to be
precise), whereas the f"4 and higher contributions in W4lite,
W3.2, and HEAT345(Q) are actually obtained from a single
CCSDT(Q) calculation in the fairly small cc-pVDZ basis set.
We note here that whereas the CCSDT(Q) calculation is
computationally tedious it requires only fairly modest amounts
of memory and lends itself extremely well to parallelism. This
leaves the iterative 75—(T) step as the main computational
bottleneck, not just in terms of CPU time but also of memory
requirements.

In the present contribution, we propose an approximation that
at the expense of introducing one to two empirical scaling
parameters, none of which are derived from experiment, allows
post-CCSD(T) computational thermochemistry on considerably
larger systems. Applications to molecules such as benzene,
fulvene, phenyl radical, pyridine, furan, benzyne isomers, trans-
butadiene, cyclobutene, [1.1.1]propellane, and bicyclo[1.1.1]-
pentane will be presented as proofs of concept.

II. Computational Methods

All calculations were carried out on the Linux cluster of the
Martin group at Weizmann. Geometry optimizations were
carried out using Gaussian 03 revision C.01.!* The B3LYP!*!5
DFT hybrid exchange correlation functional was used in
conjunction with the pc-2'®~13 polarization consistent basis set
of Jensen. For the molecules in sets I and II as well as for the
benzyne isomers, cyclobutene, and frans-butadiene, reference
geometries were optimized at the CCSD(T)/cc-pV(Q+d)Z level
of theory with only valence electrons correlated.

Unless otherwise stated, all post-CCSD(T) calculations were
carried out using an OpenMP-parallel version of Mihdly Kallay’s
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general coupled cluster code MRCC' interfaced to the
Austin—Mainz—Budapest version of the ACES II program
system.?® All large-scale self-consistent field (SCF), CCSD, and
CCSD(T) calculations?!'?? were carried out using version 2006.1
of the MOLPRO? program system. The diagonal Born—
Oppenheimer correction (DBOC) calculations and some CCSDT
calculations were carried out using the Austin—Mainz—Budapest
version of the ACES II program system.?

Unless otherwise indicated, all basis sets employed belong
to the correlation-consistent family of Dunning and coworkers.?*~2
For the large scale SCF, CCSD, and CCSD(T) single-point
calculations, we combined the regular cc-pVnZ basis sets>* on
H with aug-cc-pVnZ basis sets®® on Be—F and aug-cc-
pV(n+d)Z basis sets®® on Al—Cl. For convenience, we will
denote this combination by AVrZ and regular cc-pVnZ on all
atoms by PVrZ. In core-valence correlation calculations, the
augmented version of the core-valence weighted correlation
consistent basis sets of Peterson and Dunning were employed.?’
Scalar relativistic calculations were carried out using the Pacific
Northwest National Laboratory (PNNL) Douglas—Kroll—Hess
relativistically contracted correlation basis sets.?® For the valence
correlation post-CCSD(T) calculations, regular cc-pVnZ basis
sets were employed as well as the atomic natural orbital (ANO)
[4s3p1d/3s1p] basis set of Roos and coworkers,?*° denoted by
ANO431.

All basis set extrapolations, unless otherwise indicated, are
carried out using the two-point extrapolation A + B/L? (where
L is the highest angular momentum present in the basis set). In
W3.2lite theory, we also consider extrapolations of the form of
a simple linear combination of two basis sets for the valence
CCSDT—CCSD(T) contribution.

The computational protocols of W4 theory, of the simplified
variants W4lite, W3.2, and W2.2, and of the post-W4 methods
W4.2, W4.3, and W4.4 have been specified and rationalized in
great detail elsewhere.*!> For the sake of making the article
self-contained, we will briefly outline the various steps in W3.2
theory: (1) The reference geometry is obtained at the CCSD(T)/
cc-pV(Q+d)Z level (frozen core). (2) The ROHF-SCF contribu-
tion is extrapolated from AVQZ and AVS5Z basis sets using
the Karton—Martin modification®! of Jensen’s extrapolation
formula*

Eppy = Egr. + AL + 1) exp(—9VL) (1

(3) The RCCSD valence correlation energy is calculated using
AVQZ and AV5Z basis sets, using the Watts—Gauss—Bartlett
(also known as ACES) definition?> for open-shell systems.
Following the suggestion of Klopper,® it is partitioned in singlet-
coupled pair energies, triplet-coupled pair energies, and 7} terms.
The 7y term (which exhibits very weak basis set dependence)
is simply set to be equal to that in the largest basis set, whereas
the singlet-coupled and triplet-coupled pair energies are ex-
trapolated using A + B/L* with og = 3 and o = 5. These
expressions are physically motivated by the partial-wave expan-
sion for pair correlation energies in helium-like atoms*3¢ as
well as by empirical observations.®?’ (4) The (T) valence
correlation energy is extrapolated from AVTZ and AVQZ
calculations. For open-shell systems, the Werner—Knowles—
Hampel (also know as MOLPRO) definition®® of the restricted
open-shell CCSD(T) energy is employed throughout rather than
the original Watts—Gauss—Bartlett*? (also known as ACES 1I)
definition, unless otherwise indicated. (5) The CCSDT—CCSD(T)
difference is extrapolated from PVDZ and PVTZ basis sets.
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(6) The T, difference is estimated at the UCCSDT(Q)/PVDZ
level of theory. (7) The difference between ACES II and
MOLPRO definitions of the valence RCCSD(T) definition is
extrapolated from PVDZ and PVTZ basis sets. One half of this
contribution is added to the final result. (8) The inner-shell
correlation contribution is extrapolated from RCCSD(T)/aug-
cc-pwCVTZ and RCCSD(T)/aug-cc-pwCVQZ calculations. (9)
The scalar relativistic contribution is obtained from the differ-
ence between nonrelativistic RCCSD(T)/AVQZ and second-
order Douglas—Kroll RCCSD(T)/DK-aug-cc-pV(Q+d)Z cal-
culations. (10) Atomic spin—orbit coupling terms are taken from
the experimental fine structure. (11) Finally, diagonal Born—
Oppenheimer corrections are obtained from RHF/AVTZ calculations.

III. Results and Discussion

For systems consisting of more than four non-hydrogen
atoms, full W4 is not a viable option with current mainstream
technology. If one wants to treat such a system by means of
post-W2 methods, then W3.2 would probably be the only
feasible starting point. The most strenuous calculations in W3.2,
which might be considered to be the bottleneck of the method,
are the CCSDT/PVTZ and CCSDT(Q)/PVDZ single-point
calculations. For example, for the phenyl radical (C,, symmetry),
the quasiperturbative CCSDT(Q)/PVDZ calculation involves 67
x 10° determinants in the (Q) stage, whereas a fully iterative
CCSDT/PVTZ calculation, if it were feasible, would involve
4.7 x 10° amplitudes. (In practice, the memory requirements
are too forbidding, even for a machine with 32 GB of main
memory.)

A. Higher-Order Connected Triples Contributions to the
Total Atomization Energies. Because these are clearly the
narrowest of the two bottlenecks, let us first consider the higher-
order connected triples contributions (also known as “f}—(T)”).
We were able to obtain reference values at the W4.4 theory
level'? for a chemically diverse training set of 51 first- and
second-row small molecules, hereinafter referred to as “set I”.
They are: BH, BH3, CH, CHz, CH3, CH4, CzH, C2H2, C2H4,
NH, NH,, NH;, N,H, N,H,, OH, H,0, HF, HCN, HNO, H,CO,
HOF, N,, O,, F,, BF, CO, CN, CF, NO, OF, BeF,, CO,, AlH,
AlH;, SiH, SiH4, PH;, HS, H,S, HCI, AlF, SiO, SiF, CS, SO,
CIO, CIF, P,, S,, Cl,, and AICI. The chosen set, which includes
radicals, polar systems, hydrides, and nonhydrides with single
and multiple bonds, evidently spans the gamut from systems
dominated by a single reference configuration to systems
dominated by nondynamical correlation. Pathological cases such
as BeO, MgO, Be,, B,, C;, and BN (a '="), for which the
subsequent approximations proved to be too crude to hold, are
omitted from consideration.

It has recently been shown'? that higher-order triples contri-
butions to the total atomization energy (TAE) extrapolated from
the PV{T,Q}Z basis set pair are very close to the basis set limit
and that convergence is slower than o = 3. Fitting against
PV{5,6}Z results suggested an effective exponent of oo = 2.5.
Hereinafter, we consider the PV{T,Q}Z results extrapolated with
exponent a = 2.5 as the basis set limit for the 75—(T)
contribution. In general, this contribution at the basis set limit
systematically reduces the TAE (notable exceptions are the CH
and OF radicals with increases of 0.10 and 0.28 kcal/mol,
respectively). Considerable basis set sensitivity is seen, espe-
cially for species containing multiple and very polar bonds. The
PVDZ basis set is too limited to describe higher-order triples
contributions; in particular, f"3—(T) contributions are generally
positive with the PVDZ basis set and change sign as the basis
set is expanded. The PV{D,T}Z pair, however, affords quite
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TABLE 1: T3—(T) Error Statistics with Respect to Our Best Results for Set I (in kcal/mol)

1st row (32 species) 1st/2nd row (19 species)” all (51 species)

basis sets a R? MAD  rmsd a R*> MAD rmsd a R? MAD  rmsd
PVTZ 0.12 0.14 0.11 0.14 0.12 0.14
PVTZ(nof 2d) 0.16 0.19 0.20 0.25
PVTZ(nof 1d) 0.23 0.28 0.29 0.37
ANO431 0.25 0.29 0.26 0.35
a x PVTZ 140 097 0.06 0.07 142 098 0.04 0.05 1.41 0.97 0.05 0.06
a x PVTZ(nof2d) 1.54*  0.95* 0.08 0.10° 194" 090 0.12° 0.15 1.64 0.91 0.10 0.13
a x PVTZ(nof 1d) 1.94¢  0.87° 0.14° 0.19° 221 0.65 0.28 0.34
a x ANO431 1.89¢ 0.84¢ 0.18¢ 0.23¢ 2.14 0.6l 0.22 0.30
(1 —a) x PVDZ + a x PVTZ(nof 1d) 2.39¢ 093¢ 0.07° 0.08
(1 —a) x PVDZ + a x 2400 093 006 0.08

PVTZ(nof 1d)(noponH)
(1 — a) x PVDZ + a x PVTZ(nof2d) 1.62¢  0.96¢ 0.05¢ 0.07¢ 208 093% 007 0.09 174 092" 006 0.09
(1 —a) x PVDZ + a x 1.62" 0.96" 0.05" 0.07" 2.08 0.93 006 0.08 1.74" 0.92" 0.06™ 0.09"
PVTZ(nof2d)(1ponH)
(1 —a) x PVDZ + a x PVTZ 143 098 0.03 0.05 1.42  0.99 0.03 0.04
PV{D,T}Z 0.98 0.03 0.05 0.99 0.03 0.04 0.98 0.03 0.04
considering only the 1st row hydrides of set I (16 species)
basis sets a R? MAD rmsd

a x PVTZ (nof 1d) 2.32 0.91 0.13 0.15
a x PVTZ(nof 1d)(noponH) 2.44 0.91 0.12 0.14
a x PVTZ(nof2d) 1.74 0.97 0.07 0.08
a x PVTZ(nof2d)(1ponH) 1.76 0.97 0.07 0.08
(1 —a) x PVDZ + a x PVTZ(nof 1d) 2.81 0.99 0.03 0.04
(1 — a) x PVDZ + a x PVTZ(nof 1d)(noponH) 2.80 0.99 0.03 0.03
(1 — a) x PVDZ + a x PVTZ(nof2d) 1.83 1.00 0.02 0.03
(1 — a) x PVDZ + a x PVTZ(nof2d)(1ponH) 1.83 1.00 0.01 0.02

“Here and in all subsequent tables, this notation refers to systems containing at least one second-row element. ” Eliminating the main
outliers CN, OF, and HNO results in @ = 1.58, R*> = 0.97, MAD = 0.07, and rmsd = 0.08 kcal/mol. ¢ Eliminating the main outliers CN and
OF results in @ = 2.12, R> = 0.92, MAD = 0.12, and rmsd = 0.14 kcal/mol. “Eliminating the main outliers CN and OF results in a = 2.13,
R?> = 0.89, MAD = 0.15, and rmsd = 0.18 kcal/mol. ¢ Eliminating the main outliers HNO, O,, F,, and OF results in a = 2.58, R* = 0.98,
MAD = 0.04, and rmsd = 0.05 kcal/mol. / Eliminating the main outliers HNO, O,, F,, and OF results in a = 2.59, R*> = 0.98, MAD = 0.03,
and rmsd = 0.05 kcal/mol. ¢ Eliminating the main outliers HNO, O,, F,, and OF results in a = 1.72, R> = 0.99, MAD = 0.03, and rmsd =
0.03 kcal/mol. " Eliminating the main outliers HNO, O,, F,, and OF results in @ = 1.72, R*> = 0.99, MAD = 0.02, and rmsd = 0.03 kcal/mol.
’ Eliminating the main outliers C1O, PH3, and SO results in a = 2.25, R = 0.93, MAD = 0.08, and rmsd = 0.09 kcal/mol. / Eliminating the
main outlier P, results in a = 1.98, R> = 0.96, MAD = 0.06, and rmsd = 0.07 kcal/mol. * Eliminating the main outlier P, results in a = 1.98,
R?> = 0.96, MAD = 0.05, and rmsd = 0.06 kcal/mol. ’Eliminating the main outliers HNO, OF, and P, results in a = 1.76, R*> = 0.96, MAD =
0.05, and rmsd = 0.07 kcal/mol. " Eliminating the main outliers HNO, OF, and P, results in a = 1.76, R*> = 0.96, MAD = 0.04, and rmsd =
0.06 kcal/mol.

reasonable predictions (e.g., the rmsd for set I with respect to
the basis set limit is 0.04 kcal/mol) and in fact is used in W3.2,
Widlite, W4, and W4.2 theories.*

In an attempt to lower the computational cost of the CCSDT/
PVTZ calculation in W3.2 theory, we consider five smaller basis
sets: (i) the ANO431 basis set; (i) the spd and sp parts of the

Let us first consider the first-row species of set I (Table 1).
The root-mean-square deviation (rmsd) of the unscaled PVTZ,
PVTZ(nof2d), PVTZ(nof 1d), and ANO431 basis sets is 0.14,
0.19, 0.28, and 0.29 kcal/mol, respectively. Simple scaling of
these basis sets reduces the rmsd by 20—50% to 0.07, 0.10,
0.19, and 0.23 kcal/mol, respectively. In reality, such scaling

PVTZ basis set on heavy atoms and hydrogen, respectively,
denoted by PVTZ(nof2d); (iii) the PVTZ(nof2d) basis set with
the p functions on hydrogen replaced by the p function of the
PVDZ basis set, denoted PVTZ(nof2d)(1ponH); (iv) the sp part
of the PVTZ basis set combined with the d function from the
PVDZ basis set on heavy atoms and the s part of the PVTZ
basis set combined with the p function from the PVDZ basis
set on hydrogen, denoted by PVTZ(nof1d); and (v) the
PVTZ(nof 1d) basis set without the p function on hydrogen,
denoted by PVTZ(nof2d)(noponH). These five basis sets consist
of [4s3p1d/3slp], [4s3p2d/3s2p], [4s3p2d/3slp], [4s3pld/3slp],
and [4s3pld/3s] contracted Gaussian-type orbitals (GTO),
respectively. The basis set dependence is shown in Table S1 of
the Supporting Information, and the error statistics for set I with
respect to the basis set limit are summarized in Table 1. Here
we adopt the same strategy that was used in W3 and W4
theories, namely, using a scaling factor determined from least-
squares fitting to the best available basis set limits over our
training set of molecules.

becomes less effective because the basis set is less complete.
We then considered the possibility of using a “multicoefficient”
or “extrapolation” approach of the type Er_(r(e0) = a X
Er—1)(PVDZ) +  x Er—) (basis sety), where basis set, is one
of the aforementioned truncated basis sets. (It should be noted
that this is not an extrapolation in terms of L.) Like Schwenke™
in a different context, we believe it is useful to impose the
condition a + 8 = 1, which leads to an expression with only
a single adjustable parameter

Er_1(*) = Er_(PVDZ) + alE;_pbasis set,) —
E;_q(PVDZ)] (2)

Whereas this expression has no theoretical rationale, in practice,
we find that it considerably improves performance over simple
scaling: For example, using the PVDZ and PVTZ(nof2d) basis
sets, we find a = 1.62, R?> = 0.96, and rmsd = 0.07 kcal/mol.
Upon exclusion of the four main outliers (HNO, O,, F,, and
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TABLE 2: Error Statistics ﬁ Approximation versus (Q)/PV{T,Q}Z + [Q—(Q)]/PVTZ + TSIPVDZ Results for Set II (in
kcal/mol)

1% row (24 species) 1°2™ row (19 species) all (43 species)
a R> MAD rmsd a R> MAD rmsd a R>  MAD rmsd
(Q)/PVDZ 0.06 0.09 0.16 0.24 0.10 0.17
a x (Q)/PVDZ 1.08" 0.97° 0.05> 0.07° 1.34" 0.85" 0.13" 0.18" 1.17" 0.89" 0.10" 0.14"
(Q)/PVDZ(noponH) 0.06  0.09 0.17 024 0.11 0.17
a x (Q)/PVDZ(noponH) 1.08¢ 0.97° 0.06° 0.08° 1.34 0.85° 0.14° 0.18 1.17° 0.89° 0.10° 0.15°
(Q)/ANO431 0.06 0.09 0.15 0.22 0.10 0.16
a x (Q)/ANO431 1.114 0.98¢ 0.04¢ 0.067 1.40 094 008 0.1V 1217 0947 0.08” 0.117
(Q)/PVTZ(nof1d) 0.08 0.11 0.17 024 0.12 0.8
a x (Q)/PVTZ(nofld) 1.18°¢ 0.98 0.04° 0.06° 1.47* 0.93* 0.09¢ 0.13* 1.28¢ 0.947 0.08¢7 0.12¢
a x (Q)J/PVDZ + b x (0.32,0.83) 098 0.04 006 (—1.31,2.87) 096 008 0.100 (—0.55,1.87y 094" 007" 0.11"
(Q/PVTZ(nof1d)
a x [T,—(Q)/PVDZ(nod) + 1.17¢ 0.97¢ 0.05¢ 0.08¢ 1.51™ 0.96" 0.06™ 0.08" 1.38 0.94 007 0.11
(Q/PVTZ(nof1d)|
considering only the 1st row hydrides of set II
a R? MAD rmsd
(Q)/PVDZ 0.06 0.10
a x (Q)/PVDZ 1.23 0.97 0.04 0.06
(Q)/PVDZ(noponH) 0.07 0.11
a x (Q)/PVDZ(noponH) 1.23 0.96 0.05 0.07
(Q)/ANO431 0.05 0.09
a x (Q)/ANO431 1.26 0.99 0.03 0.04

“ Parameterized against our best available 7, results. Eliminating the main outliers C,H, and C,H results in a = 1.06, R*> = 0.99, MAD =
0.03, and rmsd = 0.05 kcal/mol. ¢ Eliminating the main outliers C,H, and C,H results in a = 1.05, R?> = 0.99, MAD = 0.04, and rmsd = 0.05
kcal/mol. ¢ Eliminating the main outliers C,H, and C,H results in @ = 1.09, R> = 0.99, MAD = 0.03, and rmsd = 0.04 kcal/mol. ¢ Eliminating
the main outlier CN results in @ = 1.23, R> = 0.99, MAD = 0.02, and rmsd = 0.04 kcal/mol. / After eliminating the main outliers C,H, and
C,H, the scaling factors become (0.53, 0.57), R> = 0.99, MAD = 0.03, and rmsd = 0.04 kcal/mol. ¢ Eliminating the main outlier CN results in
a =125, R> = 0.99, MAD = 0.02, and rmsd = 0.03 kcal/mol. ” Eliminating the main outlier SiO results in @ = 1.50, R*> = 0.91, MAD =
0.10, and rmsd = 0.13 kcal/mol. iEliminating the main outlier SiO results in a = 1.50, R> = 0.91, MAD = 0.11, and rmsd = 0.14 kcal/mol.
J Eliminating the main outlier SiO results in @ = 1.49, R> = 0.97, MAD = 0.07, and rmsd = 0.08 kcal/mol. ¥ Eliminating the main outlier SiO
results in @ = 1.59, R? = 0.97, MAD = 0.06, and rmsd = 0.09 kcal/mol. ! After eliminating the main outlier, SiO, the scaling factors become
(—0.65, 2.26), R*> = 0.98, MAD = 0.06, and rmsd = 0.08 kcal/mol. " Eliminating the main outlier SiO results in a = 1.58, R*> = 0.98, MAD
= 0.04, and rmsd = 0.06 kcal/mol. " Eliminating the main outliers P,, S,, and CS results in a = 1.09, R*> = 0.95, MAD = 0.07, and rmsd =
0.09 kcal/mol. ° Eliminating the main outliers P,, S,, and CS results in @ = 1.09, R> = 0.95, MAD = 0.07, and rmsd = 0.09 kcal/mol.
? Eliminating the main outliers P, S,, and CS results in @ = 1.14, R> = 0.97, MAD = 0.05, and rmsd = 0.07 kcal/mol. ¢ Eliminating the main
outliers P,, S,, and CS results in a = 1.20, R?> = 0.97, MAD = 0.05, and rmsd = 0.08 kcal/mol. " After eliminating the main outliers P,, S,,
and CS, the scaling factors become (0.26, 0.91), R?> = 0.97, MAD = 0.05, and rmsd = 0.08 kcal/mol.

OF) an even better fit is obtained: a = 1.72, R*> = 0.99, and B. Post-CCSDT Contributions to the Total Atomization
rmsd = 0.03 kcal/mol. Using the PVDZ and PVTZ(nof1d) basis Energies. We will now consider the post-CCSDT contributions
sets, we find a = 2.39, R?> = 0.93, and rmsd = 0.08 kcal/mol. to the molecular TAE. For a set of 43 first- and second-row
(Again, elimination of the four main outliers, HNO, O,, F,, and small molecules (hereinafter referred to as “set II’), we were
OF, results in: a = 2.58, R = 0.98, and rmsd = 0.05 kcal/ able to obtain f4 + fs contributions at the W4.3 theory level;
mol.) (For the sake of completeness, we note that we also that is, parenthetical connected quadruples (CCSDT(Q)—CCSDT)
attempted to relax the o + 5 = 1 condition, but found no visible are extrapolated from PVTZ and PVQZ basis sets, higher-order
improvement; in addition, a + 8 was very close to 1 for the quadruple contributions (7,—CCSDT(Q)) are calculated with
two-parameter optimized solutions.) As a numerical experiment, the PVTZ basis set, and connected quintuple contributions
we considered a linear combination of the PVDZ and PVTZ (CCSDTQ5—CCSDTQ) are calculated with the PVDZ basis set.
basis sets and obtained a = 1.43, which is practically equivalent Set II includes the following molecules: BH, BH;, CH, CH,,

to the regular two-point A + B/L? extrapolation. Finally, we CHs, CHy4, C,H, C,H,, NH, NH,, NH;, OH, H,O, HF, HCN,
note that taking off one p function on H in the PVTZ(nof2d) N,, O,, F>, BF, CO, CN, CF, NO, OF, AIH, AlH;, SiH, SiH,,
or PVTZ(nof'1d) basis sets is of very little consequence for the PH;, HS, H,S, HCI, AIF, SiO, SiF, CS, SO, CIO, CIF, P,, S,,

subset of 16 first-row hydrides. (See Table 1.) Cl,, and AICI. We first consider scaling of CCSDT(Q)—CCSDT
Turning now to the species containing second-row elements contributions calculated with the PVDZ and ANO431 basis sets

in set I, the PVDZ, ANO431 and PVTZ(nof1d) basis sets are against our best available ﬁ + fs results. Table 2 depicts the

found to be simply too small to give any useful predictions. overall error statistics for set II. The basis set dependence is

The smallest basis set for which a useful correlation with the shown in Table S2 of the Supporting Information.

basis set limit results can be found is PVTZ(nof2d). For the For all systems considered, the overall T, + T5 contributions

subset of 19 molecules containing second-row atoms of set I, are positive, ranging from 0.03 (CH,) to 1.6 kcal/mol (P,).

we obtain a scaling factor of 1.94, R? = 0.90, and rmsd = 0.15 Without exception, the CCSDT(Q)—CCSDT contributions to
kcal/mol. Excluding the three main outliers (SO, ClO, and PH3) the TAE are likewise positive. As observed earlier,* CCSDT(Q)—
results in a scaling coefficient of 2.25, R = 0.93, and rmsd = CCSDT contributions generally increase monotonically with the
0.09 kcal/mol. If the PVDZ results are included via eq 2, then basis set size, except for very polar systems where the PVDZ
we obtain @ = 1.98, R?> = 0.96, and rmsd = 0.07 kcal/mol upon results are overestimates. (For example, for OH, H,O, SiF, AlF,
exclusion of the main outlier, P». and HF, the PVDZ results are higher than the PV{T,Q}Z limits
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TABLE 3: Error Statistics Wr Variants versus ATcT (in kcal/mol) for the Set of Molecules Considered in Reference 4

method 73—(T) Q) MSD MAD rmsd
Ist Row (19 Species)*
Ww2.2 N/A N/A —0.49 0.53 0.95
W3.2 PV{D,T}Z PVDZ —0.10 0.17 0.23
W3.2 PV{D,T}Z 1.1 x PVDZ —0.01 0.11 0.13
W3.2lite(a) —0.7 x PVDZ + 1.7 x PVTZ(nof2d) 1.1 x PVDZ —0.05 0.14 0.19
W3.2lite(b) —1.6 x PVDZ + 2.6 x PVTZ(nof 1d) 1.1 x PVDZ —0.07 0.17 0.21
W3 .2lite(c) —1.6 x PVDZ + 2.6 x PVTZ(nof 1d)(noponH) 1.1 x PVDZ(noponH) —0.08 0.16 0.21
Widlite PV{D,T}Z PVDZ —0.03 0.09 0.12
Widlite PV{D,T}Z 1.1 x PVDZ 0.06 0.08 0.11
W4 PV{D,T}Z b —0.01 0.07 0.09
1st/2nd Row (6 Species)”
Ww2.2 N/A N/A —0.18 0.22 0.34
W3.2 PV{D,T}Z PVDZ —0.09 0.13 0.16
W3.2 PV{D,T}Z 1.1 x PVDZ —0.03 0.10 0.12
W3.2lite(d) —1.0 x PVDZ + 2.0 x PVTZ(nof2d) 1.5 x ANO431 0.00 0.11 0.13
Widlite PV{D,T}Z PVDZ —0.08 0.11 0.16
Widlite PV{D,T}Z 1.1 x PVDZ —0.02 0.13 0.17
w4 PV{D,T}Z b —0.02 0.07 0.08
All (25 Species)

Ww2.2 N/A N/A —0.41 0.46 0.85
W3.2 PV{D,T}Z PVDZ —0.10 0.16 0.22
W3.2 PV{D,T}Z 1.1 x PVDZ —0.02 0.11 0.13
W3.2lite(a) —0.7 x PVDZ + 1.7 x PVTZ(nof 2d) 1.1 x PVDZ —0.04 0.14 0.17
W3.2lite(b) —1.6 x PVDZ+2.6 x PVTZ(nof 1d) 1.1 x PVDZ —0.03 0.16 0.20
W3.2lite(c) —1.6 x PVDZ + 2.6 x PVTZ(nof2d)(noponH) 1.1 x PVDZ(noponH) —0.04 0.16 0.20
W3.2lite(d) —1.0 x PVDZ + 2.0 x PVTZ(nof2d) 1.5 x ANO431 0.01 0.13 0.15
Widlite PV{D,T}Z PVDZ —0.04 0.10 0.13
Wdlite PV{D,T}Z 1.1 x PVDZ 0.04 0.09 0.13
W4 PV{D,T}Z b —0.01 0.07 0.08

“H,0, C,H,, CH;, CH,, CH, CO,, CO, F,, HF, N2, NH;, N,O, NO, O,, 03, NO,, C,H,, H,CO, and HNO. * Here 7, = 1.1(E[CCSDT(Q)/
PVTZ] — E[CCSDT/PVTZ] + E[CCSDTQ/PVDZ] — E[CCSDT(Q)/PVDZ]). € H»S, SO, SO,, HCI, HOCI, and Cl,.

by 0.02, 0.03, 0.03, 0.04, and 0.06 kcal/mol, respectively). In
general, (Q)/PVDZ and (Q)/ANO431 underestimate the overall
T, + Ts contribution. Again, very polar cases may be an
exception to this rule. For the ANO431 basis set, the only
notable exception is CN, whereas for the PVDZ basis set, the
(Q) contribution overestimates the overall post-CCSDT contri-
bution for quite a few polar systems, most notably for BF, CF,
OF, H,0, HF, AlF, and SiO by 0.04, 0.04, 0.05, 0.05, 0.08,
0.08, and 0.10 kcal/mol, respectively.

For the first-row subset of set II, there is a rather high
statistical correlation between the CCSDT(Q)—CCSDT values
and the reference f"4 + f"s numbers; R = 0.974 and 0.978 for
the PVDZ and ANO431 basis sets, respectively. Eliminating
the two main outliers, C,H and C,H,, results in scaling factors
of 1.06 and 1.09, R? = 0.988 and 0.990, and rmsd = 0.05 and
0.04 kcal/mol, respectively, for the PVDZ and ANO431 basis
sets. Again, we note that removing the p function on H from
the PVDZ basis set (denoted, PVDZ(noponH)) is of very little
consequence on the scaling factor and error statistics for the
subset of 15 first-row hydrides. (See Table 2.)

We also considered more elaborate approximations to the T,
contribution, namely, a x (Q)/PVTZ(nofld), a x (Q)/PVDZ
+ b x (Q)/PVTZ(nof1d), and a x [f};—(Q)/PVDZ(nod) + (Q)/
PVTZ(nof1d)], where PVDZ(nod) denotes the sp part of the
PVDZ basis set, but found no appreciable improvement with
their use.

For the subset of molecules containing second-row atoms of
set II, the situation is less encouraging. For the PVDZ basis
set, we obtain a scaling factor of 1.50, R*> = 0.91, MAD =
0.10, and rmsd = 0.13 kcal/mol, after eliminating the main
outlier, SiO. The ANO431 basis set, however, performs more
consistently, giving a scaling factor of 1.49, R> = 0.97, MAD

= 0.07, and rmsd = 0.08 kcal/mol after SiO is eliminated. The
a x [ﬂ—(Q)/PVDZ(nod) + (Q)/PVTZ(nof1d)] formula admits
some improvement: ¢ = 1.58, R> = 0.98, MAD = 0.04, and
rmsd = 0.06 kcal/mol after SiO is eliminated.

C. W3.2lite Theory. The results of the previous sections can
be incorporated in a computationally more economical version
of W3.2 theory, to be known as W3.2lite. Table 3 gives the
error statistics for the set of ATcT species that were considered
in our original W4 paper.* (The individual errors can be found
in Table S3 of the Supporting Information.)

Let us first consider the first-row systems. We propose three
alternatives for calculating the 75— (T) contribution: (variant a)
from eq 2 with @ = 1.7 and basis set, = PVTZ(nof2d); (variant
b) from eq 2 with @ = 2.6 and basis set, = PVTZ(nof1d); or
(variant c) from eq 2 with a = 2.6 and basis set, =
PVTZ(nof1d)(noponH). As for post-CCSDT contributions, the
ANO431 and PVDZ basis sets show similar performance. We
therefore suggest use of the smaller basis set, that is, UCCS-
DT(Q)/PVDZ—UCCSDT/PVDZ scaled by 1.1 for variants (a)
and (b), and UCCSDT(Q)/PVDZ(noponH)—UCCSDT/PVDZ-
(noponH) scaled by 1.1 for the computationally less expensive
variant (c). The greatest improvement of variant (a) over variant
(b) is seen for N,, O,, F»,, NO, HNO, and N,O, for which the
error (in absolute value) drops by about 0.07 kcal/mol. All in
all, variant (a) offers little improvement over variant (b). For
example, the MAD and rmsd of the former are lower by only
0.03 and 0.02 kcal/mol. Therefore, the extra computational cost
of W3.2lite(a) does not seem to warrant its use, although it
should be noted (Table S3 of the Supporting Information) that
the errors of W3.2lite(a) are systematically lower than those of
W3.2lite(b) at the price of adding only five basis functions per
heavy atom.
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TABLE 4: Diagnostics for Importance of Nondynamical Correlation

% TAE, CCSD/cc-pVTZ
[SCF]* [(D)]* [post-CCSD(T)]* [(Q)]* /1 diagnostic D, diagnostic largest 7, amplitudes
benzene 76.8 2.0 —0.04 0.13 0.010 0.028 0.080 (x2)
fulvene 76.0 2.0 —0.01 0.14 0.011 0.035 0.098
phenyl radical 76.3 2.1 —0.001 0.16 0.013 0.042 0.081
pyridine 74.0 2.3 —0.04 0.16 0.011 0.029 0.085
furane 73.5 2.3 —0.03 0.17 0.013 0.043 0.077
o-benzyne('A)) 73.1 2.8 —0.01 0.25 0.013 0.039 0.153
m-benzyne('A;) 71.8 3.1 0.02 0.36 0.015 0.046 0.188
p-benzyne('A,) 68.1 4.3 0.16 0.68 0.019 0.063 0.353
p-benzyne(*B;,) 75.7 2.3 0.01 0.16 0.015 0.048 0.083
trans-butadiene 76.9 1.6 —0.002 0.09 0.011 0.034 0.108
cyclobutene 76.2 1.6 —0.02 0.09 0.010 0.030 0.104
[1.1.1]propellane('A}) 74.2 2.0 —0.04 0.14 0.010 0.027 0.100
[1.1.1]propellane((A5") 74.4 1.9 0.00 0.11 0.011 0.027 0.026
bicyclo[1.1.1]pentane('A7) 75.7 1.6 —0.04 0.08 0.008 0.017 0.024

“Percentage of the total atomization energy related to nonrelativistic,

doubly occupied.

There is no visible difference in performance between
W3.2lite(b) and W3.2lite(c). For the set of 19 ATcT species
that were considered in our original W4 paper,* both variants
attain a MSD, MAD, and rmsd of —0.08, 0.17, and 0.21 kcal/
mol, which implies a 95% confidence interval of ~0.4 kcal/
mol.

Turning to the species containing second-row atoms, for the
f"3—(T) contribution (variant d), we find an empirical expression
in the form of eq 2 with a = 2.0 and basis set, = PVTZ(nof2d).
As for post-CCSDT contributions, the results of the previous
section suggest using the ANO431 basis set scaled by 1.5. For
the set of six species involving second-row elements for which
we have ATcT values, we obtain a MSD, MAD, and rmsd of
0.00, 0.1, and 0.13 kcal/mol, respectively. (Although we note
that a subset of six molecules is too small to provide statistically
meaningful data.)

In summary, the changes in W3.2lite relative to W3.2 theory
(Computational Methods section) are as follows: (1) The
reference geometry is obtained at the B3ALYP/PVTZ level of
theory. (2) The f"3—(T) difference for first-row systems is
obtained from the empirical expressions —1.6 x PVDZ + 2.6
x PVTZ(nofld) (variant b) and —1.6 x PVDZ + 2.6 x
PVTZ(nof1d)(noponH) (variant ¢) and for second-row systems
from —1.0 x PVDZ + 2.0 x PVTZ(nof2d) (variant d). (3) Post-
CCSDT contributions for first-row systems are estimated from
UCCSDT(Q)/PVDZ—UCCSDT/PVDZ scaled by 1.1 (variant
b) and UCCSDT(Q)/PVDZ(noponH)—UCCSDT/PVDZ(nopo-
nH) scaled by 1.1 (variant c¢) and for second-row systems from
UCCSDT(Q)YANO431—UCCSDT/ANO431 scaled by 1.5 (vari-
ant d).

To summarize, we assert that W3.2lite is more suitable for
first-row systems and recommend the use of variant ¢ for routine
application because it is the cheapest and shows very similar
performance to variants a and b. For systems that contain a small
minority of second-row atoms, we recommend treating them
as first-row atoms; for systems where second-row atoms
predominate, we recommend variant d, that is, the second-row
variant of the protocol.

Finally, we note that scaling the (Q)/PVDZ contribution in
W3.2 by 1.1 cuts the rmsd by 0.10 and 0.04 kcal/mol for first-
and second-row systems, respectively. Interestingly, such scaling
does not improve the overall error statistics of W4lite theory.
(See Table 3.)

D. Some Illustrative Examples. Aromatic systems, in
general, have not been widely investigated by means of

clamped-nuclei values with inner shell electrons constrained to be

benchmark thermochemical protocols. In this section, we apply
W3 .2lite to seven aromatic compounds, namely, benzene, phenyl
radical, o-benzyne, m-benzyne, p-benzyne, pyridine, and furan
as well as to frans-butadiene, cyclobutene, fulvene, [1.1.1]pro-
pellane, and bicyclo[1.1.1]pentane. For the sake of comparison,
we will also include W2.2 results, which only differ from
W3.2lite in the complete neglect of post-CCSD(T) correlation.
For the smaller systems, frans-butadiene and cyclobutene, we
were also able to obtain results at the W3.2 level from CCSD(T)/
PVQZ reference geometries.

The ZPVEs for all of the systems except benzene and
p-benzyne were taken to be one-half the sum of the RB3LYP/
pc-2 harmonic frequencies scaled by 0.985. An uncertainty of
0.2 kcal/mol was assigned to the scaled DFT ZPVEs (taken to
be twice the rmsd reported in ref 40 for a set of 39 molecules).
For benzene, the anharmonic ZPVE from ref 41 was used; this
value differs from the scaled DFT value by merely 0.03 kcal/
mol. For singlet p-benzyne, the UB3LYP/pc-2 harmonic fre-
quencies were used because a single-determinantal restricted
description leads to a closed-shell singlet rather than a singlet
diradical and to unrealistic vibrational frequencies. (See ref 42
for a detailed discussion.) Unless otherwise noted, experimental
data for the heats of formation at 0 K were taken from the NIST
Computational Chemistry Comparison and Benchmark Database
(CCCBDB).* The atomization energies quoted in CCCBDB
assume CODATA* values for the atomic heats of formation;
however, particularly for carbon atom, the ATCT value® is
significantly higher than the CODATA value, and these results
are substituted in experimental atomization energies for benzene,
pyridine, and so on that are increased by 0.3 to 0.5 kcal/mol
over the ATcT values. Therefore, throughout this section, the
experimental TAE, values were obtained from heats of forma-
tion at 0 K using ATcT atomic heats of formation. In cases
where only experimental heats of formation at 298 K were
available, they were first converted to 0 K using Hyos—H, for
H,(g) 2.024 + 0.000, C(cr, graphite) 0.251 = 0.005, and N,(g)
2.072 4 0.000 kcal/mol from CODATA* and molecular
Hyps—H, calculated at the B3LYP/pc-2 level of theory within
the RRHO approximation. In addition, for benzene, an ATcT*
atomization energy is available.

Diagnostics for the importance of nondynamical correlation
can be found in Table 4. These include the ¢/; and ¥,
diagnostics,*%47 the largest T, amplitudes at the CCSD/PVTZ
level, and percentages of the total atomization energy accounted
for at the SCF level, by parenthetical triples (shown elsewhere*
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to be a more reliable predictor of the importance of post-
CCSD(T) correlation effects than any other diagnostic), and
overall by post-CCSD(T) correlation effects. A component
breakdown of the W3.2lite data is given in Table 5, and the
theoretical TAEs, heats of formation, some bond dissociation
energies, and adiabatic singlet—triplet splittings of p-benzyne
and [1.1.1]propellane are compared with available experimental
values in Table 6.

After perusing Table 5, it becomes evident that the f"g—(T)
contribution from W3.2lite(b) is slightly more negative and the
(Q) is slightly more positive than the respective contributions
from W3.2lite(c) theory, in effect leaving the post-CCSD(T)
contributions of both variants roughly equal. Singlet p-benzyne,
however, is an exception because the (Q) contribution of the
two variants differs by as much as 0.20 kcal/mol. Throughout
the remainder of this section, we will consider W3.2lite(c) theory
for [1.1.1]propellane and bicyclo[1.1.1]pentane and W3.2lite(b)
theory for the rest of the systems.

For benzene, our best 75—(T) reduces the atomization energy
by 2.2 kcal/mol, which is mostly but not wholly compensated
by the (Q) contribution, 1.8 kcal/mol. Overall, the W3.2lite
TAEy[benzene] is 0.33 kcal/mol lower than W2.2. The said
value, 1306.17 £ 0.4 kcal/mol, is in embarrassingly close
agreement with ATcT (1306.10 4 0.09 kcal/mol). The CCCB-
DB value (1306.13 + 0.2) agrees well with ATcT and our
calculations if the revised atomic heat of formation of carbon
is employed.

For fulvene, there is near-perfect cancellation between the
f}—(T) contribution (—2.1 kcal/mol) and the (Q) contribution
(+2.0 kcal/mol). Overall, the W3.2lite TAE,, 1275.0 & 0.4, is
identical to the W2.2 value. The CCCBDB®* value, however,
is 2.3 kcal lower than the W3.2lite value. This discrepancy
between theory and experiment is about 3 times the sum of the
respective uncertainties and calls for a reexamination of the
experimental value. Diagnostics for the importance of nondy-
namical correlation effects (given in Table 4) indicate that this
system is mostly dominated by dynamical correlation, and thus
imperfections in our calculated post-CCSDT(Q) contributions
are not expected to account for the discrepancy between theory
and experiment. As shown in ref 48 and references therein, more
approximate compound thermochemistry methods such as
G2MP2, HL2, G3B3, and CBS-APNO also suggest that the
experimental heat of formation is too high by ~2 kcal/mol. From
another perspective, W3.2lite reaction energies for the benzene
— fulvene isomerization reaction (31.2 = 0.6 kcal/mol) are 2.3
kcal/mol lower than the CCCBDB isomerization energy (33.5
+ 0.3 kcal/mol).

Two theoretical studies on the phenyl radical have been
recently reported. Lau and Ng* calculated the TAE of C¢Hs at
the CCSD(T)/CBS level of theory with basis sets up to spdfgh
quality and including ZPVE, core-valence, and scalar relativistic
corrections; they arrived at AHpox = 84.0 kcal/mol, which is
in good agreement with the experimental value (84.3 £ 0.6 kcal/
mol).”® Montgomery and coworkers® used their recently
proposed ROCBS-QB3 method and arrived at Dyo3(CeHs—H)
= 113.1 kcal/mol, which is, again, in good agreement with the
experimental value®® (113.5 £ 0.5 kcal/mol).

The UHF wave function for phenyl radical suffers from severe
spin contamination (<$%> = 1.33), and even the UCCSD wave
function still has <§*> = 0.86 compared with %, for a pure
doublet state. What is more, the RCCSDT/PVDZ total energy,
—230.898134, is significantly lower than the UCCSDT/PVDZ
value, —230.897692 kcal/mol. Whereas the f‘3—(T) calculations
were carried out from ROHF wave functions and will be
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immune to spin contamination, the CCSDT(Q)/PVDZ of neces-
sity employs a UHF reference, and we may assume that the
(Q) contribution of 2.01 kcal/mol is an underestimate. Conse-
quently, the perfect cancellation between f;—(T) and (Q) seen
in Table 5 is almost certainly deceptive, and the W3 .2lite TAE,
= 1195.15 £ 0.4 kcal/mol is biased downward, if anything.
This makes it even harder to reconcile with the experimental
value™ of 1194.2 4= 0.6 kcal/mol (using ATcT atoms), let alone
1193.7 kcal/mol using CODATA atoms. The C¢Hs—H bond
dissociation energy was measured to be 112.0 + 0.6 kcal/mol
in ref 50; our calculation is 1 kcal/mol lower, yet the uncertainty
in the calculations should be much lower than that for the total
atomization energy. We suggest that redetermination of the
experimental value may be in order.

For pyridine, we again see imperfect cancellation between
T3—(T), —2.4 kcal/mol, and (Q), +2.0 kcal/mol. Overall, the
W3.2lite TAE, is 0.4 kcal/mol lower than its W2.2 counterpart.
Our W3.2lite TAE,, 1183.35 + 0.4 kcal/mol, again agrees
embarrassingly well with CCCBDB, 1183.3 4 0.15 kcal/mol,
if ATcT atomic heats of formation are used. We note that the
uncertainties introduced by the DFT geometries and zero-point
vibrational energy are at least one order of magnitude larger
than the discrepancy between W3.2lite and CCCBDB; such
good agreement is fortuitous.

The B3LYP/pc-2 optimized geometry for furan is in good
agreement with the CCSD(T)/AVQZ geometry of Feller et al.>?
(bond lengths agree to 0.005 A or better). The W2.2 TAE, is
951.09 +£ 1.7 kcal/mol. The valence f”;—(T) contribution to the
TAE is —1.87 kcal/mol, and the (Q) contribution is 1.69 kcal/
mol. The W3.2lite TAE, (951.0 & 0.4 kcal/mol) is merely 0.07
kcal/mol higher than the CCCBDB value (with ATcT atoms).
Feller et al. calculated the TAE, of furan at the CCSD(T)/CBS
level of theory with basis sets up to spdfg quality, and including
ZPVE, core-valence, scalar relativistic, spin—orbit, and higher-
order-correlation corrections arrived at TAE, = 950.0 4+ 0.5
kcal/mol.>?

The thermochemistry of singlet benzynes has been widely
studied in recent years both theoretically*>337>% and experimen-
tally®%-557 because of their interesting electronic structures and
chemical properties. p-Benzyne, a key intermediate in the
Bergman cyclization of enediyne,”® is of special interest because
of its role in the cleavage of double-stranded DNA and its
potential antitumor activity. As the distance between the two
unpaired electrons increases upon going from o-benzyne through
m-benzyne to p-benzyne, some systematic trends can be
established: (a) singlet diradical character is increased; (b)
thermodynamic stability is decreased; (c) singlet—triplet splitting
is decreased; and (d) nondynamical correlation effects become
more pronounced. The percentage of the TAE, accounted for
by (T) triples of 2.8, 3.1, and 4.3, for o-, m-, and p-benzyne,
respectively, indicates that nondynamical correlation effects
become increasingly important along this series. This is also
reflected in the magnitude of the largest 75 amplitudes: 0.15,
0.19, and 0.35, respectively (Table 4). For the benzyne systems,
the CCSD(T)/PVQZ reference geometries substantially differ
from the DFT optimized geometries. Figure 1 compares the
CCSD(T)/PVQZ and B3LYP/pc-2 C—C bond lengths and
diradical separations. The C—H bond lengths predicted by the
two levels of theory differ by up to 0.005 A, whereas the C—C
bond lengths differ by as much as 0.02, 0.03, and 0.05 A for
o-, m-, and p-benzyne, respectively. Furthermore, the DFT-
optimized diradical separations are shorter than the coupled
cluster ones by 0.02, 0.44 (!), and 0.02 A, respectively, for o-,
m- and p-benzyne. Therefore, as previously noted by Cramer
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TABLE 6: Total Atomization Energies, Heats of Formation, Reaction Energies, and Singlet—Triplet Splittings at 0 K (kcal/

mol)
TAEy" AH;
W2.2 W3 .2lite” W3.2 exptl’ W3 .2lite? W3.2 exptl®
benzene 1306.5 1306.17 + 0.4 1306.13 £+ 0.20 23.96 + 0.4 24.00 £ 0.12
1306.10 £ 0.09 24.03 +£0.18
fulvene 1275.0 1275.01 £ 0.4 1272.66 + 0.27 55.12+0.5 57.47 £+ 0.228
phenyl radical 1195.0 1195.15+0.4 1194.20 + 0.62 83.35+0.5 84.3 £ 0.6
pyridine 1183.7 118335+ 0.4 1183.29 £ 0.15 37.56 £ 0.5 37.62 £ 0.078
furane 951.1 950.97 + 0.4 950.90 + 0.15 —523+£05 —=5.16 £ 0.10
o-benzyne('A)) 11147  1114.80 £ 0.4 1118.1+3 112.06 + 0.5 108.8 & 3¢
m-benzyne('A,) 1101.4  1101.80 = 0.4 1102.8 + 3.1 125.06 + 0.5 124.1 £3.18
p-benzyne('A,) 1085.4 1087.83 + 0.4 1087.3 £ 3.3 139.03 + 0.5 139.5 £ 3.3¢
1086.8 £ 2.9 140.0 & 2.98*
1086.6 £ 1.0 140.2 & 1.08!
p-benzyne(’B,,) 1082.3 1082.47 + 0.4 1083.1 £2.9 144.39 + 0.5 143.8 4= 2.98™
trans-butadiene 960.0 960.03 £ 04  959.77 £0.3 960.26 + 0.17 2999 £0.5 30.25+04 29.76 £0.14
cyclobutene 947.9 94777 £04  947.45+£0.3 948.48 + 0.37 42254+05 4257+£04 41.54+0.36
propellane('A}) 1069.5 1069.20 £ 0.4" 1072 £ 1 90.87 £ 0.5 88 £ 187
propellane(A%) 972.7 972.78 + 0.4" 187.30 + 0.5
bicyclo[1.1.1]pentane 1209.7  1209.29 £ 0.4" 54.04 £ 0.5
Reactions
benzene — fulvene 31.16 £ 0.6
benzene — C¢Hs + H 111.02 £ 0.6 112.0 £ 0.67
C¢Hs — H + o-benzyne 80.35 + 0.6
C¢Hs — H + m-benzyne 93.35 £ 0.6
CgHs — H + p-benzyne('A,) 107.32 0.6
trans-butadiene — cyclobutene 12.26 £ 0.6 1233 £ 0.4
[1.1.1]propellane('A]) + H, — —36.80 £ 0.7
bicyclo[1.1.1]pentane('A})
Adiabatic Singlet—Triplet Splittings
p-benzyne 32 5.36 £ 0.6 3.8 +£0.57
[1.1.1]propellane 96.8 96.42 £ 0.6 94.3"

“ Theoretical uncertainties correspond to 95% confidence intervals taken as twice the rmsd (1.7, 0.4, and 0.3 kcal/mol for W2.2, W3 2lite,
and W3.2, respectively). * Variant W3.2lite(b) unless otherwise noted. ¢ Unless otherwise noted, converted from the experimental AH; o using
the ATcT”' atomic heats of formation (C 170.055 #+ 0.026, H 51.633 =+ 0.000, N 112.469 =+ 0.006 kcal/mol). ¢ Converted from TAE, using the
ATcT”' atomic heats of formation, cfr. (c). ¢ Unless otherwise noted, experimental values from CCCBDB.” /From ATcT.® ¢ Experimental
AH‘}, 208 was converted to 0 K using Hygg — Hy for Hy(g) 2.024 £ 0.000, C(cr,graphite) 0.251 £ 0.005, and N,(g) 2.072 % 0.000 kcal/mol from
CODATA;* molecular H,o3 — Hy calculated at the B3LYP/pc-2 level of theory within the RRHO approximation (3.69, 3.27, 3.38, 3.47, 3.33,
3.34, 3.09 kcal/mol for fulvene, pyridine, o-benzyne, m-benzyne, singlet p-benzyne, triplet p-benzyne, [1.1.1]propellane). " Converted to 0 K
from AH; 3 = 106.6 & 3 given in ref 56.  Converted to 0 K from AH; y3 = 122.0 & 3.1 given in ref 56./ Converted to 0 K from AH; 3 =
137.3 4 3.3 given in ref 56.  Converted to 0 K from AH; 503 = 137.8 & 2.9 given in ref. 50. ! Converted to 0 K from AH; 03 = 138.0 & 1.0
given in ref. 57. ™ Converted to 0 K from AH; 3 = 141.6 & 2.9 given in ref. 60. " Variant W3.2lite(c). ° Converted to 0 K from estimated
AHi 295 = 84 & 1 given in ref 67. ? From ref 50. ¢ From ref 60. " From ref 69.

1.257

: (} :gg% (} -ggg) (1.241) kcal/mol, respectively, and the parenthetical quadruples (Q)
. . i contribution increases the binding energies by 2.93, 4.15, and

-------- Skt 7.90 kcal/mol, respectively. Overall, our best TAE, are 1114.80

(ta78) e + 0.4, 1101.80 + 0.4, and 1087.83 % 0.4 kcal/mol. These

1.407 correspond to AH; ¢ of 112.06 & 0.5, 125.06 & 0.5, and 139.03

7 401 (1.407) + 0.5 kcal/mol. Squires et al.*® determined the heats of formation

* (1.407) (} :jgf) at 298 K from collision-induced dissociation threshold energy

Figure 1. CCSD(T)/PVQZ and B3LYP/pc-2 (in parentheses) optimized
C—C bond lengths and diradical separations (in angstroms) for the p-,
m-, and o-benzyne isomers.

et al.”® and Cremer and coworkers,”® at the DFT level,
m-benzyne has more of a “bicyclic” structure with a 1.6 A
distance between the two dehydrocarbons. This artifact, associ-
ated with the single-configurational representation provided by
the DFT method, is clearly absent at the CCSD(T)/PVQZ level
with a diradical separation of 2.04 A.% Therefore, for the W2.2
and W3.2lite single-point calculations, CCSD(T)/PVQZ refer-
ence geometries were used.

Post-CCSD(T) contributions substantially increase along the
series o-, m-, and p-benzyne. The higher-order connected triples,
f}— (T), reduce the binding energies by 2.92, 3.78, and 5.58

measurements to be 106.6 &+ 3.0, 122.0 &= 3.1, and 137.3 &= 3.3
kcal/mol, respectively. Converting these to 0 K, we obtain AH?,o
of 108.8 = 3, 124.1 & 3.1, and 139.5 + 3.3 kcal/mol for o-,
m-, and p-benzyne, respectively. The W3.2lite heat of formation
is higher than the experimental value by 3.3 kcal/mol for
o-benzyne (slightly below the sum of the respective uncertain-
ties) and by 1.0 kcal/mol for m-benzyne. For p-benzyne, two
more independent experimental determinations are available
(after conversion to 0 K): 140.2 £+ 1.0°7 and 140.0 + 2.9 kcal/
mol.>® Our best theoretical value is thus 0.5 to 1.2 kcal/mol
lower than the experimental value.

Post-CCSD(T) correlation effects are much less pronounced
for the low-lying triplet excited state of p-benzyne than for the
singlet ground state (e.g., the %TAE, [(T)] values are 2.3 and
4.3, and the largest 7, amplitudes are 0.08 and 0.35 for the two
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states, respectively). Or, to put it differently, there is near-perfect
cancellation between the f‘3—(T) contribution (—1.71 kcal/mol)
and the (Q) contribution (+1.84 kcal/mol). At the W3.2lite level,
we obtain a TAE, of 1082.5 + 0.4 kcal/mol, resulting in an
adiabatic singlet—triplet splitting at 0 K of 5.4 £ 0.6 kcal/mol.
Wenthold et al.® obtained an adiabatic singlet—triplet splitting
of 3.8 £ 0.5 kcal/mol from ultraviolet photoelectron spectros-
copy (UPS) measurements, which is 1.6 kcal/mol lower than
our W3.2lite value. For the vibrationless transition, we obtain
5.07 £ 0.6 kcal/mol, which is in good agreement with the
ASPT2(12,12)/ANO-L value of 5.5 kcal/mol reported in ref 61.

For trans-butadiene, the W2.2 and W3.2lite TAE, agree to
within 0.03 kcal/mol. The W3.2 TAE, (959.77 & 0.3 kcal/mol)
is 0.3 kcal/mol lower than the W3.2lite value, where the
difference comes from the improved extrapolation of the higher-
order triples, T5—(T), contribution. The said W3.2 TAE, is 0.5
kcal/mol below the CCCBDB (using ATcT atoms). For cy-
clobutene, the W3.2 TAE, (947.45 4+ 0.4 kcal/mol) is 0.3 and
0.5 kcal/mol lower than the W3.2lite and W2.2 values,
respectively. The CCCBDB TAE, is 1.0 kcal/mol higher than
the W3.2 value.

The cyclobutene — butadiene electrocyclic ring-opening
reaction is a classic example of a pericyclic rearrangement whose
stereochemical selectivity follows the Woodward—Hoffmann
rules. At both W3.2lite and W3.2 levels, we obtain a reaction
energy of —12.3 kcal/mol, which is 0.3 kcal/mol below the CBS-
QB3 value of Houk and coworkers®> and 0.5 kcal/mol above
the value obtained using the CCCBDB TAE:s.

As a last example, we consider a highly strained hydrocarbon,
namely, [1.1.1]propellane and the related bicyclo[1.1.1]pentane.
(On a historical note, the name and first synthesis of [1.1.1]pro-
pellane were reported by the late Ginsburg and coworkers®® from
the Technion.) Small-ring propellanes are an intriguing class
of strained alkanes that have attracted considerable theoretical
interest (see, e.g., refs 64—67 and references therein) because
of their inverted-configuration bridgehead carbons. In particular,
the nature of the central bond between the two “inverted”
bridgehead carbons has been widely debated. (See refs 65 and
66 for two recent studies.) Our B3LYP/pc-2 reference geometry
is in reasonable agreement with the gas-phase electron diffrac-
tion structure reported by Hedberg and Hedberg:®® the C—H
and C—C bond lengths agree to within 0.02 and 0.01 A,
respectively, and the bond angles agree to within 1°. As
expected, the r, distances underestimate the experimental 7,
distances because of anharmonicity of the potential energy
surface around the r, positions. For the purpose of illustration,
the calculated r,—r, differences from a B3ALYP/pc-1 anharmonic
force-field calculation are 0.006 and 0.009 A for C—H and C—C
bonds, respectively. The theoretical interbridgehead separation
is 0.02 A shorter than the experimental r, distance, even after
the said r.—r, correction of 0.01 A is applied. The TAE, of
[1.1.1]propellane is 1069.54 kcal/mol at the W2.2 level. The
valence T5—(T) contribution to the TAE (—2.01 kcal/mol) is
only partially compensated by the (Q) contribution of 1.62 kcal/
mol, resulting in a W3.2lite TAE, of 1069.20 £ 0.4 kcal/mol.
Using ATcT atomic heats of formation at 0 K, we obtain AH‘E 0
= 90.87 £ 0.5 kcal/mol, which is 2.9 kcal/mol higher than the
“semiexperimental” estimate of Wiberg et al.,*” AH; , = 88 &
1 kcal/mol, which was derived from a calorimetric measurement
of the heat of reaction of [1.1.1]propellane with acetic acid. At
the W3.2lite level, we obtain an adiabatic singlet—triplet gap
of 96.42 + 0.6 kcal/mol, which is 2.1 kcal/mol higher than the
experimental value of 94.3 kcal/mol, estimated by Schafer et
al.%® from low-energy electron-impact spectroscopy.
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In an attempt to eliminate the significant computational cost
of the inner-shell CCSD(T)/aug-cc-pwCVQZ calculation, we
considered this contribution with the considerably smaller
MTsmall basis set.® In general, the MTsmall basis sets under-
estimate the aug-cc-pwCV{T,Q}Z results by 0.1 to 0.3 kcal/
mol (Table 5).

IV. Conclusions

The principal bottleneck in carrying out W4- or HEAT-type
computational thermochemistry for larger systems is the evalu-
ation of the 75— (T) term. We propose a cost-effective empirical
approximation for this term that does not entail any reliance on
experimental data. For first-row molecules, our W3.2lite pro-
tocol, at the expense of introducing two such parameters, yields
atomization energies with a 95% confidence interval of about
0.4 kcal/mol. W3.2lite has been successfully applied to aromatic
and aliphatic hydrocarbons such as benzene, fulvene, phenyl
radical, pyridine, furan, benzyne isomers, frans-butadiene,
cyclobutene, [1.1.1]propellane, and bicyclo[1.1.1]pentane. The
W3.2lite predictions for fulvene, phenyl radical, cyclobutene,
and [1.1.1]propellane are impossible to reconcile with experi-
ment and suggest that remeasurement may be in order.
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