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The effectiveness of the recently developed, explicitly correlated coupled cluster method CCSD(T)-
F12b is examined in terms of its ability to reproduce atomization energies derived from complete
basis set extrapolations of standard CCSD(T). Most of the standard method findings were obtained
with aug-cc-pV7Z or aug-cc-pV8Z basis sets. For a few homonuclear diatomic molecules it was
possible to push the basis set to the aug-cc-pV9Z level. F12b calculations were performed with the
cc-pVnZ-F12 (n = D, T, Q) basis set sequence and were also extrapolated to the basis set limit us-
ing a Schwenke-style, parameterized formula. A systematic bias was observed in the F12b method
with the (VTZ-F12/VQZ-F12) basis set combination. This bias resulted in the underestimation of
reference values associated with small molecules (valence correlation energies <0.5 Eh) and an even
larger overestimation of atomization energies for bigger systems. Consequently, caution should be
exercised in the use of F12b for high accuracy studies. Root mean square and mean absolute de-
viation error metrics for this basis set combination were comparable to complete basis set values
obtained with standard CCSD(T) and the aug-cc-pVDZ through aug-cc-pVQZ basis set sequence.
However, the mean signed deviation was an order of magnitude larger. Problems partially due to
basis set superposition error were identified with second row compounds which resulted in a weak
performance for the smaller VDZ-F12/VTZ-F12 combination of basis sets. © 2013 AIP Publishing
LLC. [http://dx.doi.org/10.1063/1.4819125]

I. INTRODUCTION

The majority of high accuracy electronic structure cal-
culations on “well behaved” chemical systems, i.e., those
not suffering from excessive multi-configurational character,
make use of the single reference coupled cluster technique in-
volving single and double excitations, combined with a non-
iterative, quasiperturbative estimate of the effect of triple ex-
citations, CCSD(T).1–4 This method recovers a large enough
fraction of the electron correlation energy that it can be ap-
plied to an extensive range of molecules, including many
whose wave functions exhibit moderate multiconfigurational
character, such as C2, O3, and FOO.5, 6 At the current state of
the art, theoretical methods are capable of reliably predicting
an assortment of molecular properties. While some properties
require only modest computational effort, such as the electric
dipole moment, others are more challenging. Among the lat-
ter are the class of thermochemical properties that includes
heats of formation or atomization energies.7 Numerous stud-
ies have shown that the principal source of error in CCSD(T)
calculations arises from the incompleteness in the 1-particle
basis set.8, 9 Consequently, for studies attempting to achieve
high accuracy the treatment of basis set issues is critical. Un-
fortunately, the steep increase in computational cost accom-
panying improvements in the basis set and the lack of formal
a priori error bars makes a brute force assault on the problem
very difficult. To put matters into perspective, high accuracy
investigations normally require levels of theory beyond frozen

a)E-mail: dfeller@owt.com

core (FC) CCSD(T) in which the inner shell electrons are ex-
cluded from the recovery of correlation effects. These include
consideration of core/valence correlation, scalar relativistic,
and higher order correlation effects, such as exemplified in the
FPD,7, 9, 10 Gaussian-n,11–13 Wn,14, 15 HEATx,16, 17 ccCA,18–20

FPA,21–23 and Petersson-style CBS24–26 approaches. The cal-
culations in this study are limited to a treatment of valence-
only correlation.

In an effort to reduce the impact of the basis set incom-
pleteness problem a variety of simple extrapolation formu-
las that exploit the smooth 1-particle convergence behavior
characteristic of the correlation consistent basis sets of Dun-
ning and co-workers have been proposed.27–41 Extrapolation
formulas provide a practical route to estimating the complete
basis set (CBS) limit while avoiding the need to perform ex-
tremely expensive or possibly intractable calculations. Corre-
lation consistent basis sets are available for elements from the
1st to 6th periods and include levels as high as 10ζ , mak-
ing them ideally suited for a wide range of high accuracy
investigations. When the correlation consistent basis sets are
augmented with extra diffuse functions they are convention-
ally denoted aug-cc-pVnZ (first and third row) and aug-cc-
pV(n+d)Z (second row). For the sake of brevity we will use
the notation aVnZ to mean a combination of aug-cc-pVnZ for
first and third row elements and aug-cc-pV(n+d)Z for second
row elements throughout this work.

In previous work we compared 7 extrapolation formulas
against a collection of 141 atomization energies obtained with
large basis set, standard CCSD(T).42 Even the poorest per-
forming scheme was found to produced results comparable to
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or better than raw CCSD(T) results with the next higher level
basis set, i.e., CBS(aVnZ) ≈ raw[aV(n+1)Z]. The most effec-
tive schemes produced results comparable to raw [aV(n+2)Z]
values. While no single formula proved superior across all ba-
sis sets and classes of molecules, a five formula average and
an expression involving the inverse of the maximum angular
momentum present in the basis set (�max):

E(�max) = ECBS + A/(�max + 1/2)4, (1)

which was proposed by Martin43 were statistically su-
perior. Martin’s formula built upon the earlier works
of Schwartz,44, 45 Carroll,46 Hill,47 and Kutzelnigg and
Morgan.48 A follow-up study used an expanded 183-member
reference set to explore improved extrapolation formulas, one
of which achieved another increase in the level of basis set,
i.e., CBS(aVnZ) ≈ raw[aV(n+3)Z].49

An alternate route to reducing the basis set trunca-
tion error is provided by explicitly correlated methods, such
as the recently developed CCSD(T)-F12a/b techniques.50–52

Through the inclusion of nonlinear terms in the interelectronic
distance, rij, CCSD(T)-F12 methods achieve dramatically im-
proved convergence with respect to the basis set. Note that
in the current implementation of the F12 method, only the
CCSD step is explicitly correlated. Thus, the triple excitation
piece of the energy converges in essentially the same man-
ner as in standard CCSD(T). We compared F12a and F12b
predictions of structures, harmonic frequencies, and atomiza-
tion energies against large basis set standard CCSD(T) for C2

and 15 small hydrocarbons.53 F12b, which differs from F12a
by the inclusion of an additional energy correction which
approximately doubles the magnitude of the coupling be-
tween the conventional and explicitly correlated pieces of the
calculation,51, 54, 55 was found to produce results closer to stan-
dard CCSD(T). F12a frequently overestimated the true basis
set limit for the correlation energy, especially with quadru-
ple zeta basis sets. Raw CCSD(T)-F12b/cc-pVnZ-F12 results
were comparable in accuracy to CCSD(T)/aug-cc-V(n+2)Z
values, but were obtained at a fraction of the computational
cost. In addition to the raw CCSD(T)-F12b results, we also
studied the performance of extrapolated F12b energies us-

ing the formula suggested by Hill et al.56 In that proce-
dure the self-consistent field (SCF) limit was approximated
by the SCF + complementary auxiliary basis set (CABS)
singles correction50 determined with the largest basis set
(cc-pVTZ-F12 for the DT extrapolation, cc-pVQZ-F12 for
the TQ extrapolation). A slight tendency to overshoot the
CCSD(T)/CBS(aVQ56) estimates was noted in larger sys-
tems, but the uncertainty in the reference values was suffi-
ciently large that it placed in question the significance of this
observation.

The goal of the present work is to extend the calibration
of the F12b method beyond C2 and the hydrocarbons included
in the 2010 investigation by using a much larger collection
of reference atomization energies. As with the hydrocarbon
study, both raw F12b/VnZ-F12 (n = D, T, Q) and F12b/CBS
extrapolated values will be examined. Particular attention will
be paid to the accuracy of the reference set in light of the pre-
sumed high accuracy of the explicitly correlated method. The
current reference set began with the 183-member collection of
molecules,49 but increased the number of systems treated with
7ζ - and 8ζ -level basis sets. Additional measures that were
taken to further improve the reference set accuracy, will be
described. The statistical analyses reported here will be per-
formed with information stored in the Computational Results
Database (CRDB).57 The database currently holds approxi-
mately 121 000 experimental and theoretical entries covering
432 neutral, anion, and cation atomic and molecular species in
their ground and low-lying excited states. While the empha-
sis in populating the database was on high accuracy results, a
wide range of methods is covered.

The focus in this study will be on energy differences
rather than total energies. Obtaining total energies that are
sufficiently well converged with respect to the 1-particle ba-
sis set to serve as accurate CBS reference values has proven
to be extremely difficult. A simple illustration can be found
in Table I, where full configuration interaction (FCI) total
energies for the H2 molecule are shown as a function of
the basis set. Essentially exact values are available from the
works of Wolniewicz58 and Cencek and Kutzelnigg.59 Due
to the well-known problems of reproducing the electron-
electron Coulomb cusp with orbital expansion products, even
the aV9Z raw energy remains in error by 3 × 10−5 Eh.
CBS extrapolation with either the 1/(�max + 1/2)4 or 1/�max

3

TABLE I. H2 (1�g
+) full configuration interaction energies.

1/(�max + 1/2)4 1/�max
3

Basis Composition No. of Functions Raw E(FCI) E(FCI)/CBS Errora E(FCI)/CBS Errora

aV5Z [6s,5p,4d,3f,2g] 160 −1.1742522 –1.174565 − 0.000089 −1.174655 − 0.000179
aV6Z [7s,6p,5d,4f,3g,2h] 254 −1.1743600 − 1.174473 0.000003 −1.174508 − 0.000032
aV7Z [8s,7p,6d,5f,4g,3h,2i] 378 −1.1744109 − 1.174477 − 0.000001 −1.174497 − 0.000021
aV8Z [9s,8p,7d,6f,5g,4h,3i,2k] 536 −1.1744306 − 1.174470 0.000006 −1.174481 − 0.000005
aV9Z [10s,9p,8d,7f,6g,5h,4i,3k,2l] 732 −1.1744464 − 1.174469 0.000007 −1.174476 0.000000
CKb −1.1744757
Wc −1.1744757

aError is measured with respect to the Cencek and Kutzelnigg value.59 The complete basis set (CBS) extrapolated values are based on the maximum angular momentum (�max) found
in the basis set. Energies were evaluated at the optimal bond lengths; aV5Z = 0.74160 Å, aV6Z = 0.74150 Å, aV7Z = 0.74147 Å, aV8Z = 0.74145 Å, and aV9Z = 0.74144 Å.
bCencek and Kutzelnigg59 at 1.40 bohrs using a basis set of 1200 explicitly correlated functions.
cWolniewicz.58
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FIG. 1. Frozen core CCSD(T) dissociation energies for C2 as a function of
the basis set index. The complete basis set estimates used a multi-formula
average. Error bars were based on the spread among the CBS values.

formulas43, 60 significantly reduces the error. Replicating these
results for larger systems is currently not possible.

II. APPROACH

Frozen core CCSD(T) molecular energies were obtained
at the respective aVnZ (n = D, T, Q, . . . , 8) optimal geome-
tries using MOLPRO version 2012.1.61 The largest CCSD(T)
calculation with MOLPRO involved slightly more than 1800
basis functions. In a few instances it was possible to per-
form CCSD(T)/aV9Z calculations with new basis sets devel-
oped for this study (see supplementary material).84 The cor-
relation consistent basis sets are well known for producing

smoothly convergent properties as a function of the basis set
index n. An illustration of this characteristic in the present
context is shown in Figure 1, where the raw aVnZ dissoci-
ation energies (De) of C2 (1�g

+) are plotted against the ba-
sis set index. Figure 1 also shows the behavior of the CBS
estimates based on an average of multiple extrapolation for-
mulas. The extrapolation formula in Eq. (1) produces similar
results.

MOLPRO currently lacks support for basis functions be-
yond �max = 6 (i functions). Consequently, most of the aV7Z
and aV8Z optimal structures were obtained without k and l
functions. For a few homonuclear diatomics it proved possi-
ble to retain k and l functions in the optimizations. Calcula-
tions with the full aV7Z and aV8Z basis sets were performed
with the Dalton 2.062 and Gaussian 0963 applications. Open
shell calculations were based on the R/UCCSD(T) method,
which begins with restricted open-shell Hartree-Fock (ROHF)
orbitals, but allows a small amount of spin contamination
in the solution of the CCSD equations.64, 65 Atomic sym-
metry in the orbitals was imposed in calculations on the
atomic asymptotes. The current version of Dalton only sup-
ports closed shell systems and Gaussian 09 only handles un-
restricted UCCSD(T) open shell calculations. Consequently,
we were forced to estimate the aV7Z and aV8Z basis sets
R/UCCSD(T) energies. This was accomplished by assuming
that the difference between UCCSD(T) and R/UCCSD(T) en-
ergies for basis sets containing k and l functions could be de-
termined with sufficient accuracy using basis sets containing
no higher than i-functions. An example is shown in Table II
for the carbon atom where the UCCSD(T)-R/UCCSD(T) dif-
ference in the right hand column has apparently converged to
10−6 Eh or better at the aV6Z level.

Due to the time-consuming nature of aV7Z and aV8Z
calculations, in most cases the effects of k and l functions were
estimated by a short extrapolation, as discussed in Ref. 8. For
the sake of completeness, we briefly summarized it here. In
the case of the aV7Z basis set, a series of three calculations
were performed at the optimal geometry using the aV7Z(no
h,i,k), aV7Z(no i,k) and aV7Z(no k) basis sets. The corre-
sponding Hartree-Fock (HF) energies are extrapolated using a
3-parameter exponential function. Typically, the HF/aV7Z(no
k) energies are within a few tenths of a microhartree of the full

TABLE II. Carbon atom (3P) CCSD(T)(FC) energies (Eh).

Difference

Basis UHFa UCCSD(T)a ROHFb R/UCCSD(T)b HF Correlation Total

aVDZ − 37.687763 − 37.764866 − 37.683070 − 37.764798 0.004693 −0.004625 0.000068
aVTZ − 37.691811 − 37.781825 − 37.686777 − 37.781725 0.005034 −0.004934 0.000100
aVQZ − 37.693352 − 37.786875 − 37.688256 − 37.786770 0.005096 −0.004991 0.000105
aV5Z − 37.693690 − 37.788380 − 37.688573 − 37.788267 0.005117 −0.005004 0.000113
aV6Z − 37.693732 − 37.788869 − 37.688612 − 37.788755 0.005120 −0.005006 0.000114
aV7Z − 37.693738 − 37.789092 − 37.688618 − 37.788978 (est.) 0.005120 −0.005006c 0.000114 (est.)
aV8Z − 37.693739 − 37.789186 − 37.688619 − 37.789072 (est.) 0.005120 −0.005006c 0.000114 (est.)
aV9Z − 37.693739 − 37.789256 − 37.688619 − 37.789120 (est.) 0.005120 −0.005006c 0.000114 (est.)

aNo symmetry equivalencing of the atomic orbitals.
bSymmetry equivalencing imposed on the atomic orbitals.
cBased on the correlation energy differences without k (aV7Z), kl (aV8Z) or klm (aV9Z) functions.
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TABLE III. Comparison of atomization energies (kcal/mol) obtained from
explicit k- and k,l-function frozen core calculations with values obtained from
short extrapolations.a

aug-cc-pV7Z aug-cc-pV8Z

Molecule Full basis Extrap. Error Full basis Extrap. Error

CH (2�) 83.85 83.84 − 0.01 83.88 83.87 − 0.01
CH2 (3B1) 189.77 189.77 0.00 139.82 139.80 − 0.02
CH2 (1A1) 180.56 180.56 0.00 180.59 180.60 0.01
C2 (1�g

+) 145.03 145.03 0.00 145.13 145.11 − 0.02
CN (2�+) 178.89 178.89 0.00 179.03 179.02 − 0.01
C2H2 (1�g

+) 402.48 402.47 − 0.01
CO (1�+) 258.29 258.29 0.00 258.39 258.41 0.02
CO2 (1�g

+) 387.83 387.84 0.01 387.87 387.83 − 0.04
CF2 (1A1) 257.85 257.85 0.00
CS (1�+) 170.63 170.63 0.00 170.76 170.75 − 0.01
B2 (3�g

−) 65.10 65.10 0.00 65.14 65.14 0.00
BH (1�+) 84.69 84.69 0.00 84.71 84.70 − 0.01
N2 (1�g

+) 226.69 226.71 0.02 226.86 226.87 0.01
NH (3�−) 82.74 82.73 − 0.01 82.77 82.75 − 0.02
NH2 (3B1) 181.89 181.89 0.00 181.96 181.93 − 0.03
NO (2�) 151.43 151.44 0.01 151.58 151.57 − 0.01
O2 (3�g

−) 119.67 119.67 0.00 119.78 119.76 − 0.02
OH (2�) 106.90 106.90 0.00 106.95 106.93 − 0.02
F2 (1�g

+) 38.36 38.36 0.00 38.42 38.41 − 0.01
HF (1�+) 141.43 141.42 − 0.01 141.48 141.44 − 0.04
Al2 (3�u) 33.26 33.27 0.01 33.28 33.29 0.00
AlH (1�+) 73.68 73.68 0.00 73.69 73.69 0.00
AlF (1�+) 163.30 163.31 0.01 163.39 163.37 − 0.02
Si2 (3�g

−) 75.78 75.77 − 0.01 75.85 75.85 0.00
SiH (2�) 73.75 73.75 0.00 73.77 73.76 − 0.01
SiO (1�+) 191.47 191.48 0.01 191.62 191.60 − 0.02
SiS (1�+) 146.68 146.69 0.01 146.83 146.82 − 0.01
P2 (1�g

+) 115.45 115.44 − 0.01 115.61 115.61 0.00
PH (3�−) 73.23 73.22 − 0.01 73.25 73.24 − 0.01
PN (1�+) 144.74 144.75 0.01 144.91 144.91 0.00
S2 (3�g

−) 103.20 103.20 0.00 103.35 103.34 − 0.01
SO (3�−) 125.50 125.50 0.00 125.64 125.62 − 0.02
SH (2�) 87.49 87.49 0.00 87.53 87.52 − 0.01
Cl2 (1�g

+) 59.59 59.60 0.01 59.68 59.68 0.00
HCl (1�+) 107.43 107.43 0.00 107.46 107.45 − 0.01
ClF (1�+) 62.55 62.55 0.00 62.63 62.63 0.00
H2O (1A1) 232.43 232.43 0.00 232.49 232.47 − 0.02

MAD <0.01 0.01
Max. abs. 0.02 0.04

aThe aV7Z extrapolations were based on an unweighted average of the exponential and
�max

−3 estimates of the missing k-function contribution to the correlation energy. The
aV8Z extrapolation for the missing k,l-functions used a 2/3:1/3 weighted average (ex-
ponential: �max

−3).

aV7Z value, so the extrapolation contributes very little. In the
next step the correlation energies are extrapolated using an
exponential and a 1/�max

3 formula to account for the resid-
ual contribution from the missing k-functions. Experience has
shown that the average of the two formulas yields a good ap-
proximation to energy differences in the full aV7Z basis set.
For the aV8Z basis set a 2/3(exp) to 1/3(�max

3) weighting is
used. Additional tests of the accuracy of this approximation
were conducted for this study and the results are shown in
Table III. For aV7Z the level of agreement is excellent, with
a mean absolute deviation (MAD) of <0.01 kcal/mol and a

maximum deviation of 0.02 kcal/mol. With the aV8Z basis
set, where the extrapolation is slightly “longer,” the agree-
ment is only moderately worse. Most of the molecules in
Table III are small. The magnitude of the error could increase
as the size of the system and the magnitude of the corre-
lation energy associated with missing k- and l-functions in-
creases, but it appears likely that the contributions from these
very high angular momentum functions can be adequately es-
timated for our current purpose.

Using energies obtained from the short extrapolation
in subsequent CBS extrapolations increases the error some-
what, relative to the raw basis set results, as might be ex-
pected. For example, in the case of the diatomic molecule
PN (1�+) the short aV7Z extrapolation predicts a De value
that is 0.01 kcal/mol larger than the full, k-function inclusive
calculation. After CBS extrapolation, the difference increases
to 0.03 kcal/mol, an error that remains within the uncertainty
(±0.18 kcal/mol) we normally associate with the extrapolated
value. In this case the CBS limit was estimated as the average
of 4 formulas, including Eq. (1) and the following:

E(n) = ECBS + Ae−bn, (2)

E(n) = ECBS + Ae−(n−1) + Be−(n−1)2
, (3)

E(�max) = ECBS + A/�max
3. (4)

The 3-point exponential formula represented by Eq. (2) was
proposed in 199266 and the mixed Gaussian/exponential sev-
eral years later.67 Eq. (4) was proposed by Helgaker et al. in
1997.60 In the past we have often adopted the spread among
the various formulas as a conservative, albeit crude estimate
of the uncertainty in the CBS extrapolation. Equations (1)–(4)
are free of embedded coefficients derived from empirical fits
to defined data sets.

Basis sets as large as the ones used here can cause con-
vergence difficulties in the HF and CCSD iterations or irregu-
larities in the convergence of the atomization energies due to
near linear dependency. The smallest eigenvalues of the over-
lap matrix were observed to reach 10−7 to 10−8. To deal with
this problem, the 2-electron integral accuracy in MOLPRO
was increased from the default 10–12 to 10−15 (gthresh,twoint
= 1.0d-15). In Gaussian 09 the integral accuracy was set to
10−13 with the Int = (Acc2E = 13) command. Two other com-
mands were used with Gaussian. The first (nobasistransform)
instructed the program to disable the automatic transforma-
tion of generally contracted basis sets into segmented con-
tractions. While this transformation can be applied in such a
way as to span exactly the same function space as the orig-
inal basis set, we found that with the aV7Z and aV8Z sets
the function spaces were being slightly truncated, leading to
energies that were somewhat too high. The small differences
in energy were immediately obvious due to the very smooth
convergence pattern found with the correlation consistent ba-
sis sets. The second command tightened the threshold for the
elimination of functions associated with small eigenvalues of
the overlap matrix. The default in Gaussian 09 (10−6) was
reset to 10−7 with IOp(3/59 = 7). Using this strategy, no ob-
vious symptoms of linear dependency were observed.
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The current 186-member reference set was based on the
slightly smaller collection of molecules used in our earlier in-
vestigation of improved basis set extrapolation formulas.49 It
represents a compromise between the desire to cover a wide
portion of the Periodic Table and the practical need to limit the
size of the systems so that CCSD(T) with very large basis sets
remained possible with our current hardware and software.
While any finite reference set runs the risk of potentially bi-
asing the conclusions of the study, it is hoped that the present
set is adequate for providing statistically significant measures
of the performance of CCSD(T)-F12b. The complete list of
molecules is provided in the supplementary material84 along
with the corresponding largest basis sets. In all but four cases
(C4H10 n-butane, C5H12 n-pentane, C6H6 benzene, and C6H14

n-hexane) estimates of the CBS atomization energies were
based on at least aV6Z calculations. For this group of four
molecules, aV6Z calculations proved to be intractable. Con-
sequently, the reference values were based on CBS(VTQZ-
F12) extrapolations. These values were only used to judge
the quality of non-extrapolated and CBS(VDTZ-F12) results.
With the exception of I2, the reference atomization energies
did not rely on the use pseudopotentials. Because optimal F12
basis sets are currently not available for transition metals, ZnP,
ZnO were not included in the F12 comparisons, although they
were part of the earlier study.49

Another complication arises in the case of third row
molecules. The only available F12 basis sets are the main
group sets recently developed by Peterson and Hill,68 which
are intended for use with the small core, relativistic pseudopo-
tentials of Metz et al.69 and Peterson et al.38 In the case of Br2

and As2 we adjusted our reference all-electron results with
scalar relativistic, second order Douglas-Kroll-Hess (DKH)
CCSD(T)(FC) corrections70, 71 using DKH recontracted basis
sets.72 These corrections amounted to −0.72 kcal/mol (As2)
and −0.54 kcal/mol (Br2) and are intended to make the num-
bers comparable.

Trends in statistical error metrics, such as the mean abso-
lute deviation, the root mean square (RMS), the mean signed
deviation (MSD), and the maximum negative error (Max) er-
rors, for standard CCSD(T) atomization energies are shown
in Table IV. CBS reference values were based on Eq. (1). All
metrics exhibit smooth, albeit slow, convergence, with each
increment in the basis set index n reducing the error by ap-

TABLE IV. Raw standard CCSD(T)(FC) atomization energies errors
(kcal/mol).a

Basis set No. of items εRMS εMAD Max. Pos. Max. Neg.

aug-cc-pVTZ 186 9.38 7.87 −27.86
aug-cc-pVQZ 186 3.26 2.77 −9.16
aug-cc-pV5Z 183 1.42 1.22 −3.95
aug-cc-pV6Z 181 0.72 0.62 −2.13
aug-cc-pV7Z 140 0.39 0.34 −0.93
aug-cc-pV8Z 85 0.19 0.16 −0.56

aThe errors are measured with respect to the best available 1/(�max + 1/2)4 estimates of
the complete basis set limits. Use of the multi-formula average would have resulted in
very similar statistics. MAD = mean absolute deviation. RMS = root mean square devi-
ation. MSD = mean signed deviation. Max. = maximum error (negative sign indicates
the raw value is smaller than the best estimate of the CBS limit).

proximately a factor of two. The MAD and MSD values dif-
fer only in sign because all of the finite basis set results are
smaller than the corresponding CBS values. Similar behavior
was reported in our previous study49 with slightly smaller ba-
sis sets and a multi-formula CBS average. This suggests that
the findings are likely stable with respect to further moderate
increases in the number of reference systems and improve-
ment in the basis set quality. Without the use of CBS extrap-
olation, basis sets of aV7Z to aV8Z quality would be needed
in order to achieve guaranteed accuracy within ±1 kcal/mol,
the so-called “chemical accuracy.”

All CCSD(T)-F12b calculations were performed with
MOLPRO using the cc-pVnZ-F12, (n = D, T, Q) orbital ba-
sis sets designed for this method by Peterson et al.73 The
diagonal, fixed amplitude Ansatz, in which the amplitudes
of the explicitly correlated configurations are determined by
the wave function cusp conditions74 was used. CCSD(T)-
F12b also requires auxiliary basis sets, where the cc-pVnZ-
F12/OptRI sets75 were used for the CABS resolution of the
identity (RI) step.76 Density fitting of the Fock and exchange
matrices was accomplished with the cc-pVnZ/JKFIT basis
sets of Weigend77 while other 2-electron integrals were den-
sity fit using aVnZ/MP2Fit sets.78, 79 VDZ-F12 orbital basis
set calculations used VTZ/JKFIT fitting basis sets and aVTZ
MP2Fit basis sets. This differs from the default in MOLPRO
which uses a DZ-quality set. The larger set was chosen for
the sake of consistency with our earlier work.53 The geminal
Slater exponent (β) values were taken from the recommenda-
tions of Hill et al.,56 namely, 0.9 a0

−1 (VDZ-F12), 1.0 a0
−1

(VTZ-F12), and 1.0 a0
−1 (VQZ-F12). With the exception of

the choices of the orbital basis set, the preceding items have
no counterpart in standard CCSD(T) theory but they can sig-
nificantly affect the results. For example, if the VDZ-F12 β

is increased from 0.9 to 1.4, a value that has been used in
some earlier studies,73 the atomization energy for C3H4 (cy-
clopropane) decreases by more than 0.7 kcal/mol. The method
is orbital invariant, size consistent, and free of geminal basis
set superposition error. In the current implementation, only
the CCSD step involves explicit correlation. As was the case
with the standard CCSD(T) calculations, all F12b atomization
energies were evaluated at the optimal F12b geometries.

Complete basis set extrapolations for the F12 method re-
lied on a parameterized two-point, Schwenke-style80 formula
proposed by Hill et al.56 and has the form

EC
CBS = (En+1 − En) F C

n+1 + En, (5)

where the coefficients (FC
n+1) are specific for C = CCSD and

(T) components of the CCSD(T) energy and for different ba-
sis set pairs, e.g., VDTZ-F12, VTQZ-F12. The Hartree-Fock
energy piece of the CCSD(T) energy was not explicitly ex-
trapolated. Instead, the Hartree-Fock CBS limit was estimated
by the Hartree-Fock+CABS singles correction in the largest
basis set. The coefficients were optimized to reproduce refer-
ence energies for the Ne and Ar atoms and 12 small first and
second row molecules. Note that atomization energies were
not considered in defining the extrapolation coefficients.

Based on past experience, we expect CBS(aV56Z) to be
the smallest basis set combination capable of achieving the
level of accuracy (equivalent to raw aV8Z or better) required
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for our purpose. The majority of molecules in the reference
set were treated with aV7Z or aV8Z basis sets. After CBS
extrapolation, these results should be comparable in quality
to raw aV9Z or aV10Z atomization energies.

When compiling statistical data for the standard
CCSD(T) method, we restricted comparisons to reference val-
ues derived from basis sets at least one level higher in quality
than the largest basis set appearing in the combination being
benchmarked. For example, reference values used to judge
the accuracy of a CBS(aVQ56Z) atomization energy would
be restricted to either CBS(aV567Z) or CBS(aV678Z) values,
assuming the latter was available.

III. RESULTS AND DISCUSSION

While total energies were not the primary focus of this
study, the availability of aV8Z basis set results allows us to
briefly comment on the accuracy of the F12b energies. In de-
veloping the F12/CBS extrapolation formulas, Hill et al.56

created a collection of 14 reference CCSD(T) energies (Ne,
Ar, and 12 small molecules) using explicitly correlated CCSD
energies obtained with a large, contracted (spdfgh) basis set.
The perturbative triples (T) energies, which do not involve ex-
plicit correlation, were obtained with the above basis sets aug-
mented with multiple i-type functions. They conservatively
estimated the uncertainty in the resulting CCSD energies to
be 0.2–0.3 mEh, with the largest uncertainties associated with
second row containing molecules. The current best standard
method energies were based on: (1) a 1/�max

3 extrapolation
of the singlet pair energies and the (T) energies and (2) a
1/�max

5 extrapolation of the triplet pair energies.81 Compar-
ing the F12b/CBS and best standard method energies, we find
a level of agreement that is generally consistent with the un-
certainty estimate of Hill et al.56 For the size of the systems
in the reference set of Hill et al.56 there is a slight tendency
to overestimate the CCSD component and to underestimate
the much smaller (T) component. The largest difference in to-
tal CCSD(T) energies between the Hill reference set and the
best current estimates is ∼0.6 mEh. This should be viewed as
good agreement in light of the sensitivity of the F12 energy
to the details of the calculation, such as the value of the gemi-
nal Slater exponent. F12b/CBS(VTQZ-F12) energies are very
close to the current reference values, as might be expected due
to the use of the latter in the training set for the former. For
larger systems, where only F12b/CBS(VTQZ-F12) extrapo-
lated values are available, the magnitude of the CCSD-F12b
energy tends more strongly to exceed the best estimate from
standard CCSD, while the (T) energy component from the
F12b calculations continue to underestimate the correspond-
ing CCSD(T) value.

The accuracy of the current reference set of atomization
energies is critical to the strength of the conclusions drawn
in this study. If the uncertainty in the reference set is not sig-
nificantly smaller than the uncertainty in the F12b values, the
error statistics are cast in doubt. Unfortunately, estimating the
uncertainties in extrapolations based on aV7Z and aV8Z ba-
sis sets is difficult. Stability in the CBS values can be viewed
as suggestive of accuracy, but stability alone is insufficient to
prove the case. A typical example is shown in Table V where

TABLE V. OCS (1�) Atomization Energies (kcal/mol).

CCSD(T) CCSD(T)-F12b

Raw CBSa Raw CBSa

Basis �De �De �b Basis �De �De �b

aV(6+d)Z 333.12 333.97 0.85 VDZ-F12 331.06
aV(7+d)Z 333.47 334.03 0.56 VTZ-F12 332.79 332.95 0.16
aV(8+d)Z 333.69 333.97 0.28 VQZ-F12 333.75 334.20 0.45

aV(Q+d)Z 333.91
aV(5+d)Z 334.11 334.25 0.14

aBased on the 1/(�max + 1/2)4 formula.
bDifference between the raw and extrapolated values.

various raw and extrapolated CCSD(T) atomization energies
for OCS (1�+) are listed in the left-hand columns. The CBS
estimates for the standard method are shown to vary by
±0.06 kcal/mol. The spread among CBS(aV678Z) values
from Eqs. (1)–(4) is 0.13 kcal/mol, a measure we have used
in the past with the multi-formula average, but which ex-
perience shows is often overly conservative for large ba-
sis sets. The difference between the raw aV(8+d)Z value
and the CBS(aV678Z) value, which can be viewed as the
“length” of the extrapolation is 0.28 kcal/mol. Considering
all of the above, we crudely estimate an uncertainty on the
order of 0.05 kcal/mol for the CBS(aV678Z) value. The lim-
ited number of aV9Z examples lends support to the belief that
CBS(aV567Z) and CBS(aV678Z) values are stable to well
within 0.1 kcal/mol. In our previous study49 we estimated the
average uncertainty for the reference set to be ∼0.04–
0.05 kcal/mol. In light of the many increases in basis set size
for the current version of the reference set, an average uncer-
tainty of ±0.05 kcal/mol seems reasonable.

One of the most prominent features of the CCSD(T)/
aVnZ sequence of calculations is the uniform way in which
property values converge with respect to the 1-particle ba-
sis set expansion. We know of no instances where the aVnZ
sequence of atomization energies fails to display monotonic
convergence to the CBS limit. Similar behavior was observed
with CCSD(T)-F12b/VnZ-F12 calculations for compounds
composed of hydrogen and first row elements. However, some
molecules involving main group second row elements (Al–Cl)
were found to deviate from this pattern. For example, in the
case of Cl2 (1�g

+) we find De values of 59.8 (VDZ-F12), 59.0
(VTZ-F12), and 59.5 (VQZ-F12) kcal/mol. For CCl4 the
corresponding atomization energies were 315.5, 313.7, and
314.8 kcal/mol. The convergence patterns for other proper-
ties, such as re and ωe, also failed to display monotonic con-
vergence. Even when second row dissociation energies varied
strictly monotonically, such as in the case of SiS (1�+), the
convergence pattern lacked uniformity.

In part this is likely due to the impact of basis set super-
position error (BSSE) with the cc-pVDZ-F12 basis set and
the greater sensitivity to the choice of β with this small ba-
sis set. While BSSE is present in both standard and explicitly
correlated calculations, its relative importance is greater in the
latter. If we adopt the Boys and Bernardi82 counterpoise cor-
rection (CP) as our definition of BSSE, we find CP corrections
of −1.3 (VDZ-F12), −0.5 (VTZ-F12), and −0.1 (VQZ-F12)
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TABLE VI. Raw and CBS extrapolated CCSD(T)-F12b atomization ener-
gies errors (kcal/mol).a

Basis set εRMS εMAD εMSD Max. Pos. Max. Neg.

cc-pVDZ-F12 4.40 3.56 − 3.56 − 14.94
cc-pVTZ-F12 2.05 1.31 − 1.31 − 14.25
cc-pVQZ-F12 0.34 0.28 − 0.28 − 1.26
CBS(VDTZ-F12) 0.86 0.57 − 0.51 0.62 − 3.51
CBS(VTQZ-F12) 0.19 0.15 0.12 0.65 − 0.19

aErrors are measured with respect to the reference 1/(�max + 1/2)4 estimates of the
CCSD(T) complete basis set limits. Use of the multi-formula average would have re-
sulted in very similar statistics. MAD = mean absolute deviation. RMS = root mean
square deviation. MSD = mean signed deviation. Max. = maximum error (negative
sign indicates the raw value is smaller than the best estimate of the CBS limit). Min.
= minimum error.

kcal/mol. These lead to CP-corrected De(Cl2) values of 58.5,
58.5, and 59.3 kcal/mol. Thus, even with a CP correction the
dissociation energies still fail to display the typical correlation
consistent behavior of the standard method. This phenomenon
has consequences for the CBS extrapolation with the smaller
basis sets. The CBS(VDTZ-F12) De = 58.0 kcal/mol, which
is smaller than either the raw or the CP-corrected VDZ-F12
values. Fortunately, the VTQZ-F12 pair of basis sets does not
suffer from this problem and yields reasonable CBS values.
By way of comparison, CP corrections for Cl2 with the stan-
dard method are: −3.4 (VDZ), −1.6 (VTZ), and −0.6 (VQZ)
kcal/mol. We find the magnitude of the correction drops by
about a factor of 2 for every increment in the basis set index
n. Thus, by the time aV6Z–aV8Z basis sets are used the CP
corrections for the raw binding energies have fallen into the
0.2–0.05 kcal/mol range. BSSE disappears in the limit of a
complete basis set.

Table VI summarizes the results of all CCSD(T)-
F12b/VnZ-F12 calculations, both prior to and after CBS
extrapolation. The raw F12b values display an impressive
degree of accuracy, with the following rough equivalencies
observed between explicitly correlated and standard methods:
VDZ-F12 is slightly worse than aVQZ, VTZ-F12 ≈ aV5Z,
and VQZ-F12 ≈ aV7Z. A thorough examination of the re-
sults reveals that this is due in part to a tendency for F12b
to overestimate the reference values in the CBS limit, com-
bined with the universal approach to the limit from below.
Although F12b raw atomization energies were not found to
actually exceed any reference value, the CBS(VTQZ-F12) en-
try in Table VI shows an overall positive mean signed devia-
tion. Hidden among the overall statistics are subsets of the
molecules where close agreement between CBS(VDTZ-F12)
and CBS(VTQZ-F12) estimates was found, such as was the
case with hydrocarbons. This is in agreement with our earlier
findings.53

Figure 2, where the F12b errors are plotted as a function
of the magnitude of the valence correlation energy, reveals
a trend in which errors for small systems (correlation ener-
gies <0.5 Eh) are relatively evenly distributed about zero, but
errors for larger systems systematically overshoot the refer-
ence values. On the right-hand side of the figure average er-
rors approach 0.5 kcal/mol. To put that into perspective, high
accuracy thermochemical studies frequently strive for agree-

FIG. 2. The error in extrapolated CCSD(T)-F12b/CBS(VTQZ) atomization
energies as a function of the valence correlation energy obtained from the
largest basis set, standard CCSD(T) calculation. The reference values were
based on the 1/(�max + 1/2)4 formula. If a multi-formula average were to
have been used for the reference values, the data points would be shifted up
by 0.02–0.15 kcal/mol. The red line represents a linear least squares fit.

ment with well-established experimental values to within 0.1–
0.2 kcal/mol. In addition, the size of the systems considered
in this study was constrained to be small enough to allow
geometry optimizations with at least aV6Z basis sets. In-
clusion of larger molecules in the reference set would have
exacerbated the mean or RMS differences between standard
CCSD(T) and CCSD(T)-F12b. If we had based our reference
energies on a multi-formula average, all of the data points in
Figure 2 would have been shifted to larger values by 0.02–
0.15 kcal/mol. As mentioned previously, the (T) component
of the F12b energy is essentially obtained the standard way
and the CBS(VTQZ-F12) estimate frequently underestimates
the true (T)/CBS limit. This tends to help balance the over-
estimation of the CCSD energy. In the case of OCS (1�+),
replacing the CBS(VTQZ-F12) (T) energy component with
more accurate CBS(aV78Z) values from standard CCSD(T)
estimates increases the atomization energy by a little more
than 0.01 kcal/mol.

In order to determine if the systematic overestima-
tion of atomization energies was due to a problem with
the F12 extrapolation procedure, explicitly correlated
calculations were performed on OCS (1�) with the aug-
cc-pVnZ/aug-cc-pV(n+d)Z, n = Q,5 basis sets. Geminal
Slater exponents of 1.4 a0

−1 (aVQZ) and 1.5 a0
−1 (aV5Z)

were used, as recommended by Hill et al.56 These were
combined with VQZ/JKFIT and V5Z/JKFIT fitting basis
sets, AVQZ and AV5Z MP2Fit basis sets and aVQZ+d
and aV5Z+d OptRI auxiliary basis sets.83 The raw and
extrapolated results are shown in the right-hand portion of
Table V, along with the corresponding VnZ-F12 val-
ues. Since the CCSD(T)-F12b/CBS(VTQZ-F12) and
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CCSD(T)-F12b/CBS(aVQ5Z) atomization energies differ
by only 0.05 kcal/mol and both are 0.23–0.28 kcal/mol
larger than the reference CCSD(T)/CBS(aV678Z) value, we
conclude that the difference between standard CCSD(T) and
F12b results are likely inherent to the F12b method and not
an artifact of the CBS extrapolation. If anything, this case
suggests that the CBS(VTQZ-F12) estimates may be slightly
smaller than the true F12b basis set limits.

It has been noted that CCSD(T)-F12a yields raw and
CBS extrapolated correlation energies and atomization en-
ergies that are larger than the best standard method values,
sometimes even with basis sets as small as VTZ-F12.53 In this
study we find evidence for similar, albeit much less severe,
bias in the F12b method for which only the CBS limit values
overshoot the reference values. With CCSD(T)-F12b this be-
havior required a detailed comparison with a high quality ref-
erence set. The overshooting of the apparent CCSD(T)/CBS
limit appears to extend to bond lengths and harmonic frequen-
cies, as well. In the case of N2, where aV8Z and aV9Z re-
sults are available, the raw VQZ-F12 values already appear
too short for the bond length and too large for the harmonic
frequency.

The CBS(VnmZ-F12) mean signed deviations (εMSD) in
Table VI display a pronounced swing from underestimating
the reference values by more than −0.5 kcal/mol to over-
estimating the same quantities by more than 0.1 kcal/mol.
The limited data on F12b extrapolations with larger basis
sets suggest that the VTQZ-F12 combination may still be
∼0.1 kcal/mol smaller than the true F12b basis set limit for
εMSD.

Table VII contains the error statistics for CBS extrapo-
lated atomization energies obtained from standard CCSD(T)
calculations and a variable exponent Schwenke-style formula,
described in our earlier report as49

EC
CBS = (En − En+1)αDC

n+1 + (En − En+1)β F C
n+1 + En,

(6)
where C = SCF, CCSD, and (T) correlation components was
used. The nine adjustable parameters were re-optimized for
the current version of the reference set. While the reference
values used for generating the results in Table VII were ob-
tained from the 1/(�max + 1/2)4 formula (Eq. (1)), very sim-
ilar results were found using the multi-formula average. Of
course, in that case the fitting extrapolation parameters are
necessarily slightly different.

Error statistics can be compared among Tables IV, VI,
and VII. Extrapolating the VDTZ-F12 basis set combination
decreases the RMS deviation relative to the raw VTZ-F12
value by roughly a factor of two. The CBS(VDTZ-F12) er-
rors fall midway between the raw aV5Z and aV6Z values,
but this method requires just a fraction of the computer time.
Even greater improvements would have been possible were it
not for the problems associated with second row elements, as
already discussed. Overall, CBS(VDTZ-F12) is significantly
biased towards underestimating the reference atomization en-
ergies. Comparable CBS(aVDTZ) standard method statistics
are not available because the only available extrapolation for-
mula is the one suggested by Schwenke80 and in our expe-

TABLE VII. RMS atomization deviations (kcal/mol) for the variable expo-
nent Schwenke-style extrapolation formula.a

Basis set combinations εRMS εMAD εMSD Max. Pos. Max. Neg.

CBS(aVTQZ)b 0.25 0.17 − 0.01 0.77 −1.30
CBS(aVQ5Z)c 0.10 0.07 0.01 0.28 −0.54
CBS(aV56Z)d 0.06 0.05 − 0.01 0.18 −0.18
CBS(aV67Z)e 0.07 0.05 − 0.01 0.21 −0.21

aNumber of comparisons: 186 aVTQZ, 182 aVQ5Z, 138 aV56Z, 86 aV67Z. Errors are
measured with respect to the reference 1/(�max + 1/2)4 estimates of the CCSD(T) com-
plete basis set limits.
bOptimized aVTQZ parameters: SCF = 1.662627, DCCSD = 1.823422, D(T) = 4.726121,
FCCSD = −0.731498, F(T) = 1.470283, αCCSD = 1.397524, α(T) = 1.199429, βCCSD =
1.034092, β(T) = 1.199931. There was a single instance of an error exceeding 1 kcal/mol
in magnitude.
cOptimized aVQ5Z parameters: SCF = 1.587158, DCCSD = 3.119781, D(T) = 0.647576,
FCCSD = −2.396420, F(T) = −1.527814, αCCSD = 1.558135, α(T) = 0.997786, βCCSD

= 1.098693, β(T) = 0.719363.
dOptimized aV56Z parameters: SCF = 1.683266, DCCSD = 2.726857, D(T) = 1.486013,
FCCSD = −5.561467, F(T) = −0.043761, αCCSD = 1.747614, α(T) = 1.490661, βCCSD

= 1.040605, β(T) = 1.045935.
eOptimized aV67Z parameters: SCF = 2.544380, DCCSD = 4.838980, D(T) = 1.130880,
FCCSD = −7.405482, F(T) = −0.376773, αCCSD = 1.415931, α(T) = 2.111643, βCCSD

= 1.090784, β(T) = 2.658115.

rience such small basis sets do not yield results suitable for
high accuracy studies.

The CBS(VTQZ-F12) method, which does not suffer
from the same problems as CBS(VDTZ-F12) with second
row compounds, produces results that are comparable to
the standard CCSD(T)/CBS(aVTQZ) values when judged by
RMS and MAD values. The maximum positive and nega-
tive errors are smaller. However, the mean signed deviation
from the explicitly correlated approach (0.12 kcal/mol) is
much larger than with the corresponding standard method
(−0.01 kcal/mol). In systems where the valence correlation
energy does not exceed 0.5 Eh, accuracy to better than
±0.2 kcal/mol is not required or for specific classes of
molecules (e.g., hydrocarbons), this is an attractive alternative
to standard methods. If CBS extrapolation isn’t desired, the
raw CCSD(T)-F12b/VQZ-F12 method provides a very cost
effective alternative to achieving results comparable to much
larger standard method calculations.

IV. CONCLUSION

Statistical analysis comparing complete basis set atom-
ization energies derived from CCSD(T)-F12b and its counter-
part standard CCSD(T) reveals a tendency for the explicitly
correlated approach to overestimate the latter in cases where
the valence correlation energy exceeds ∼0.5 Eh. Limited data
suggest that the use of basis sets larger than VQZ-F12 in
the CBS extrapolation will exacerbate the problem. Extrap-
olations based on the cost effective VDZ-F12/VTZ-F12 basis
set combination produced a RMS error of 0.9 kcal/mol, just
within the margins of chemical accuracy (±1 kcal/mol), but
with a relatively large maximum error of −3.5 kcal/mol. The
more computationally expensive VTZ-F12/VQZ-F12 combi-
nation agreed much better with the reference values, achiev-
ing a RMS error of 0.2 kcal/mol, slightly smaller than the
standard aVDTQZ value. However, the VTZ-F12/VQZ-F12
mean signed deviation was significantly larger than with the
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standard method. If the current reference energies were re-
placed by values based on a multi-formula average or if the
reference set were more heavily weighted towards larger sys-
tems, the CBS(VTZ-F12/VQZ/F12) mean signed deviation
would increase. Systematic errors observed with F12b serve
as a cautionary note for use of this method in high accuracy
studies. Due to the complexities inherent in the F12b method,
it is difficult to identify the cause of the tendency to overesti-
mate reference values obtained from standard CCSD(T). F12b
is still a relatively new technique and improvements may be
introduced to address this issue.

CBS reference sets are always subject to improvement,
whether it be in terms of the largest basis set applied to a given
molecule or the number and types of molecules in the collec-
tion. In acknowledgement of this reality, we feel that the error
metrics reported here should be viewed as a circumscribed
benchmark of the performance of CCSD(T)-F12b. However,
the current accuracy is likely sufficient to insure the overall
validity of the conclusions reached here.
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