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The correlation consistent composite approach (ccCA), using the S4 complete basis set two-point ex-
trapolation scheme (ccCA-S4), has been modified to incorporate the left-eigenstate completely renor-
malized coupled cluster method, including singles, doubles, and non-iterative triples (CR-CC(2,3))
as the highest level component. The new ccCA-CC(2,3) method predicts thermodynamic properties
with an accuracy that is similar to that of the original ccCA-S4 method. At the same time, the inclu-
sion of the single-reference CR-CC(2,3) approach provides a ccCA scheme that can correctly treat
reaction pathways that contain certain classes of multi-reference species such as diradicals, which
would normally need to be treated by more computationally demanding multi-reference methods.
The new ccCA-CC(2,3) method produces a mean absolute deviation of 1.7 kcal/mol for predicted
heats of formation at 298 K, based on calibration with the G2/97 set of 148 molecules, which is com-
parable to that of 1.0 kcal/mol obtained using the ccCA-S4 method, while significantly improving the
performance of the ccCA-S4 approach in calculations involving more demanding radical and dirad-
ical species. Both the ccCA-CC(2,3) and ccCA-S4 composite methods are used to characterize the
conrotatory and disrotatory isomerization pathways of bicyclo[1.1.0]butane to trans-1,3-butadiene,
for which conventional coupled cluster methods, such as the CCSD(T) approach used in the ccCA-S4
model and, in consequence, the ccCA-S4 method itself might fail by incorrectly placing the disro-
tatory pathway below the conrotatory one. The ccCA-CC(2,3) scheme provides correct pathway
ordering while providing an accurate description of the activation and reaction energies characteriz-
ing the lowest-energy conrotatory pathway. The ccCA-CC(2,3) method is thus a viable method for
the analyses of reaction mechanisms that have significant multi-reference character, and presents a
generally less computationally intensive alternative to true multi-reference methods, with computer
costs and ease of use that are similar to those that characterize the more established, CCSD(T)-based,
ccCA-S4 methodology. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.3700801]

Il. INTRODUCTION

Composite electronic structure methods employ several
levels of theory in a single series of calculations to predict
equilibrium properties of molecules, and they are frequently
used to provide thermodynamic properties within chemical
accuracy (£1.0 kcal/mol) at a modest computational cost.
Composite methods can achieve a relatively low computa-
tional cost by taking advantage of the near additivity of im-
provements in the level of theory and of the atomic basis
set.' Among the composite methods that take advantage of
this additivity are the Gaussian (Gn) methods (G1, G2, G3,
G4, G3(MP2), and G4(MP2)),*’ the Weizmann (Wn) meth-
ods (W1, W2, W3, W4),810 the Bond Additivity Correction
(BAC) methods (BAC-G2, G3B3, G3MP2B3),'"!? the com-
plete basis set (CBS) method developed by Petersson and
co-workers,'>'7 the ab initio thermochemical method by
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Stanton and co-workers,'®20 the Feller-Peterson-Dixon

(FPD) composite method,?' ¢ the multicoefficient correlation
method by Truhlar and co-workers,>’ " and the correlation
consistent composite approach (ccCA) methods (cc-CA-S3,
ccCA-P, ccCA-S4).31‘34 DeYonker ef al.’! have shown that
the ccCA method delivers improvements over the more com-
monly used Gn and Wn series of methods, since the ccCA
method does not use empirical parameters, in contrast to the
Gn methods and is less computationally demanding than the
Wn methods. The Gn methods introduce higher-level correc-
tions (HLCs), fitted parameters that are functions of the num-
ber of alpha and beta electrons in the system of interest. The
total energy corrections from the HLCs can cause a deteri-
oration in the accuracy of the calculated final energies since
the magnitude of the HLC corrections increases with system
size.* The Wn methods include coupled cluster (CC) levels
as high as five-particle cluster operators (CCSDTQ5), mak-
ing the methods computationally very intensive and therefore
difficult to apply to molecules with more than a small num-
ber of atoms. The ccCA method makes use of correlation

© 2012 American Institute of Physics
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consistent basis sets*>— that converge systematically to the

CBS limit by using an extrapolation scheme.’! The ccCA
method is computationally more efficient than the Wn meth-
ods, since the highest level of theory employed for the ccCA-
S4 (Ref. 31) method is coupled cluster with singles, doubles,
and perturbative triples (CCSD(T)*).

In the ccCA-S4 method, energy corrections account for
Douglas-Kroll scalar relativistic effects, core-valence cor-
rections, and CBS two-point extrapolation.’! The ccCA-S4
method will be discussed in more detail below.

The composite methods mentioned above are all based
on single-reference (SR) levels of theory. There are some
composite methods that explicitly include multi-reference
(MR) levels of theory, including the MR versions of the Gn
methods,*® the MR W1CAS and W2CAS methods,*' and the
MR-ccCA methods.*>** A disadvantage of using explicitly
MR methods is that active spaces can be difficult to choose,
and MR methods based on the complete-active-space refer-
ence spaces scale exponentially with the size of the system.

The left eigenstate completely renormalized coupled
cluster singles, doubles and non-iterative triples (CR-
CC(2,3)) approach has been shown to accurately treat sin-
gle bond breaking and bond formation, as well as chemi-
cal reaction profiles involving closed-shell, radical, and di-
radical species at a computational cost similar to that of
CCSD(T).*>40 Therefore, the SR CR-CC(2,3) method can ac-
count for the MR nature of many chemically important sys-
tems and can also potentially be incorporated into a compos-
ite method to provide accurate treatments of chemical reac-
tion profiles and at least some diradical species. In this paper,
both experimental results and the original ccCA-S4 method
are employed as calibrations to assess the CR-CC(2,3)-based
modification of the method. The new ccCA-CC(2,3) method
has been implemented in the GAMESS (general atomic and
molecular electronic structure system)*® computational pack-
age, using the spin-free, RHF-based CR-CC(2,3) routines for
closed shells described in Ref. 45 and the spin-integrated,
ROHF-based CR-CC(2,3) routines for open shells described
in Ref. 46. A spin-restricted RHF/ROHF-based ccCA-S4
method, in which the closed-shell calculations are performed
with the help of the spin-free CCSD(T) routines described
in Ref. 47 and in which the open-shell calculations rely on
the ROHF-based CR-CC(2,3) codes,*® has also been imple-
mented in GAMESS. The aim of the ccCA-CC(2,3) method is
to provide thermodynamic properties for closed-shell species
and diradicals, as well as for open-shell systems, with an ac-
curacy that is close to the chemical accuracy (£1.0 kcal/mol
mean absolute deviation) provided by the ccCA-S4 method,
if systems under consideration do not include diradical and
other MR species. The ccCA-S4 and ccCA-CC(2,3) methods
are compared using the G2/97 set of 148 molecules,>*’ and
by examining the thermal pericyclic rearrangement of bicy-
clo[1.1.0]butane (bicbut) to trans-buta-1,3-diene, which con-
tains a disrotatory transition state that is a diradical species.
The isomerization of bicyclo[1.1.0]butane (bicbut) to trans-
buta-1,3-diene presents a good test for the viability of the
ccCA-CC(2,3) method, since it is generally difficult to ob-
tain a highly accurate description of the experimentally acces-
sible conrotatory pathway that characterizes this rearrange-
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ment reaction, while the higher energy disrotatory pathway
is poorly described by conventional SR approaches, such as
CCSD(T).® A viable composite method should predict that
the conrotatory transition state is favored, and the ability of
the ccCA-CC(2,3) approach to do this is examined in the
present study.

In the present work, the following ccCA calculations are
presented:

(1) The GAMESS RHF-/ROHF-based ccCA-S4 (GROS4)
method, in which closed-shell calculations use CCSD(T)
and open-shell calculations use CR-CC(2,3), is com-
pared with unpublished RHF-/ROHF-based ccCA-S4
(uROS4) data, employing CCSD(T) for closed and open
shells, and experimental heats of formation for the
G2/97 set.

(2) The ccCA-CC(2,3) method, also abbreviated as GROS4-
CC(2,3), is calibrated against the uROS4 and experimen-
tal heats of formation data.

(3) The ccCA-S4 and ccCA-CC(2,3) methods are compared
for the structures and relative energies along the thermal
pericyclic rearrangement reaction pathways.

The heats of formation results from the calibrations
among GROS4, GROS4-CC(2,3), and uROS4 are expected
to be similar for each species. However, mean absolute devi-
ation (MAD) values will determine the ultimate accuracy for
each ccCA calculation of GROS4, GROS4-CC(2,3), uROS4,
and also experimental values.

Il. THEORY AND COMPUTATIONAL DETAILS
A. Description of ccCA theories
1. ccCA-S4 method

The ccCA-S4 (Refs. 31 and 32) method makes
use of second-order Mgller-Plesset perturbation theory
(MP2),>! density functional theory (DFT) using the B3LYP
functional,”® and CCSD(T).*® The notation “E(A/B)” indi-
cates an energy calculation using method “A” with the basis
set “B.” The basis sets used in the method are primarily the
correlation consistent cc-pVXZ3%3® and aug-cc-pvXZ>>*
basis sets. The 6-31G(2df,p) Pople basis set> is used for ge-
ometry optimizations.>'3> Scalar relativistic effects are ac-
counted for with the second-order Douglas-Kroll-Hess (DK)-
derived correlation consistent basis sets, cc-pVXZ-DK;6-58
core valence (CV) correlation effects are included using the
aug-cc-pCVXZ>%343 basis sets.

Energy and structure optimizations, and semi-numerical
(finite differencing of analytic first derivatives) Hessian cal-
culations are prepared using B3LYP/6-31G(2df,p) with Carte-
sian Gaussian functions (6d, 10f).5%-%" All other calculations
are single point energy calculations which make use of spher-
ical Gaussian functions (5d, 7f). The following shorthand no-
tation is used:

AVXZ = aug-cc-pVXZ;
VTZ-DK = cc-pVTZ-DK (no tight d functions);
NVTZ = cc-pVTZ (no tight d functions);
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VTZ = cc-pVTZ (tight d functions on Al-Ar atoms);
ACVTZ = aug-cc-pCVTZ.

The final ccCA-S4 energy at 0 K (E(ccCA-S4)) is

E(ccCA — S4) = E(MP2/CBS) + AE(SR — MP2)
+AE(CC) + AE(CV) +ZPE. (1)

In Eq. (1), AE(SR-MP2), AE(CC), and AE(CV) are,
respectively, the corrections (assumed to be additive) for
Douglas-Kroll, the coupled cluster contributions beyond
MP2, and the core and core-valence correlation effects. ZPE
refers to the scaled (0.9854) zero point vibrational energy
correction.>

The ccCA-S4 energy at 298 K (E(ccCA-S4, 298 K)) is

E(ccCA — S4,298K) = E (ccCA — S4) + ETH. 2)

In Eq. (2), ETH represents the thermal energy correction
at 298 K. The scaled ZPE and ETH thermodynamic energy
term values are obtained from the GAMESS Hessian calcula-
tion.

E(MP2/CBS) is the energy resulting from the two-
point complete basis set extrapolation of EIMP2/AVQZ) and
E(MP2/AVTZ) based on the equation’?

B
— 3)
lmax + 2

E(lmax) = E(MP2/CBS) +

where I, is the highest angular momentum in the basis
set and B is a constant. For EIMP2/AVTZ), l..x is 3 and
for EMMP2/AVQZ), [ is 4; total energies are used. Using
Eq. (3) and the /i ax value for EIMP2/AVTZ),

24xB
E(MP2/AVTZ) = E(3) = E(IMP2/CBS) + i @
and for E(IMP2/AVQZ),
24xB
EMP2/AVQZ) = E(4) = E(MP2/CBS) + o 5)

After rearranging Eqgs.
E(MP2/CBS), one obtains

(4) and (5) to solve for

6561
E (MP2/CBS) = (M) x E(MP2/AVQZ)

2401 E(MP2/AVTZ 6
- (m) x E( / ). (6)

The ccCA-S4 molecular energy values from
Egs. (1) and (2) are used to obtain heats of formation
values. The following standard shorthand notation is used for
all heats of formation calculations:

AHyy = ccCA heats of formation at 0 K;

AHpgy93 = ccCA heats of formation at 298 K;

Eiot0 = sum of atom ccCA total energies at 0 K;
Etor298 = sum of atom ccCA total energies at 298 K;

J. Chem. Phys. 136, 144109 (2012)

AH, = sum of heats of atomization®>%* at 0 K;
AH,03 = sum of heats of atomization®>%* at 298 K.

The AHy and AHyo9g for ccCA-S4 are expressed as
AH g = E(ccCA — S4) — Eo0 + AHgo, @)

AH 298 = E(cCCA — S4) — Eio208 + AHy0s. 3

2. ccCA-CC(2,3) method

This composite method follows the ccCA-S4 approach
described above, but replaces CCSD(T) by CR-CC(2,3). The
final ccCA-CC(2,3) energy at 0 K (E(ccCA-CC(2,3))) is

E(ccCA — CC(2, 3)) = E(MP2/CBS) + AE(SR — MP2)
+AE(CC) + AE(CV) + ZPE, (9)

and the final ccCA-CC(2,3) energy at 298 K (E(ccCA-
CC(2,3) 298 K)) is

E(ccCA — CC(2, 3) 298 K) = E(ccCA — CC(2, 3)) + ETH,

(10)
where AE(CC) now represents the CR-CC(2,3) energy cor-
rection beyond MP2 and is

AE(CC) = E(CR — CC(2, 3)/VTZ) — EMMP2/VTZ).
(11)
The ccCA-CC(2,3) heats of formation are calculated in
the same way as for the ccCA-S4,

AH o = E(ccCA — CC(2, 3)) — Eioi0 + AHyo, (12)
and AHpgg for ccCA-CC(2,3) is

AH y295 = E(ccCA — CC(2, 3)) — Eoro8 + AHgns.
(13)
The calibration comparisons, presented in the following
paragraphs, compare the GAMESS RHF-/ROHF-based ccCA-
S4 (GROS4) and ccCA-CC(2,3) predictions, where GROS4
uses RHF-based CCSD(T) for closed shells and ROHF-based
CR-CC(2,3) for open shells and ccCA-CC(2,3) employs the
restricted CR-CC(2,3) approach for both closed and open
shells, with those from the unpublished RHF-/ROHF-based
ccCA-S4 (uROS4) calculations, in which CCSD(T) is uti-
lized throughout, and experimental heats of formation. These
comparisons employ the 298 K heats of formation from the
ccCA-S4 and ccCA-CC(2,3) methods. The ccCA-S4 and
ccCA-CC(2,3) methods are also used to obtain the relative
energies of structures along the thermal pericyclic rearrange-
ment reaction pathway described below.

B. Thermal pericyclic rearrangement calculations

The thermal pericyclic rearrangement follows two path-
ways: a disrotatory pathway and a conrotatory pathway. Each
of the pathways, as shown in Figure 1, contains five species,
four of which are the same for both pathways. The one species
that differs is the initial transition state structure. The initial
transition state is either of the conrotatory type (for a conrota-
tory pathway) or of the disrotatory type (for a disrotatory path-
way). These pericyclic rearrangement pathways are parts of



144109-4 Nedd et al.

t

[]\/_"

con_TS / gt TS
<l> 7~ ﬂ

gl but
bicbut / t-but
I: :| |
dis_TS

FIG. 1. Pathways in the thermal pericyclic rearrangement (see text for
description).

concerted mechanisms in which the conrotatory pathway ap-
pears to be favored.’® %79 All six species in the two reaction
paths are illustrated in Figure 1, with the following shorthand
notation in parentheses: bicyclo[1.1.0]butane (bicbut) reac-
tant, two transition states (disrotatory transition state (dis_TS)
and conrotatory transition state (con_TS)), gauche-buta-1,3-
diene (g-but) local minimum, gauche transition state (gt_TS),
and trans-buta-1,3-diene final product (t-but).

The energies of all six structures were determined us-
ing the ccCA-S4 and ccCA-CC(2,3) methods implemented
in GAMESS, as described above. Structures for each of
the species in the pericyclic rearrangement, as well as the
corresponding zero-point vibrational energies, were taken
from supporting material provided in a previous paper.”’
These structures and zero-point energies were obtained us-
ing the complete active space self-consistent field (CASSCF)
approach,”"7> employing 10 active orbitals and 10 ac-
tive electrons, and referred to as CASSCF(10,10). These
CASSCEF(10,10)-based geometries replace the prescribed
B3LYP/6-31G(2df,p)-based geometries in the ccCA-S4 and
ccCA-CC(2,3) methods, since it is established in Ref. 50 that
B3LYP-based geometries are insufficient for describing the
pericyclic rearrangement.

lll. RESULTS AND DISCUSSION

A. ccCA-S4 and ccCA-CC(2,3) calibration and
comparisons

Tables -1V list 298 K heats of formation for the ccCA-
S4 and ccCA-CC(2,3) methods and compare their values
with those obtained from experiment (expt.), as well as un-
published RHF-/ROHF-based ccCA-S4 (uROS4) results. The
mean absolute deviations are included in these tables.

In Table I, for the G2-1 set (the first 55 species of
the G2/97 set) the MAD between ccCA-S4 in GAMESS
(GROS4) and experiment is 0.8 kcal/mol; that between
GROS4 and uROS4 is 0.5 kcal/mol; and that between uROS4
and experiment is 0.8 kcal/mol. So, for the G2-1 set, the
ccCA-S4 method is consistent with uROS4 data. In general, a
measure of good chemical accuracy is a MAD value less than
1.0 kcal/mol. Since the CR-CC(2,3) coupled cluster method
is used as a substitute for CCSD(T) in the GROS4 imple-
mentation of ccCA-S4 for open-shell species, the agreement
between GROS4 and its uROS4 counterpart which relies on

J. Chem. Phys. 136, 144109 (2012)

CCSD(T) for both closed and open shells shown in Table I is
encouraging. In order to directly compare CCSD(T)-based re-
sults, the singlet species MAD values for the G2-1 set are also
presented in Table I. For the ccCA-S4 method, the G2-1 sin-
glet species MAD between GROS4 and experiment is
0.6 kcal/mol; that between GROS4 and uROS4 is
0.4 kcal/mol; and that between uROS4 and experiment
is 0.8 kcal/mol. These MAD values for the G2-1 singlet
species indicate that the GROS4 method does provide heats
of formation that are within chemical accuracy, overall.

Table II contains a similar comparison to Table I for
the G2-2 set, which represents the remaining 97 species in
the full G2 set. For ccCA-S4, the MAD value for the G2-
2 set between GROS4 and experiment is 1.1 kcal/mol; that
between GROS4 and uROS4 is 0.8 kcal/mol; and that be-
tween uROS4 and experiment is 0.8 kcal/mol. The higher
MAD values are a reflection of larger errors in the both the
singlets and non-singlets in the G2-2 set. For example, the
MAD values between GROS4 and experiment for just the G2-
2 singlet species is 1.1 kcal/mol, an increase of 0.5 kcal/mol
relative to the G2-1 set, while the MAD value for the G2-
2 non-singlet species is 1.5 kcal/mol. Overall, for the entire
G2/97 set (G2-1 + G2-2) the MAD between GROS4 and ex-
periment is 1.0 kcal/mol; that between GROS4 and uROS4
is 0.7 kcal/mol; and that between uROS4 and experiment is
0.8 kcal/mol, all within chemical accuracy. For ccCA-S4, the
small changes in MAD errors between GROS4 and uROS4
for all G2/97 species (0.2 kcal/mol) and for only the G2/97
singlet species (0.1 kcal/mol) indicate that using the ROHF-
based CR-CC(2,3) approach is an acceptable substitution for
using the ROCCSD(T) method. The maximum (MAX) error
between GROS4 and experiment for all species in the G2/97
set is 4.6 kcal/mol, which is only 0.4 kcal/mol greater than the
corresponding MAX error between uROS4 and experiment.
The MAX error between GROS4 and uROS4 for all species
in the G2/97 set is lower at a value of 3.2. The small MAX
errors also indicate, together with the small MAD errors, that
the GAMESS ccCA-S4 method provides acceptable results.

In Table III, for all species in the G2-1 set using the
ccCA-CC(2,3) method, in which CR-CC(2,3) is consistently
used for closed- as well as for open-shell species (desig-
nated in Table III as GROS4-CC(2,3)), the MAD between
the GROS4-CC(2,3) data and experiment is 0.9 kcal/mol
(0.1 kcal/mol greater than the MAD from ccCA-S4); that be-
tween GROS4-CC(2,3) and uROS4 is 0.9 kcal/mol; and that
between uROS4 and experiment is 0.8 kcal/mol. For only
singlet species, the MAD between GROS4-CC(2,3) and ex-
periment is 0.9 kcal/mol (0.3 kcal/mol greater than the ccCA-
S4 MAD); that between GROS4-CC(2,3) and uROS4 is
1.0 kcal/mol; and that between uROS4 and experiment is 0.8
kcal/mol, all within chemical accuracy.

The ccCA-CC(2,3) MAD value for the G2-2 set
(Table 1V), comparing GROS4-CC(2,3) with experiment, is
2.2 kcal/mol; that between GROS4-CC(2,3) and uROS4 is
2.2 kcal/mol; and that between uROS4 and experiment
is 0.8 kcal/mol. The higher MAD values are a reflection of
larger errors for both the singlets and non-singlets in the G2-2
set, as shown above for ccCA-S4. For example, for ccCA-
CC(2,3), the MAD value relative to experiment for the G2-2
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TABLE 1. ccCA-S4 heats of formation and MAD? values (kcal/mol) for the G2-1 set compared with experiment (expt.), GROS4, and uROS4.

G2-1 Set ccCA-S4 AHy (298 K) (kcal/mol)
Species Multiplicity Expt. (1) GROS4 (2) uROS4 (3) (2)-(1) (2)-(3) (3)-(1)
LiH 1 333 324 324 -09 0.0 -0.9
BeH 2 81.7 81.6 81.0 —0.1 0.6 —-0.7
CH 2 142.5 142.5 142.3 —0.1 0.1 —-0.2
CH, 3 93.7 94.2 94.2 0.5 0.0 0.5
CH, 1 102.8 102.4 102.3 -0.5 0.1 -0.5
CH3 2 35.0 35.0 35.0 0.0 0.0 0.0
CHy 1 —-179 —-179 —18.0 0.0 0.1 —-0.1
NH 3 85.2 85.7 85.9 0.5 —0.1 0.7
NH, 2 45.1 442 442 -09 0.0 -09
NH; 1 —11.0 —11.7 —11.6 -0.7 —-0.1 —-0.6
OH 2 9.4 8.9 8.6 -0.5 0.2 —-0.8
OH» 1 —57.8 —58.8 —59.0 -1.0 0.2 —-12
FH 1 —65.1 —66.0 —66.1 -09 0.0 —-1.0
SiH, 1 65.2 64.1 63.0 —1.1 1.1 —-22
SiH, 3 86.2 87.3 86.1 1.1 1.2 —0.1
SiH3 2 47.9 48.0 46.8 0.1 1.2 —1.1
SiH4 1 8.2 7.5 6.3 -0.7 1.2 -1.9
PH, 2 33.1 32.0 324 —1.1 —-04 —-0.7
PH3 1 1.3 1.3 1.5 0.0 —-0.2 0.2
SH, 1 —-49 —55 -59 -0.6 0.3 —-1.0
CHH 1 —22.1 —225 —22.6 —-04 0.1 -0.5
Lip 1 51.6 50.5 50.5 —1.1 0.0 —1.1
LiF 1 —80.1 —81.9 —82.0 —138 0.1 -1.9
CyH; 1 54.2 554 55.2 1.2 0.3 1.0
CyHy 1 12.5 12.7 12.5 0.2 0.2 0.0
CyHe 1 —20.1 —20.3 —20.4 —-0.2 0.1 -03
CN 2 104.9 107.5 108.2 2.6 -0.7 33
HCN 1 31.5 31.6 315 0.1 0.2 0.0
Cco 1 —26.4 —26.3 —26.8 0.1 0.5 —-04
HCO 2 10.0 11.3 10.0 1.3 1.2 0.0
H,CO 1 —26.0 —26.2 —26.5 —-0.2 0.4 —-0.5
H3;COH 1 —48.0 —48.7 —48.9 -0.7 0.2 -09
N> 1 0.0 0.0 —-0.2 0.0 0.2 —-02
HoNNH; 1 22.8 22.1 22.1 -0.7 0.0 —-0.7
NO 2 21.6 23.2 223 1.6 0.9 0.7
0, 3 0.0 1.7 1.1 1.7 0.6 1.1
HOOH 1 —325 —32.8 —-33.1 -03 0.3 —-0.6
F 1 0.0 0.9 0.9 0.9 0.0 0.9
CO, 1 —94.1 —934 —-94.0 0.7 0.6 0.1
Nay 1 34.0 325 329 —15 -03 —1.1
Sip 3 139.9 142.9 140.3 3.0 2.7 0.4
P 1 34.3 35.4 355 1.1 —-0.2 1.2
S2 3 30.7 324 30.9 1.7 1.4 0.2
Cl, 1 0.0 0.3 0.1 0.3 0.2 0.1
NaCl 1 —43.6 —433 —43.2 0.3 —0.1 0.4
SiO 1 —24.6 —22.6 —23.8 2.0 1.2 0.8
SC 1 66.9 67.5 66.8 0.6 0.7 —0.1
SO 3 1.2 33 2.1 2.1 1.2 0.9
ClO 2 24.2 27.1 25.8 2.9 1.3 1.6
FCl 1 —132 —13.4 —13.6 —-0.2 0.2 —-04
SiHg 1 19.1 18.5 16.1 —0.6 2.3 -3.0
CH3Cl 1 —19.6 —199 —20.1 -03 0.2 —-0.5
H;CSH 1 —55 -59 —-6.3 —-04 0.4 -0.8
HOC1 1 —17.8 —18.6 —18.9 —-038 0.3 —1.1
SO, 1 —71.0 —70.2 —70.7 0.8 0.5 0.3
MAD of G2-1 0.8 0.5 0.8
MAD singlet species 0.6 0.4 0.8

4The MAD values are reported between each of the three data sets as explained in the text. MAD G2-1 is the MAD for the whole G2-1 set and MAD singlet species is for all of the
singlet species in the G2-1 set.
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TABLE II. ccCA-S4 heats of formation and corresponding MAD? values (kcal/mol) for the G2-2 set comparing experiment (expt.), GROS4, and uROS4.

G2-2 Set ccCA-S4 AHy (298 K) (kcal/mol)

Species Multiplicity Expt. (1) GROS4(2) uROS4 (3) (2)-(1) (2)-(3) (3)-(1)
BF; 1 —271.4 —270.9 —269.7 0.5 —-12 1.7
BCl3 1 —-96.3 —-959 —95.4 0.4 —-0.6 0.9
AlF; 1 —289.0 —287.1 —289.9 1.9 2.9 -09
AlCl3 1 —139.7 —138.0 —140.9 1.7 29 —-12
CF4 1 —223.0 —2229 —223.1 0.1 0.2 —0.1
CCly 1 —229 —222 —-229 0.7 0.7 0.0
COS 1 —-33.1 —334 —34.3 -03 0.9 —1.2
CS, 1 28.0 28.1 27.0 0.1 1.1 -1.0
CF,0 1 —149.1 — 1445 — 1449 4.6 0.4 4.2
SiFy 1 —386.0 —383.9 —385.2 2.1 1.2 0.8
SiCly 1 — 1584 —156.0 — 1575 2.5 1.6 0.9
N,O 1 19.6 20.2 19.9 0.6 0.3 0.3
CINO 1 12.4 13.8 13.3 1.4 0.5 0.9
NF; 1 -31.6 —31.1 —-31.2 0.5 0.1 0.4
PF3 1 —229.1 —227.8 —227.6 1.3 —-0.2 1.5
O3 1 34.1 36.6 36.1 2.5 0.6 2.0
F,O 1 59 7.1 6.9 1.2 0.1 1.0
ClIF; 1 —38.0 —384 —38.7 —-04 0.3 —-0.7
CyFy 1 — 1574 —160.2 —160.7 —-238 0.5 -33
CyCly 1 -3.0 —44 -53 —14 0.9 -23
CF;CN 1 —118.4 —117.6 —118.1 0.8 0.5 0.3
Propyne 1 442 453 449 1.1 0.4 0.7
Allene 1 455 46.3 46.0 0.8 0.3 0.5
Cyclopropene 1 66.2 68.7 68.4 2.5 0.3 2.2
Propylene 1 4.8 5.1 4.8 0.3 0.3 0.0
Cyclopropane 1 12.7 13.3 12.9 0.6 0.4 0.2
Propane 1 —25.0 —253 —255 —-0.3 0.2 —-0.5
Butadiene 1 26.3 27.8 27.1 1.5 0.6 0.8
2-Butyne 1 34.8 36.6 36.1 1.8 0.5 1.3
Methylene cyclopropane 1 479 473 46.8 —0.6 0.5 —-1.1
Bicyclobutane 1 51.9 54.7 54.1 2.8 0.6 2.2
Cyclobutene 1 37.4 39.5 39.0 2.1 0.5 1.6
Cyclobutane 1 6.8 7.0 6.5 0.2 0.5 —-0.3
Isobutene 1 —-4.0 -3.1 -39 0.9 0.8 0.1
Transbutane 1 —-30.0 —-30.0 —30.6 0.0 0.5 —-0.6
Isobutane 1 —32.1 —32.0 —-324 0.1 0.3 -0.3
Spiropentane 1 443 453 44.7 1.0 0.6 04
Benzene 1 19.7 21.8 20.8 2.1 1.0 1.1
CH,F, 1 —107.7 —108.0 —108.1 -03 0.1 —-04
CHF; 1 —166.6 —166.5 —166.7 0.1 0.2 —-0.1
CH,Cl, 1 —22.8 —22.6 —-229 0.2 0.3 —-0.1
CHCl3 1 —24.7 —239 —244 0.8 0.5 0.3
Methylamine 1 —55 —-5.7 —538 -0.2 0.1 -03
Methyl cyanide 1 17.7 18.4 18.1 0.7 0.3 0.4
Nitromethane 1 —-17.8 —17.2 —17.8 0.6 0.6 0.0
Methyl nitrite 1 —159 — 155 —16.0 0.4 0.5 —-0.1
Methyl silane 1 —-7.0 —-6.3 -75 0.7 1.2 -0.5
Formic acid 1 —-90.5 —-90.4 -91.0 0.1 0.6 —-05
Methyl formate 1 —85.0 —849 —86.1 0.1 1.2 —1.1
Acetamide 1 —-57.0 —554 —56.6 1.6 1.2 0.4
Aziridine 1 30.2 30.5 30.2 0.3 0.3 0.0
Cyanogen 1 73.3 75.9 75.3 2.6 0.6 2.0
Dimethylamine 1 —4.4 —-35 —4.5 0.9 1.0 —-0.1
Ethylamine 1 —113 —11.6 —12.6 -03 0.9 —13
Ketene 1 —114 —10.7 —-11.2 0.7 0.5 0.2
Oxirane 1 —12.6 —124 —12.7 0.2 0.4 —0.1
Acetaldehyde 1 —39.7 —393 —39.8 0.4 0.4 —0.1
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G2-2 Set ccCA-S4 AHy (298 K) (kcal/mol)
Species Multiplicity Expt. (1) GROS4(2) uROS4 (3) 2)-(1) (2)-(3) (3)-(1)
Glyoxal 1 —50.7 —50.2 —51.0 0.5 0.8 -03
Ethanol 1 —56.2 —559 —57.0 0.3 1.1 -0.8
Dimethylether 1 —44.0 —43.5 —44.5 0.5 1.1 —-0.5
Thiirane 1 19.6 18.5 17.8 —-12 0.6 —1.8
Dimethyl sulfoxide 1 —36.2 —36.1 —36.7 0.1 0.6 —-0.5
Ethanethiol 1 —11.1 —10.5 —11.7 0.6 1.3 —-0.6
Dimethylsulfide 1 -89 —8.8 -99 0.1 1.1 -1.0
Vinyl fluoride 1 —332 —33.8 —34.0 —-0.6 0.2 —-0.8
Ethyl chloride 1 —26.8 —26.9 —27.2 -0.1 0.3 —-04
Vinyl chloride 1 8.9 5.6 5.2 -33 0.4 —-3.7
Acrylonitrile 1 432 46.3 45.8 3.1 0.5 2.6
Acetone 1 —51.9 —-513 —51.9 0.6 0.5 0.0
Acetic acid 1 —103.4 —102.7 —103.4 0.7 0.7 0.0
Acetyl fluoride 1 —105.7 —104.6 —105.1 1.1 0.5 0.6
Acetyl chloride 1 —58.0 —57.1 —-57.7 1.0 0.7 0.3
Propyl chloride 1 —315 —32.0 —-323 —-0.5 0.3 —-0.8
Isopropanol 1 —65.2 —64.6 —66.1 0.6 1.5 —-09
Methylethyl ether 1 —51.7 —513 —52.7 0.4 1.4 —-1.0
Trimethylamine 1 —-5.7 —6.1 —6.3 —-04 0.2 —0.6
Furan 1 —83 —6.3 -17.17 2.1 1.4 0.6
Thiophene 1 275 29.1 274 1.6 1.7 —0.1
Pyrrole 1 259 27.7 26.3 1.8 1.3 0.4
Pyridine 1 33.6 35.5 34.6 1.9 0.8 1.0
H» 1 0.0 —-0.4 —-0.4 —-04 —0.1 —-04
HS 2 342 34.4 34.1 0.1 0.3 —-0.1
CCH 2 135.1 136.8 137.7 1.7 —-0.8 2.6
CyH3 2 71.6 72.6 72.1 1.0 0.5 0.5
CH3CO 2 —-24 —-0.5 —-22 1.9 1.7 0.2
H,COH 2 —4.1 -33 —43 0.8 1.0 —-0.2
CH30 2 5.0 5.1 5.0 0.1 0.0 0.0
CH3CH,0 2 —-33 —-04 —-3.6 29 32 -03
CH3S 2 29.8 30.0 29.1 0.2 0.9 —-0.7
CyH;s 2 28.9 29.6 29.0 0.7 0.6 0.1
(CH3),CH 2 215 23.6 21.5 2.1 2.1 0.0
(CH3)3C 2 12.3 14.7 13.1 24 1.6 0.8
NO, 2 7.9 11.9 9.0 4.0 2.9 1.1
MAD G2-2 1.1 0.8 0.8
MAD G2-2 singlets 1.1 0.7 0.8
MAD G2 set 1.0 0.7 0.8
MAD G2 set singlets 0.9 0.6 0.8
MAD G2-2 non-singlets 1.5 1.3 0.6
MAX error G2 set 4.6 32 4.2

2The MAD values are reported between each of the three data sets as explained in the text. The five consecutive MAD labels at the end of the table are, respectively, the MAD for all
species in the G2-2 set, the MAD for all singlet species in the G2-2 set, the MAD for all species in the G2/97 set, the MAD for all singlet species in the G2/97 set, and the MAD for

non-singlet species in the G2-2 set. The maximum (MAX) error is given for all species in the G2/97 set.

singlet species is 2.4 kcal/mol, which is an increase of 1.5
kcal/mol in MAD error from the ccCA-CC(2,3) G2-1 set val-
ues, and reflects the more complex structures that are consid-
ered in the G2-2 set. On the other hand, the MAD between
GROS4-CC(2,3) and experiment, for the G2-2 non-singlet
species is 0.9 kcal/mol. This is an improvement over the
ccCA-S4 G2-2 non-singlet species by 0.6 kcal/mol. Overall,
Table IV indicates that for ccCA-CC(2,3) the G2/97 set MAD
between GROS4-CC(2,3) and experiment is 1.7 kcal/mol; that
between GROS4-CC(2,3) and uROS4 is 1.7 kcal/mol; and

that between uROS4 and experiment is 0.8 kcal/mol. The
ccCA-CC(2,3) method improves on the predicted heats of for-
mation of the doublet species, for example, for NO, the abso-
lute difference from experiment for the ccCA-S4 heats of for-
mation is 4.0 kcal/mol vs. 1.7 kcal/mol for ccCA-CC(2,3). For
(CH3)3C, the analogous improvement is 2.4 kcal/mol (ccCA-
S4) to 0.5 kcal/mol (ccCA-CC(2,3)).

The MAX error for all species in the G2/97 set
between GROS4-CC(2,3) and experiment increased by
2.6 kcal/mol compared to the same MAX error between
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TABLE III. ccCA-CC(2,3) heats of formation and MAD? values (kcal/mol) of the G2-1 set from experiment (expt.), GROS4-CC(2,3), and uROS4.

G2-1 Set ccCA-CC(2,3) AHy (298 K) kcal/mol
Species Multiplicity Expt. (1) GROS4-CC(2,3)(2) uROS4 (3) (2)-(1) (2)-(3) 3)-(1)
LiH 1 333 324 324 -09 0.0 -0.9
BeH 2 81.7 81.6 81.0 —0.1 0.5 —-0.7
CH 2 142.5 142.4 1423 —-02 0.0 —-0.2
CH, 3 93.7 94.3 94.2 0.6 0.1 0.5
CH, 1 102.8 102.5 102.3 -03 0.2 -0.5
CH3 2 35.0 35.1 35.0 0.1 0.1 0.0
CHy 1 —-179 —17.4 —18.0 0.5 0.5 —-0.1
NH 3 85.2 85.6 85.9 0.4 —-0.2 0.7
NH, 2 45.1 442 442 -09 -0.1 -09
NH; 1 —11.0 —11.3 —11.6 -03 0.3 —-0.6
OH 2 9.4 8.9 8.6 -0.5 0.2 —-0.8
OH» 1 —57.8 —58.4 —59.0 -0.6 0.6 —1.2
FH 1 —65.1 —65.7 —66.1 —-0.6 0.4 —-1.0
SiH, 1 65.2 64.4 63.0 -0.8 1.4 —-22
SiH, 3 86.2 87.4 86.1 1.2 1.3 —0.1
SiH3 2 47.9 48.3 46.8 0.4 1.5 —1.1
SiHy 1 8.2 8.1 6.3 —0.1 1.8 -1.9
PH, 2 33.1 32.0 324 —1.1 —-04 —-0.7
PH3 1 1.3 1.8 1.5 0.5 0.2 0.2
SH, 1 —-49 -5.1 -59 —-0.2 0.8 —-1.0
CHH 1 —22.1 —-22.0 —22.6 0.1 0.5 -0.5
Lip 1 51.6 50.5 50.5 —1.1 0.0 —1.1
LiF 1 —80.1 —81.4 —82.0 —-13 0.6 -1.9
CyH; 1 54.2 56.1 55.2 1.9 0.9 1.0
CyHy 1 12.5 13.6 12.5 1.1 1.1 0.0
CyHe 1 —20.1 —19.1 —20.4 1.0 1.3 -03
CN 2 104.9 106.1 108.2 1.2 —-2.1 33
HCN 1 31.5 322 315 0.6 0.7 0.0
Cco 1 —26.4 —26.0 —26.8 0.4 0.9 —-04
HCO 2 10.0 10.8 10.0 0.8 0.7 0.0
H,CO 1 —26.0 —254 —26.5 0.6 1.1 —-0.5
H3;COH 1 —48.0 —47.6 —48.9 0.4 1.3 -09
N> 1 0.0 0.1 —-0.2 0.1 0.2 —-02
HoNNH; 1 22.8 23.2 22.1 0.3 1.0 —-0.7
NO 2 21.6 22.0 223 0.4 —-04 0.7
0, 3 0.0 0.6 1.1 0.6 -05 1.1
HOOH 1 —325 -319 —-33.1 0.6 1.2 —-0.6
F 1 0.0 1.4 0.9 1.4 0.5 0.9
CO, 1 —94.1 —92.7 —-94.0 1.4 1.3 0.1
Nay 1 34.0 325 329 —15 -03 —1.1
Sip 3 139.9 144.6 140.3 4.7 4.3 0.4
P 1 34.3 36.0 355 1.7 0.5 1.2
S2 3 30.7 31.6 30.9 0.9 0.7 0.2
Cl, 1 0.0 1.6 0.1 1.6 1.5 0.1
NaCl 1 —43.6 —42.5 —43.2 1.1 0.6 0.4
SiO 1 —24.6 —21.3 —23.8 33 25 0.8
SC 1 66.9 67.6 66.8 0.6 0.8 —0.1
SO 3 1.2 2.6 2.1 1.4 0.5 0.9
ClO 2 24.2 26.4 25.8 22 0.6 1.6
FCl 1 —132 —12.6 —13.6 0.6 1.0 —-04
SiHg 1 19.1 19.8 16.1 0.6 3.6 -3.0
CH3Cl 1 —19.6 —18.7 —20.1 0.9 1.4 —-0.5
H;CSH 1 —55 —4.6 —6.3 0.9 1.7 -0.8
HOCI 1 —17.8 —17.6 — 189 0.3 1.4 —1.1
SO, 1 —71.0 —68.6 —70.7 24 2.1 0.3
MAD G2-1 0.9 0.9 0.8
MAD singlet species 0.9 1.0 0.8

4The MAD values are reported between each of the three data sets as explained in the text. MAD G2-1 is the MAD for the whole G2-1 set and MAD singlet species is for all of the
singlet species in the G2-1 set.
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TABLE IV. ccCA-CC(2,3) heats of formation and MAD? values (kcal/mol) of the G2-2 set from experiment (expt.), GROS4-CC(2,3), and uROS4.

G2-2 Set ccCA-CC(2,3) AHy (298 K)

Species Multiplicity Expt. (1) GROS4-CC(2,3)(2) uROS4(3) (2)-(1) (2)-(3) (3)-(1)
BF3; 1 —2714 —269.5 —269.7 1.9 0.2 1.7
BCl3 1 —96.3 -929 —-954 34 2.5 0.9
AlF; 1 —289.0 —285.4 —289.9 3.6 4.6 -09
AlICl3 1 —139.7 —134.6 —140.9 5.1 6.3 —-12
CF4 1 —223.0 —221.1 —223.1 1.9 1.9 —-0.1
CCly 1 —-229 —-17.7 —229 5.2 52 0.0
COS 1 —33.1 —32.3 —343 0.8 2.0 —1.2
CS, 1 28.0 29.7 27.0 1.7 2.7 —-1.0
CF,0 1 —149.1 — 1432 — 1449 59 1.7 4.2
SiFy 1 —386.0 —381.7 —385.2 4.3 35 0.8
SiCly 1 — 1584 —151.2 — 1575 72 6.3 0.9
N,O 1 19.6 20.9 19.9 1.3 1.1 0.3
CINO 1 12.4 12.9 133 0.5 —-04 0.9
NF; 1 —-31.6 —30.1 —-312 1.5 1.1 0.4
PF3 1 —229.1 —226.0 —227.6 3.1 1.6 1.5
03 1 34.1 38.3 36.1 42 2.2 2.0
F,O 1 5.9 8.0 6.9 2.1 1.0 1.0
ClIF; 1 —38.0 —36.4 —38.7 1.6 2.3 —-0.7
CyF4 1 — 1574 —157.6 —160.7 —-0.2 3.1 -33
CyCly 1 -3.0 1.2 —-53 4.2 6.5 —-23
CF;CN 1 —118.4 —114.8 —118.1 3.6 34 0.3
Propyne 1 442 46.5 449 23 1.6 0.7
Allene 1 45.5 474 46.0 1.9 1.4 0.5
Cyclopropene 1 66.2 69.8 68.4 3.6 14 2.2
Propylene 1 4.8 6.2 4.8 1.4 1.4 0.0
Cyclopropane 1 12.7 14.4 12.9 1.7 1.4 0.2
Propane 1 —25.0 —24.2 —255 0.8 1.2 —-0.5
Butadiene 1 26.3 29.6 27.1 33 2.4 0.8
2-Butyne 1 34.8 384 36.1 3.6 2.3 1.3
Methylene cyclopropane 1 47.9 49.1 46.8 1.2 2.3 —-1.1
Bicyclobutane 1 51.9 56.4 54.1 4.5 2.3 2.2
Cyclobutene 1 374 41.2 39.0 3.8 22 1.6
Cyclobutane 1 6.8 8.6 6.5 1.8 2.1 —-0.3
Isobutene 1 —-4.0 —14 -39 2.6 2.5 0.1
Transbutane 1 —-30.0 —28.5 —30.6 1.5 2.1 —-0.6
Isobutane 1 —32.1 —30.4 —-324 1.7 2.0 -03
Spiropentane 1 443 47.8 447 3.5 3.1 0.4
Benzene 1 19.7 25.2 20.8 5.5 4.4 1.1
CH,F, 1 —107.7 —107.0 —108.1 0.7 1.1 —-04
CHF; 1 —166.6 —165.1 —166.7 1.5 1.5 —-0.1
CH,Cl, 1 —22.8 —20.6 —229 22 2.3 —-0.1
CHCl3 1 —24.7 —20.7 —24.4 4.0 3.7 0.3
Methylamine 1 —55 -5.1 —-5.8 0.4 0.6 -03
Methyl cyanide 1 17.7 19.7 18.1 2.0 1.6 0.4
Nitromethane 1 —17.8 —153 —-17.8 2.5 2.5 0.0
Methyl nitrite 1 —159 —13.8 —16.0 2.1 22 —-0.1
Methyl silane 1 -7.0 —-5.6 —-175 1.4 1.9 -0.5
Formic acid 1 —-90.5 —89.3 -91.0 1.2 1.6 —-0.5
Methyl formate 1 —85.0 —83.7 —86.1 1.3 2.4 —1.1
Acetamide 1 —-57.0 —54.2 —56.6 2.8 2.3 0.4
Aziridine 1 30.2 31.6 30.2 14 1.4 0.0
Cyanogen 1 73.3 77.5 75.3 42 2.2 2.0
Dimethylamine 1 —44 —-33 —4.5 1.1 1.2 —-0.1
Ethylamine 1 —11.3 —11.4 —12.6 —0.1 1.2 —13
Ketene 1 —114 -99 —-11.2 1.5 1.3 0.2
Oxirane 1 —12.6 —11.3 —-12.7 1.3 1.5 —-0.1
Acetaldehyde 1 —39.7 —383 —39.8 1.4 1.5 —0.1
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G2-2 Set ccCA-CC(2,3) AHy (298 K)
Species Multiplicity Expt. (1) GROS4-CC(2,3)(2) uROS4(3) 2)-(1) 2)-(3) 3)-(1)
Glyoxal 1 —50.7 —48.5 —51.0 2.2 2.5 -03
Ethanol 1 —56.2 —555 —57.0 0.7 1.5 —-0.8
Dimethylether 1 —44.0 —43.0 —44.5 1.0 1.5 —-0.5
Thiirane 1 19.6 19.9 17.8 0.3 2.1 —1.8
Dimethyl sulfoxide 1 —36.2 —33.6 —36.7 2.6 3.0 -0.5
Ethanethiol 1 —11.1 —-9.7 —11.7 1.5 2.1 —0.6
Dimethylsulfide 1 -9.0 -79 -99 1.1 2.0 -0.9
Vinyl fluoride 1 —332 —32.7 —34.0 0.5 1.3 —-0.8
Ethyl chloride 1 —26.8 —254 —272 1.4 1.8 —-04
Vinyl chloride 1 8.9 7.1 52 —1.8 1.9 -3.7
Acrylonitrile 1 43.2 48.2 45.8 5.0 24 2.6
Acetone 1 —-51.9 —49.6 —-51.9 2.3 2.3 0.0
Acetic acid 1 —103.4 —100.9 —103.4 2.5 2.5 0.0
Acetyl fluoride 1 —105.7 —103.1 —105.1 2.6 1.9 0.6
Acetyl chloride 1 —58.0 —55.0 —57.7 3.0 2.8 0.3
Propyl chloride 1 —31.5 —29.8 —323 1.7 2.5 -0.8
Isopropanol 1 —65.2 —63.8 —66.1 1.4 2.3 —-09
Methylethyl ether 1 —-51.7 —50.5 —52.7 1.2 2.2 —-1.0
Trimethylamine 1 —-5.7 —4.4 —6.3 1.3 1.9 —0.6
Furan 1 —83 —43 -1.7 4.0 34 0.6
Thiophene 1 27.5 31.6 27.4 4.1 42 —-0.1
Pyrrole 1 259 29.5 26.3 3.6 32 0.4
Pyridine 1 33.6 39.0 34.6 5.4 44 1.0
H, 1 0.0 —-04 —-04 —-04 —-0.1 —-04
HS 2 342 343 34.1 0.1 0.2 —-0.1
CCH 2 135.1 1359 137.7 0.8 —1.8 2.6
CyH3 2 71.6 72.3 72.1 0.7 0.2 0.5
CH3CO 2 —24 —-0.8 —-22 1.6 1.4 0.2
H,COH 2 —4.1 -33 —43 0.8 1.0 —-0.2
CH30 2 5.0 4.8 5.0 —-0.2 -03 0.0
CH3CH,0 2 -33 —-0.7 -3.6 2.6 2.9 -03
CH3S 2 29.8 29.8 29.1 0.0 0.7 —-0.7
C,Hs 2 28.9 29.4 29.0 0.5 0.4 0.1
(CH3),CH 2 21.5 22.6 21.5 1.1 1.1 0.0
(CH3);C 2 12.3 12.8 13.1 0.5 —-0.2 0.8
NO; 2 7.9 9.6 9.0 1.7 0.6 1.1
MAD G2-2 22 2.1 0.8
MAD G2-2 singlets 24 23 0.8
MAD G2 set 1.7 1.7 0.8
MAD G2 set singlets 1.9 1.9 0.8
MAD G2-2 non-singlets 0.9 0.9 0.6
MAX error G2 set 72 6.5 42

4The MAD values are reported between each of the three data sets as explained in the text. The five consecutive MAD labels at the end of the table are, respectively, the MAD for all
species in the G2-2 set, the MAD for all singlet species in the G2-2 set, the MAD for all species in the G2/97 set, the MAD for all singlet species in the G2/97 set, and the MAD for
non-singlet species in the G2-2 set. The maximum (MAX) error is given for all species in the G2/97 set.

GROS4 and experiment. Also, the MAX error for all species
in the G2/97 set between GROS4-CC(2,3) and uROS4 in-
creased by 3.3 kcal/mol compared to that between GROS4
and uROS4. The discussion below discusses these acceptable
increases.

GROS4 and uROS4 may appear to be the same for certain
closed-shell species, but this does not imply that the energies
of atomization will be the same. For example, if a closed-shell
species AB dissociates into open-shell A and B fragments,
the GROS4 energy is calculated using CCSD(T)/RHF for AB
and CR-CC(2,3)/ROHF for A and B. The analogous uROS4
energy uses CCSD(T)/RHF for AB and CCSD(T)/UHF for A

and B. So, the energies of atomization will be different de-
spite the fact that the total energy of AB may be the same in
both calculations. Similarly, the fact that GROS4 and GROS4-
CC(2,3) may be the same for open shells does not mean that
the atomization energies are the same, since one of the dis-
sociation fragments could be a closed shell (so that GROS4
would use CCSD(T)/RHF and GROS4-CC(2,3) would use
CR-CC(2,3)/RHF for this fragment). Only if the molecule and
fragments are all open shells, should GROS4 and GROS4-
CC(2,3) be expected to give the same atomization energy,
since all species involved in atomization are treated by
CR-CC(2,3)/ROHF (see, e.g., NH; in Table III).
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FIG. 2. The conrotatory pathway (dashed curve) and disrotatory pathway
(solid curve) for the isomerization of bicyclo[1.1.0]butane to trans-buta-1,3-
diene. Two sets of relative energies (in kcal/mol) are shown, obtained from
ccCA 0 K energies for each stationary point. Energies in red are ccCA-S4 val-
ues based on CASSCF(10,10)/cc-pVDZ geometries. Energies in blue italics
are ccCA-CC(2,3) values based on CASSCF(10,10)/cc-pVDZ geometries.
The values in parentheses represent the available experimental data.

B. Pericyclic rearrangement

Figure 2 illustrates the potential energy curves for the
pericyclic rearrangement. The only available experimental
data are for the conrotatory transition state and the trans-buta-
1,3-diene final product. The activation energy barrier for the
isomerization of bicyclo[1.1.0]butane into buta-1,3-diene is
40.6 + 2.5 kcal/mol at 0 K,”® and since this isomerization
is a conrotatory process, the activation energy corresponds to
the conrotatory transition state. The trans-buta-1,3-diene final
product has a heat of reaction that is estimated to be —25.9
+ 0.4 kcal/mol at 298 K.” Thus, only the conrotatory transi-
tion state and frans-buta-1,3-diene final product energies can
be compared to experimental data. This lack of experimen-
tal data for the pericyclic rearrangement pathway also em-
phasizes the need for the development of quantitatively reli-
able methods to predict the energies along reaction pathways
that contain diradical species. It is, therefore, gratifying that
all conrotatory activation energies and the net reaction energy

J. Chem. Phys. 136, 144109 (2012)

predicted by ccCA-S4 and ccCA-CC(2,3) agree to within 1—
2 kcal/mol with the experimental values (see Figure 2 and
Table V).

A simple measure of the percent diradical character in
a wavefunction is (2 — ng) x 100, where ny is the occupa-
tion number of the natural orbital corresponding to the high-
est occupied molecular orbital. In this work, ny was obtained
from the CASSCF(10,10)/cc-pVDZ wavefunction.”® The per-
cent diradical character for each of the relevant species in the
pericyclic reaction mechanism is listed in Table V. One ad-
vantage of the CR-CC(2,3) method is that, unlike traditional
coupled cluster approaches, such as CCSD(T), CR-CC(2,3)
can correctly account for significant diradical character. This
capability of the CR-CC(2,3) approach is relevant in the cur-
rent context, since the various species listed in Table V have
dramatically different amounts of diradical character. So, for
any method to be successful for this system, it must be able
to account correctly for diradical character that varies a great
deal along the reaction potential energy surface. For example,
the diradical character in the conrotatory vs. the disrotatory
transition state is 24% vs. 90%, while the diradical character
in the local minimum energy structures is less than 10%. As
may be seen in Table V, this leads to large differences in pre-
dicted relative energies between CR-CC(2,3) and CCSD(T),
with CCSD(T) placing the disrotatory transition state below
the conrotatory one, contradicting the well-established exper-
imental data®-% and MR- (Refs. 50, 67, and 69) or MR-based
quantum Monte Carlo’® calculations. The agreement between
these two levels of theory is much better for the conrotatory
than for the disrotatory transition state due to the smaller di-
radical character in the former than in the latter. The above
accuracy patterns characterizing the restricted CR-CC(2,3)
and CCSD(T) methods propagate into the corresponding CR-
CC(2,3)-based ccCA-CC(2,3) and CCSD(T)-based ccCA-S4
calculations, where only the former ccCA scheme provides
the correct energy ordering of both isomerization pathways.

The ccCA-S4 and ccCA-CC(2,3) values of the re-
action heat at 298 K were also calculated in order to
compare with the available experimental reaction enthalpy,
which is, as mentioned above, —25.9 + 0.4 kcal/mol at
298 K.* The ccCA-S4 and ccCA-CC(2,3) approaches give
—26.7 kcal/mol and —26.6 kcal/mol, respectively, using the

TABLE V. Electronic energies corrected for zero-point vibrational energies, i.e., enthalpies at 0 K* (kcal/mol),
characterizing the con_TS and dis_TS transition states, g-but intermediate, gt_TS transition state, and t-but final
product at several levels of theory. All energies are relative to bicbut reactant.

Method con_TS dis_TS g-but gt_TS t-but
CASSCF(10,10)/cc-pVDZ 38.5 52.0 -39.7 =372 —42.6
CCSD(T)/cc-pVTZ//CASSCF(10,10)/cc-pVDZ 40.4 21.8 =251 =223 —28.0
CR-CC(2,3)/cc-pVTZ//CASSCF(10,10)/cc-pVDZ 41.1 66.1 —-249 =221 -27.9
ccCA-S4//CASSCF(10,10)/cc-pVDZ 40.4 21.5 —248 =219 —27.8
ccCA-CC(2,3)//CASSCF(10,10)/cc-pVDZ 41.1 65.7 —246 -21.8 —-27.7
Percent diradical character® 24 90 9 8 9
Experiment 40.6 4 2.5 —25.9 +0.44

4The ccCA values are based on heats of formation at 0 K. The CASSCF and CR-CC(2,3) values are taken from Ref. 50. The A//B
notation indicates an energy calculated at level A using the geometry determined at level B.
bObtained using CASSCF(10,10)/cc-pVDZ; bicbut has a diradical character of 4%.

“Reference 73.

dReaction enthalpy at 298 K based on the enthalpies of formation of bicyclo[1.1.0]butane and buta-1,3-diene in Ref. 74.
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CASSCF(10,10)/cc-pVDZ geometries. These ccCA heats of
reaction are in very good agreement with experiment and with
each other.

IV. CONCLUSIONS

Both the ccCA-S4 and ccCA-CC(2,3) methods have been
compared with the G2/97 set using a new code that has been
developed for composite methods. The ROHF-based CR-
CC(2,3) method has been shown to be an accurate and compu-
tationally cost-effective option for the calculation of heats of
formation, both within the ccCA-CC(2,3) approach, in which
the CR-CC(2,3) method is used for closed- as well open-shell
species, and within the modified ccCA-S4 protocol, in which
CCSD(T) is used for closed-shell systems and CR-CC(2,3)
is a substitute for CCSD(T) in calculations involving open-
shell species. The ccCA-CC(2,3) method, gives a MAD of
1.7 kcal/mol relative to experiment for the G2/97 set. For
open-shell species and diradicals, which can frequently be
problematic for composite methods, the ccCA-CC(2,3) MAD
error is only 0.9 kcal/mol relative to experiment. These re-
sults make the new method competitive with the successful
and well-established ccCA-S4 approach. Relative to experi-
ment, for open-shell species and diradicals, the ccCA-CC(2,3)
method improves on the ccCA-S4 method by a MAD error of
0.6 kcal/mol. This ability to reliably treat open-shell and di-
radical species manifests itself in the correct resolution by the
ccCA-CC(2,3) method of the competing reaction pathways
for the pericyclic rearrangement of bicyclo[1.1.0]butane to
trans-1,3-butadiene.

Since the ccCA-CC(2,3) method is able to consistently
predict the relative energies for systems that contain species
of high diradical character, and for potential energy surfaces
in which the diradical character changes significantly from
structure to structure, it is possible that other composite meth-
ods can take advantage of the CR-CC(2,3) approach as a
viable replacement for the CCSD(T) method. In particular,
composite methods that employ CR-CC(2,3) can potentially
treat systems with a more significant MR character, without
the need for true MR methods that are computationally de-
manding and sometimes require difficult choices when deter-
mining an active space.
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