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The basis set convergence of weak interaction energies for dimers of noble gases helium through
krypton is studied for six variants of the explicitly correlated, frozen geminal coupled-cluster sin-
gles, doubles, and noniterative triples [CCSD(T)-F12] approach: the CCSD(T)-F12a, CCSD(T)-
F12b, and CCSD(T)(F12*) methods with scaled and unscaled triples. These dimers were chosen
because CCSD(T) complete-basis-set (CBS) limit benchmarks are available for them to a partic-
ularly high precision. The dependence of interaction energies on the auxiliary basis sets has been
investigated and it was found that the default resolution-of-identity sets cc-pVXZ/JKFIT are far from
adequate in this case. Overall, employing the explicitly correlated approach clearly speeds up the ba-
sis set convergence of CCSD(T) interaction energies, however, quite surprisingly, the improvement
is not as large as the one achieved by a simple addition of bond functions to the orbital basis set.
Bond functions substantially improve the CCSD(T)-F12 interaction energies as well. For small and
moderate bases with bond functions, the accuracy delivered by the CCSD(T)-F12 approach cannot
be matched by conventional CCSD(T). However, the latter method in the largest available bases still
delivers the CBS limit to a better precision than CCSD(T)-F12 in the largest bases available for that
approach. Our calculations suggest that the primary reason for the limited accuracy of the large-basis
CCSD(T)-F12 treatment are the approximations made at the CCSD-F12 level and the non-explicitly
correlated treatment of triples. In contrast, the explicitly correlated second-order Møller-Plesset per-
turbation theory (MP2-F12) approach is able to pinpoint the complete-basis-set limit MP2 interaction
energies of rare gas dimers to a better precision than conventional MP2. Finally, we report and an-
alyze an unexpected failure of the CCSD(T)-F12 method to deliver the core-core and core-valence
correlation corrections to interaction energies consistently and accurately. © 2012 American Institute
of Physics. [http://dx.doi.org/10.1063/1.4734597]

I. INTRODUCTION

It is well recognized that the slow basis-set convergence
of electron correlation effects is a consequence of an inade-
quate recovery of the interelectronic correlation cusp by lin-
ear combinations of one-electron basis functions. The best
way to improve convergence is by making basis functions
explicitly depend on the interelectronic distance r12. High-
accuracy calculations on atoms and small molecules have em-
ployed r12-dependent bases from the very start1, 2 and con-
tinue to do so until today, with the highest accuracy achieved
using very long expansions of r12-dependent many-electron
basis functions with parameters obtained by full nonlinear
optimization.3–6 For larger systems such an optimization is
not feasible, but the accuracy of a correlation energy calcu-
lation can be improved even by inserting a constant, unopti-
mized r12 dependence into the basis set.7 This idea, coupled
with the application of the density-fitting (DF) techniques
to simplify the required integrals8 and with the choice of a
frozen Gaussian geminal-like9 (F12) form of the r12 depen-
dence, f12 = ∑

k cke−γkr
2
12 ,10 has led to the development of the

widely available explicitly correlated second-order Møller-
Plesset perturbation theory, DF-MP2-F12.11

While a frozen r12 factor was incorporated in the
coupled-cluster singles and doubles theory (CCSD) as early

as 1992,12 the actual numerical calculations were too complex
for general applications until the recent introduction of DF
and F12. The full explicitly correlated frozen-geminal CCSD
(CCSD-F12) (Refs. 13 and 14) along with the F12-dependent
noniterative contribution (T) of triple excitations15 as in the
coupled-cluster approach with singles, doubles, and nonitera-
tive triples [CCSD(T)] have been recently derived and imple-
mented, but the codes are not yet generally available. Instead,
several approximations to the full CCSD-F12 have been im-
plemented in general-purpose electronic-structure programs
such as MOLPRO16 and TURBOMOLE17 and these are the vari-
ants of the explicitly correlated CC theory that have gained
widespread use—see Refs. 18 and 19 for up-to-date reviews.
The approximations include CCSD(F12),20, 21 CCSD-F12a
and CCSD-F12b,22 and CCSD(F12*), also termed CCSD-
F12c.23 For each of these variants, the triples contribution
E(T) = ECCSD(T) − ECCSD can be calculated in a perturbative
manner just like in conventional CCSD(T), leading, for ex-
ample, from CCSD-F12b to CCSD(T)-F12b. While the triples
contribution computed in this way depends on the converged
CCSD-F12b amplitudes and thus implicitly includes some ex-
plicitly correlated contribution, this inclusion is by no means
exact and the inaccuracy of triples may dominate24 the overall
error with respect to the CCSD(T) complete basis set (CBS)
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limit. To alleviate this problem, a simple scaling approxima-
tion has been proposed:24

E∗
(T) = E(T) · Ecorr

MP2−F12

Ecorr
MP2

, (1)

where Ecorr
X denotes correlation energy at the X level of the-

ory, i.e., EX − ESCF. Various CCSD(T)-F12 variants have
been extensively benchmarked on molecular energies and
properties21, 23, 24 and the accuracy of results is quite impres-
sive. Approximate CCSD(T)-F12 is frequently — and right-
fully — advertised as providing at least quintuple-zeta accu-
racy at the triple-zeta basis set level and nearly triple-zeta cost.

Weak intermolecular interactions, especially those domi-
nated by dispersion, present one of the most challenging cases
for the ab initio theory due to the slow convergence of in-
teraction energies with respect to both the one-electron ba-
sis set and the treatment of electron correlation. In particular,
MP2 tends to overestimate dispersion-dominated interaction
energies quite substantially25 and one needs to go to the
CCSD(T) level of theory to obtain interaction energies accu-
rate to a few percent (the convergence with respect to the-
ory level becomes still slower if significant static correlation
is involved26). In terms of basis set convergence, disper-
sion energy requires an adequate description of the inter-
electronic cusp (and thus, sufficient flexibility of the orbital
space) not only in the molecular region, but also outside the
interacting molecules. In conventional (not explicitly corre-
lated) electronic structure theory, these requirements are typ-
ically satisfied, with significant computational cost, by us-
ing large correlation-consistent basis sets cc-pVXZ (Ref. 27)
augmented with diffuse functions.28 An often better way to
provide long-range orbital space flexibility and saturate the
dispersion energy is by including basis functions centered
away from the atoms, in the region between the interacting
molecules.29–32 Such midbond functions significantly speed
up basis-set convergence and have become a popular choice
for accurate studies of weakly interacting systems. It should
be noted that including midbond functions is not an obstacle
for performing CBS extrapolations and, while extrapolation
does partly alleviate the difference between midbondless and
midbond-containing bases, the latter remain more accurate.33

Typically, the same midbond set is added to all basis sets em-
ployed in the extrapolation. To our knowledge, CBS extrap-
olations using bases where the midbond functions vary with
the cardinal number X of the atomic basis have not been in-
vestigated so far.

The performance of the F12 approach for weak inter-
molecular interaction energies has been tested quite exten-
sively both for MP2-F12 (Refs. 34 and 35) and approxi-
mate CCSD(T)-F12.36–42 Marchetti and Werner37 calculated
frozen-core (FC) scaled-triples CCSD(T)-F12a interaction
energies for the S22 benchmark set of weakly interact-
ing systems25 using the aug-cc-pVDZ and (for smaller sys-
tems) aug-cc-pVTZ orbital bases (the shorthand notation
aVXZ≡aug-cc-pVXZ and dVXZ≡d-aug-cc-pVXZ will be
used from now on). By comparison to orbital benchmarks
extrapolated from the CCSD(T)/aVTZ′ and CCSD(T)/aVQZ′

values (the prime in the basis set symbol denotes the omission
of diffuse functions on hydrogen atoms) for smaller systems

and the original benchmark values25 for larger ones, Marchetti
and Werner concluded that CCSD(T)-F12a/aVDZ is more
accurate than CCSD(T)/aVQZ’ and CCSD(T)-F12a/aVTZ
is likely better converged than the benchmark itself. Inter-
estingly, the subsequent improvement of the original S22
interaction energies43, 44 slightly improves the agreement
with the CCSD(T)-F12a/aVTZ results of Ref. 37 but wors-
ens the agreement with the CCSD(T)-F12a/aVDZ ones for
large dimers where the former are not available. Thus, while
the CCSD(T)-F12a/aVTZ interaction energies are certainly
in the competition for the most accurate S22 values available,
the smaller-basis ones might be slightly less accurate than ini-
tially thought.

It is certainly encouraging that explicitly correlated
CCSD(T) at the double-zeta basis set level can provide more
accurate interaction energies than conventional CCSD(T)
at the quadruple-zeta level. Whether explicitly correlated
CCSD(T) in the largest available bases can provide a more
precise CBS limit than conventional CCSD(T) in the largest
available bases is, however, another story. Important progress
towards answering this question has been made through the
benchmark CCSD(T) and CCSD(T)-F12 studies for H2O–
H2O and three other hydrogen-bonded dimers,38 several
weakly interacting complexes involving CO2,39 and two min-
imum structures of CO2–CO2.40 For the hydrogen-bonded
complexes of Ref. 38, CBS-limit CCSD(T)/FC interaction en-
ergies were obtained by extrapolations from (counterpoise-
uncorrected) aVXZ and aVXZ′ values for X = Q,5. These val-
ues were very nicely recovered by both CCSD(T)-F12a and
CCSD(T)-F12b in the cc-pVXZ-F12 basis set sequence45 (see
below), with the cc-pVTZ-F12 result being at least as accurate
as the conventional aV5Z one. The extensive studies of dimers
involving CO2 (Refs. 39 and 40) included basis sets as large as
aV6Z for CCSD(T) and cc-pVQZ-F12 (for CO2–CO2,40 also
aV5Z) for CCSD(T)-F12b (though no midbond bases were
employed). The results showed that at least a part of the sig-
nificant improvement afforded by the explicitly correlated ap-
proach at the double- and triple-zeta level carried on to the
largest basis sets available. However, for some of these diffi-
cult dispersion-dominated systems (most notably CO2–CO2)
the interaction energy was not fully converged even with the
largest X employed, as indicated by the still substantial differ-
ences between the values obtained for X and X − 1.

While one can obviously expect CCSD(T)-F12 to be
more accurate than CCSD(T) in the same basis with mi-
nor additional computational cost, there are several factors
that can limit the accuracy attainable by the explicitly cor-
related approach. First, the accuracy of the a/b/c approxi-
mations to CCSD-F12, and of the non-F12 treatment of the
triples contribution (whether scaled or unscaled), might be
an issue. Second, the F12 methods have not, to our knowl-
edge, been tested with midbond functions, and it is not clear a
priori whether the improved description of the interelectronic
cusp and the correlation hole provided by the explicitly corre-
lated approach will carry to the region between the interacting
molecules that is crucial for dispersion. Third, the density fit-
ting required in a CCSD(T)-F12 calculation limits the choice
of a one-electron basis set to those for which adequate aux-
iliary bases are available. The DF and resolution-of-identity
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(RI) auxiliary sets that complement the aVXZ orbital bases
have been developed in Refs. 46–48 for X = D,T,Q,5. Sim-
ilar sets for the aV6Z basis are not generally available, and
such sets for the first- and second-row atoms might have to
include at least k functions (as the orbital bases include up to i
functions) which are available in very few electronic struc-
ture codes, none of them able to compute CCSD(T)-F12.
A class of correlation-consistent basis sets cc-pVXZ-F12,
specifically optimized for F12 calculations, has been recently
developed45 together with the appropriate RI bases.49 A
similar cc-pCVXZ-F12 sequence containing additional func-
tions optimized for the core-core and core-valence correla-
tion (in the spirit of the aug-cc-pCVXZ≡aCVXZ and aug-cc-
pwCVXZ≡awCVXZ basis sets50) has also been created.51 We
will test both of these sequences in the present work, denot-
ing them by VXZ-F12 and CVXZ-F12 throughout the rest of
the text. However, these sequences terminate at X = Q so it
is not clear whether converged interaction energies can be ob-
tained in this way. In any case, larger orbital basis sets, includ-
ing correlation-consistent sextuple-zeta (sometimes septuple-
zeta) bases as well as doubly and triply augmented sets, are
presently available for conventional CCSD(T) calculations
than for explicitly correlated ones.

In this article, the central question we attempt to an-
swer is whether the approximate CCSD(T)-F12 approach in
the largest available bases is presently superior to conven-
tional CCSD(T) in the largest available bases for dispersion-
dominated weak interaction energies. The particular case con-
sidered will be the rare gas dimers He2, Ne2, Ar2, and Kr2

at their near van der Waals minimum separations. Rare gas
dimers are ultimate dispersion-bound systems, even more so
than the (CO2)2 complex studied in Ref. 40. For this rea-
son, and because of an unusually large triples contribution
to the interaction energy, such systems present a particularly
difficult case for CCSD(T)-F12. Fortunately, the CBS-limit
CCSD(T) interaction energies are known to a very good ac-
curacy for the helium,5, 52, 53 neon,54 and argon dimers.55, 56

These benchmark interaction energies, obtained using a com-
bination of conventional and explicitly correlated approaches
(He2) or by CBS extrapolations from very large orbital bases
including extensive midbond sets (Ne2 and Ar2), will enable
us to unambiguously determine the accuracy of various con-
ventional and explicitly correlated CCSD(T) results. For Kr2,
both CCSD(T)/FC and CCSD(T)-F12/FC interaction energies
obtained in the present work will (slightly) surpass the accu-
racy of the previous best available result57 and we will be able
to see which approach provides the CCSD(T)/FC CBS limit
to a better precision. We will also examine how the quality of
conventional and explicitly correlated CCSD(T) interaction
energies varies with the interatomic separation R and what
factors limit the observed CCSD(T)-F12 accuracy. Finally,
we will report an unexpectedly failed attempt to accurately
recover the core-core and core-valence correlation contribu-
tions to the Ne2 and Ar2 interaction energies using explicitly
correlated CCSD(T). The helium and neon dimers have been
studied before using MP2-F12 (Ref. 34) and some variants of
CCSD(T)-F12.35, 36 The latter calculations involved the aVXZ
family of bases up to X = 6 (He2) and X = 5 (Ne2) and in-
cluded the counterpoise (CP) correction for basis set super-

position error (BSSE).58, 59 The studies of Refs. 35 and 36 did
find that the CCSD(T)-F12 interaction energies converge sub-
stantially faster than the conventional CCSD(T) ones, how-
ever, as will be shown below, the improvement brought about
by the F12 approach is smaller than the one provided by in-
clusion of midbond functions and/or a second augmentation
of the atomic basis set — see Secs. III A and III B for further
discussion.

The structure of the rest of this article is as follows. In
Sec. II we will present all the computational details including
the fine points of the explicitly correlated calculations. The
numerical results are presented and discussed in Sec. III. Fi-
nally, Sec. IV contains conclusions.

II. DETAILS OF THE COMPUTATIONAL PROCEDURE

All numerical calculations have been performed using
the MOLPRO2010.1 program.16 Most of the interaction en-
ergies have been obtained for the near van der Waals min-
ima distances: R = 5.6 bohr for He2,52 R = 3.1 Å for Ne2,54

R = 3.75 Å for Ar2,56 and R = 4.06 Å for Kr2.57 The
atomic basis set families included singly and doubly aug-
mented cc-pVXZ (Ref. 27) and cc-pV(X+d)Z (Ref. 60) as
well as VXZ-F12 (Ref. 45) in FC calculations and, addition-
ally, the aCVXZ, awCVXZ,50 and CVXZ-F12 (Ref. 51) se-
quences in all-electron (AE) calculations.

Unless otherwise specified, the calculations employed
default, aVXZ/MP2FIT and awCVXZ/MP2FIT (Refs. 46
and 48) auxiliary bases in the DF of the MP2-F12 part
(MOLPRO keyword DF_BASIS). The calculations in AE-
optimized aCVXZ, awCVXZ, and CVXZ-F12 orbital sets em-
ployed the awCVXZ/MP2FIT auxiliary bases and all others
used aVXZ/MP2FIT. The cardinal number X was the same
as for the orbital basis except for the aV6Z orbital sets for
which aV6Z/MP2FIT is not available and aV5Z/MP2FIT was
used instead. It will be shown in Sec. III B that the default
cc-pVXZ/JKFIT bases47 are not adequate for the RI approxi-
mation, i.e., as a complementary auxiliary basis set (CABS).61

While the default cc-pVXZ/JKFIT sets are more appropriate
for fitting the Fock matrix used in MP2-F12 and in the CABS
singles expression (keyword DF_BASIS_EXCH), larger aux-
iliary bases are helpful in that case as well. In this work,
the aV6Z-RI auxiliary basis set developed in Ref. 62, with
the k functions removed because of MOLPRO limitations, was
used for both RI and density-fitted Fock matrices for all or-
bital bases. This set will be denoted aV6Z-RI* throughout the
rest of this work. It should be noted that the auxiliary sets de-
scribed above cannot be fully adequate in case of the aV6Z
orbital bases as they do not include large enough angular mo-
menta. Nevertheless, it will be shown below that the auxiliary
bases employed here lead to very reasonable aV6Z results in
all cases.

While several midbond bases were used in conven-
tional CCSD(T) calculations, for CCSD(T)-F12 we had to
choose midbond sets for which suitable auxiliary bases are
available. We used two such sets in the present work, one
that does not change with X and one that varies along
with the atomic basis set cardinal number. The constant
set had a (3s3p2d2f) composition with exponents equal to
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(0.9,0.3,0.1) for sp and (0.6,0.2) for df functions. The cor-
responding auxiliary basis was the same in all DF and RI
contexts and consisted of exponents (1.8,1.2,0.6,0.4,0.2) for
spd, (1.5,0.9,0.5,0.3) for f, and (1.5,0.9,0.3) for g functions.
This combination of orbital and auxiliary bases has been used
quite extensively63, 64 in density-fitted symmetry-adapted per-
turbation theory with density functional theory description of
monomers [SAPT(DFT)] (Refs. 65 and 66) calculations. The
midbond set that varied with X was simply the hydrogen-
atom basis set selected from the same orbital and auxiliary
bases as employed for the atoms. We will adopt the notation
(atomic basis)+(midbond). For example, the midbond part of
the aVTZ+(aVTZ) basis involves a hydrogenic aVTZ orbital
set, hydrogenic aVTZ/MP2FIT and aV6Z-RI* sets for DF,
and the hydrogenic aV6Z-RI* set for RI.

The default, diagonal fixed-amplitude Ansatz 3C(FIX)
(Ref. 67) has been used throughout this work. Aside from
its simplicity, its important virtues for interaction energy
calculations are its size consistency and the absence of
geminal basis set superposition error.34, 68 On the other
hand, this Ansatz is known to be relatively sensitive69, 70

to the choice of the exponent β in the expression F (r12)
= − 1

β
exp(−βr12) for the F12 correlation factor. Therefore,

throughout this work we employed the values of β recom-
mended previously:45 1.0 a−1

0 and 1.1 a−1
0 for VTZ-F12 and

VQZ-F12, respectively, and 1.1, 1.2, 1.4, and 1.4 a−1
0 for

aVDZ, aVTZ, aVQZ, and aV5Z, respectively (for the aV6Z
basis, β was set to 1.4 a−1

0 as well). It should be noted that
slightly different values of β have been recommended re-
cently specifically for the 3C(FIX) Ansatz,70 however, the
differences between the recommended values do not exceed
0.1 a−1

0 and we chose to stick to the ones of Ref. 45 which
were employed in several other investigations of weakly in-
teracting systems. For the AE-optimized basis sets that will
be used for calculating the core-core and core-valence con-
tribution to the interaction energy, the optimal values of β

were established by Hill et al.51 who recommended to use
them in both FC and AE calculations. These optimal β

amount to 1.4 a−1
0 and 1.5 a−1

0 for CVTZ-F12 and CVQZ-
F12 and 1.5, 1.6, and 1.5 a−1

0 for aCVTZ, aCVQZ, and
aCV5Z, respectively. It has recently become possible to per-
form CCSD(T)-F12 calculations with different geminal expo-
nents β for the core-core, core-valence, and valence-valence
pairs.71 We have tested this approach for Ar2, choosing expo-
nents that minimize the core-core, core-valence, and valence-
valence contributions to the MP2-F12 correlation energy of
the dimer. However, the resulting core corrections to the in-
teraction energy (not shown) did not display any consistent
improvement with respect to the results obtained with a single
value of β.

We tested all three flavors of the CCSD(T)-F12 ap-
proximation available in MOLPRO: the CCSD(T)-F12a and
CCSD(T)-F12b theories of Ref. 22 and the CCSD(F12*)
method of Ref. 23, denoted CCSD-F12c in MOLPRO and in
this paper. We investigated the performance of these approx-
imate CCSD(T)-F12 approaches both with and without the
scaling of the triples contribution according to Eq. (1). If
triples were scaled, the scaling factor determined for the dimer
was also used for the monomers to ensure size consistency.37

The counterpoise correction for BSSE (Refs. 58 and
59) has been applied in all calculations. Some authors ar-
gue that CP-uncorrected wave function methods can de-
liver comparable accuracy even for rare gas dimers.72 In-
deed, the CCSD(T)/FC and CCSD(T)-F12b/FC interaction
energies in the aVXZ bases are actually more accurate
without the CP correction than with it for all four dimers
studied, cf. Tables SI–SII and Figs. S1–S4 in the sup-
plementary material.73 However, it is well known that an
addition of extra diffuse functions to the basis set in-
creases the BSSE and can decrease the accuracy of CP-
uncorrected interaction energies74 (this observation has led
to a family of “calendar” sets where diffusion functions
are progressively removed from the basis set to make CP-
uncorrected calculations more economical while preserving
accuracy75, 76). Such behavior is clearly seen in Tables SI–
SII and Figs. S1–S4 (supplementary material73) where the
addition of a second augmentation, while substantially im-
proving the CP-corrected interaction energies, worsens the
CP-uncorrected results dramatically. Even more importantly,
midbond bases are incompatible with CP-uncorrected calcu-
lations. For midbond-containing bases, CP-uncorrected inter-
action energies are wildly inaccurate regardless of whether
the basis set used for a monomer contains this monomer-
centered functions only or this monomer-centered functions
and midbond functions (one could think of the second alterna-
tive as a “half-CP-corrected” scheme). As our calculations in
Sec. III show that the addition of midbond functions is the sin-
gle most effective way of improving the accuracy of both con-
ventional and explicitly correlated results (this fact is clearly
seen in Figs. S1–S4),73 employing the CP correction is the
only reasonable choice.

The finite-basis interaction energies were extrapolated to
the CBS limit using the most popular X−3 scheme. Specifi-
cally, the correlation part of interaction energy calculated in
a basis set with the cardinal number X, Ecorr(X), was assumed
to approach its CBS limit Ecorr(∞) as

Ecorr(X) = Ecorr(∞) + AX−3, (2)

where A is some constant. This assumption is supported
by rigorous analytical results for atomic MP2 correlation
energies77–79 as well as by a multitude of numerical studies
pioneered by Helgaker and collaborators.80, 81 While the ex-
plicitly correlated correlation energies formally exhibit much
faster (l−7

max instead of l−3
max) convergence with the maxi-

mum angular momentum lmax in the atomic partial wave
expansion,7, 82 the X−7 convergence is virtually impossible to
attain in practice due to the incompleteness of the orbital ba-
sis set for each l, auxiliary basis set incompleteness, and the
non-F12 treatment of triples. As the SCF part of the interac-
tion energy converges to its CBS limit in a much faster (ex-
ponential) manner, this part was not extrapolated: instead, the
value computed in a larger of the two bases was adopted as
the CBS estimate (in F12 calculations, the SCF part of the
interaction energy included the CABS singles correction22).
We will use the (X − 1, X) notation for a CBS extrapolation
from bases with cardinal numbers X − 1 and X. For exam-
ple, the CCSD(T) interaction energy (T,Q)-extrapolated from
the aVXZ family is the sum of the SCF part computed in the
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aVQZ basis and the correlation part extrapolated from the
aVTZ and aVQZ results using the X−3 scheme. Various al-
ternative extrapolation schemes have been proposed.33, 83, 84

In particular, Schwenke84 has advocated the use of different
correlation factors Fc

X1X2
for CBS extrapolations of different

energy contributions Ec [where c can be, in our case, SCF,
the correlation part of CCSD, and/or (T)] according to the
formula

Ec(∞) = (Ec(X2) − Ec(X1))Fc
X1X2

+ Ec(X1). (3)

The correlation factors Fc
X1X2

are basis-set dependent: their
values for the aVXZ sequence have been optimized for both
conventional CCSD(T) [through (X1, X2) = (5, 6)] (Ref. 84)
and CCSD(T)-F12b [through (X1, X2) = (Q, 5)].70 An opti-
mization of similar correlation factors for other basis sets (in
particular, for the ones including midbond functions) is out-
side the scope of this paper. For the aVXZ family, our tests do
not show any systematic improvement of the Schwenke-style
extrapolated energies (using preoptimized correlation factors
from Refs. 70 and 84) over the X−3-extrapolated ones at either
conventional CCSD(T) or CCSD(T)-F12b so the X−3 extrap-
olation will be the only one considered further.

III. NUMERICAL RESULTS AND DISCUSSION

A. He2

The most accurate estimates of the CBS-limit CCSD(T)
interaction energy for the helium dimer come from a com-
bination of orbital and explicitly correlated treatments.52 At
the near-minimum interatomic distance R = 5.6 bohr, the
CCSD(T) limit obtained in Ref. 52 was −10.6853 ± 0.0013 K
(the conversion factor 1 hartree = 315 774.65 K is employed
in the present work). This limit was computed as a sum of the
CCSD interaction energy calculated33, 85 in a fully optimized
explicitly correlated Gaussian-type geminal basis86, 87 and
of the triples contribution extrapolated from correlation
consistent orbital basis sets up to dV7Z (Refs. 88–90)
supplemented by an extensive (6s6p6d3f3g3h) set of mid-
bond functions91 (denoted b135 in Ref. 52). It should be
noted that the exact (FCI) nonrelativistic Born-Oppenheimer
interaction energy for He2 at R = 5.6 bohr is known to
a better precision (EFCI = −11.0006 ± 0.0002 K) than
the CCSD(T) limit thanks to the four-electron explicitly
correlated variational calculations of Ref. 5. This result
can be combined with the value of the beyond-CCSD(T)
term δEFCI = EFCI − ECCSD(T) extrapolated from large-basis
orbital calculations. The δEFCI estimate obtained in this way
amounts to −0.3183 ± 0.0028 K using bases up to dV6Z
and aV6Z+(6s6p6d3f1g1h) midbond,52 or −0.31625
± 0.00095 K using also bases dV7Z and aV7Z
+(6s6p6d3f1g1h).53 Using the latter results and adding
the uncertainties quadratically, one arrives at the estimate
ECCSD(T) = −10.6844 ± 0.0010 K. This last estimate is
somewhat more precise than the one of Ref. 52 and we adopt
it as the benchmark value of the CCSD(T) interaction energy.

The CCSD(T) interaction energies for He2 at R
= 5.6 bohr computed and CBS-extrapolated using various
basis sets are listed in Tables I (conventional results) and
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FIG. 1. Absolute errors (in Kelvin) for CP-corrected CCSD(T) interaction
energies for the helium dimer at R = 5.6 bohr as a function of the cardinal
number X of the basis set. Both conventional CCSD(T) and CCSD(T)-F12b
results are presented. The letter M in the basis set symbol stands for the hy-
drogenic set of midbond functions from the same basis, and b95 and b135
stand for the (6s6p6d3f1g1h) and (6s6p6d3f3g3h) midbond sets, respectively.
No other CCSD(T)-F12b result (in particular, no result without midbond) fits
in the range shown.

II (explicitly correlated results). The corresponding errors
with respect to benchmark are plotted in Fig. 1 for conven-
tional CCSD(T) as well as the CCSD(T)-F12b explicitly cor-
related variant with and without the scaling of triples. We
employed singly- and doubly-augmented Dunning-type cc-
pVXZ basis sets with or without midbond functions. In non-
F12 calculations we employed both constant midbond sets
(6s6p6d3f1g1h) and (6s6p6d3f3g3h) and hydrogenic mid-
bond sets that change in concert with the atomic part of the
basis like in aVXZ+(aVXZ). As an aV7Z basis is not available
for hydrogen, we used the aug-mcc-pV7Z set of Ref. 92 in-
stead and added a second augmentation to it (to form a d-aug-
mcc-pV7Z set) in an even-tempered manner. Because of the
limited choice of auxiliary bases, the explicitly correlated cal-
culations included only hydrogenic midbond sets that match
the orbital basis, e.g., aVTZ+(aVTZ).

The first thing that is evident from Tables I–II and
Fig. 1 is how crucial midbond functions are for saturat-
ing a dispersion-dominated interaction energy. A midbond-
less basis set as large as aV7Z is only slightly more accu-
rate than aVTZ+(aVTZ) and even dV7Z is no match for
aV5Z+(aV5Z). Moreover, while the CCSD(T)-F12b results
are obviously better than conventional CCSD(T) in the same
basis set, the improvement is not nearly as dramatic as ob-
served for most other systems: for X = Q,5,6, CCSD(T)-
F12b/aVXZ is roughly as accurate as CCSD(T)/aV(X + 1)Z.
Interestingly, CCSD(T)-F12b in the aV5Z basis is less ac-
curate than conventional CCSD(T) in the smallest midbond-
containing basis presented here, aVTZ+(aVTZ), for which
the calculation takes only about 6% of the time needed for
CCSD(T)-F12b/aV5Z. While the scaling of the triples contri-
bution to CCSD(T)-F12b as described in Sec. II does bring
about a minor improvement in accuracy, explicitly corre-
lated calculations without midbond remain inferior to conven-
tional calculations with midbond. Our results for the aVXZ
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TABLE I. CP-corrected CCSD(T) interaction energies for the helium dimer at R = 5.6 bohr calculated and extrapolated using various orbital bases. The rows
marked “ext.” contain the CBS-extrapolated results, with the value in the “X” column obtained from the energies calculated in XZ and (X − 1)Z basis sets. The
energy unit is 1 K. The benchmark CCSD(T)/CBS value of the interaction energy is −10.6844 ± 0.0010 K (see text).

Basis set X = T X = Q X = 5 X = 6 X = 7

aVXZ − 8.3015 − 9.2577 − 9.8276 − 10.2607 − 10.4355
ext. − 9.9919 − 10.4368 − 10.8448 − 10.7291

dVXZ − 8.9225 − 10.0028 − 10.4057 − 10.5781 − 10.6176
ext. − 10.8353 − 10.8149 − 10.8021 − 10.6846

aVXZ+(aVXZ) − 10.3133 − 10.5802 − 10.6359 − 10.6613 − 10.6723
ext. − 10.7528 − 10.6882 − 10.6929 − 10.6909

dVXZ+(dVXZ) − 10.3925 − 10.6260 − 10.6535 − 10.6686 − 10.6752
ext. − 10.7768 − 10.6915 − 10.6878 − 10.6866

aVXZ+(6s6p6d3f1g1h) − 10.6267 − 10.6292 − 10.6488 − 10.6613 − 10.6680
ext. − 10.6339 − 10.6656 − 10.6757 − 10.6792

dVXZ+(6s6p6d3f1g1h) − 10.6548 − 10.6353 − 10.6527 − 10.6635 − 10.6699
ext. − 10.6408 − 10.6685 − 10.6756 − 10.6803

aVXZ+(6s6p6d3f3g3h) − 10.6974 − 10.6446 − 10.6577 − 10.6662 − 10.6717
ext. − 10.5961 − 10.6672 − 10.6751 − 10.6805

dVXZ+(6s6p6d3f3g3h) − 10.7183 − 10.6516 − 10.6609 − 10.6679 − 10.6728
ext. − 10.6066 − 10.6695 − 10.6764 − 10.6808

sequence, Table II, can be compared to the ones of Tew et al.36

using two, less approximate, variants of CCSD(T)(F12) and
very large CABS in the RI approximation (there was no den-
sity fitting in the MP2-F12 component in Ref. 36, and the

interatomic distance was 5.62 bohr instead of 5.6 bohr). The
results of Tew et al. are in fairly good agreement with the
ones in Table II — the differences are of the same order as
those between the a/b/c variants of CCSD(T)-F12. Still, those

TABLE II. CP-corrected CCSD(T)-F12 interaction energies for the helium dimer at R = 5.6 bohr calculated and extrapolated using various bases. The rows
marked “ext.” contain the CBS-extrapolated results, with the value in the “X” column obtained from the energies calculated in XZ and (X − 1)Z basis sets. The
energy unit is 1 K. The benchmark CCSD(T)/CBS value of the interaction energy is −10.6844 ± 0.0010 K (see text).

Unscaled triples Scaled triples

Basis set X = T X = Q X = 5 X = 6 X = T X = Q X = 5 X = 6

CCSD(T)-F12a results
aVXZ − 9.5956 − 9.7590 − 10.2185 − 10.4873 − 9.7283 − 9.8208 − 10.2512 − 10.5089

ext. − 9.8825 − 10.7006 − 10.8532 − 9.8925 − 10.7027 − 10.8597
aVXZ+(aVXZ) − 9.9557 − 10.7027 − 10.6701 − 10.6720 − 10.1032 − 10.7683 − 10.7037 − 10.6934

ext. − 11.2375 − 10.6335 − 10.6733 − 11.2434 − 10.6334 − 10.6780
VXZ-F12 − 8.2742 − 9.1815 − 8.4019 − 9.2945

ext. − 9.8468 − 9.9491
VXZ-F12+(VXZ-F12) − 9.5694 − 10.6558 − 9.7480 − 10.7865

ext. − 11.4473 − 11.5430

CCSD(T)-F12b results
aVXZ − 9.4578 − 9.6990 − 10.1808 − 10.4603 − 9.5905 − 9.7608 − 10.2135 − 10.4819

ext. − 9.8792 − 10.6863 − 10.8410 − 9.8893 − 10.6884 − 10.8475
aVXZ+(aVXZ) − 9.8622 − 10.6649 − 10.6511 − 10.6609 − 10.0097 − 10.7305 − 10.6847 − 10.6823

ext. − 11.2404 − 10.6342 − 10.6731 − 11.2463 − 10.6341 − 10.6778
VXZ-F12 − 8.1404 − 9.0771 − 8.2681 − 9.1902

ext. − 9.7639 − 9.8662
VXZ-F12+(VXZ-F12) − 9.4521 − 10.5676 − 9.6307 − 10.6982

ext. − 11.3801 − 11.4759

CCSD(T)-F12c results
aVXZ − 9.4196 − 9.6776 − 10.1682 − 10.4528 − 9.5519 − 9.7394 − 10.2009 − 10.4744

ext. − 9.8702 − 10.6829 − 10.8406 − 9.8804 − 10.6850 − 10.8470
aVXZ+(aVXZ) − 9.8170 − 10.6422 − 10.6388 − 10.6529 − 9.9638 − 10.7076 − 10.6723 − 10.6743

ext. − 11.2341 − 10.6329 − 10.6711 − 11.2402 − 10.6329 − 10.6758
VXZ-F12 − 7.9486 − 8.9951 − 8.0759 − 9.1077

ext. − 9.7619 − 9.8637
VXZ-F12+(VXZ-F12) − 9.3993 − 10.5171 − 9.5770 − 10.6472

ext. − 11.3314 − 11.4268
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differences are substantial (up to 0.1 K at the aV6Z level)
which shows that the accuracy of the a/b/c approximations
may be a major limiting factor for the accuracy of CCSD(T)-
F12 interaction energies.

Explicitly correlated calculations employing bases with
midbond have attracted little attention so far. This might be
somewhat surprising since the explicitly correlated approach
and the use of midbond bases are designed to address two
distinct effects that are hard to saturate — the short-range dy-
namical correlation (the interelectronic cusp conditions) and
the long-range dynamical correlation (dispersion), respec-
tively. One could expect that it should be possible to combine
the strengths of both approaches without any adverse interfer-
ence. As the results in Table II and Fig. 1 show, this is indeed
the case. The CCSD(T)-F12b results in bases aVXZ+(aVXZ),
X = Q,5,6, and VQZ-F12+(VQZ-F12) match or exceed the
accuracy of orbital results including midbond functions at
the same X. As visible in Fig. 1, when the triples correction
is scaled, the accuracy of the CCSD(T)-F12b/aV5Z+(aV5Z)
approach becomes amazing — it provides the only computed
(nonextrapolated) result that is within the tight error bars of
the benchmark (no orbital result is that accurate). The scaled-
triples CCSD(T)-F12b/aV6Z+(aV6Z) result comes a close
second but is outside the error bars of the benchmark. As all
the midbond sets utilized here are much larger than typically
used, it is apparent how hard it is to saturate the dispersion-
dominated interaction energy even using midbond functions.
The (6s6p6d3f3g3h) set is clearly superior to (6s6p6d3f1g1h):
interestingly, additional midbond functions prove to be more
important than additional diffuse functions as indicated by the
results in the aVXZ+(6s6p6d3f3g3h) bases being more accu-
rate than those in the (larger) dVXZ+(6s6p6d3f1g1h) bases.
As expected, the aVXZ+(aVXZ) and dVXZ+(dVXZ) results
become more accurate than the ones involving constant mid-
bond for sufficiently large X. Still, even the largest, 714-term
dV7Z+(dV7Z) set gives a CCSD(T) energy that is 0.0092 K
off the benchmark value and CBS extrapolation is necessary
to improve the accuracy further.

The standard X−3 CBS extrapolation clearly improves
the agreement of orbital results with the benchmark. This
fact is best illustrated in Fig. 2 where all different midbond-
containing bases are compared in CBS extrapolations. In-
terestingly, the extrapolated constant-midbond and variable-
midbond results approach the benchmark from two different
sides, in accordance with the different behavior of the com-
puted results as a function of X. In fact, the undershooting
of the constant-midbond extrapolations and the overshoot-
ing of the variable-midbond ones means that the optimal ex-
ponent α in an X−α fit to the computed results is less than
3 (i.e., slower convergence) for constant midbond and more
than 3 for variable midbond. It should be noted that in the for-
mer case [precisely, for the aVXZ+(6s6p6d3f1g1h) family]
an analogous conclusion has been reached by an extensive
analysis of extrapolation patterns for the correlation part of
the CCSD interaction energy and for its dominant dispersion
contribution, with the optimal exponent α equal to about 2.3
for the (6,7) CCSD extrapolation.93 Regardless of the over-
shooting/undershooting, all midbond-containing bases in the
(6,7) extrapolation give orbital results that are within 0.007 K
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FIG. 2. Absolute errors (in Kelvin) for CP-corrected CCSD(T) interaction
energies for the helium dimer at R = 5.6 bohr, extrapolated to the CBS limit
using values computed in (X − 1)Z and XZ basis sets, as a function of the car-
dinal number X. Both conventional CCSD(T) and CCSD(T)-F12b results are
presented. The letter M in the basis set symbol stands for the hydrogenic set
of midbond functions from the same basis, and b95 and b135 stand for the
(6s6p6d3f1g1h) and (6s6p6d3f3g3h) midbond sets, respectively. The mid-
bondless CCSD(T)-F12b results extrapolated from bases aVQZ and aV5Z,
unlike the results extrapolated from aV5Z and aV6Z, would accidentally fit
in the range shown. All other CCSD(T)-F12b results extrapolated from mid-
bondless bases and all CCSD(T)-F12b results extrapolated from the VXZ-
F12 bases (with or without midbond) are outside the range.

of the benchmark, with the most accurate result, 0.0022 K be-
low the benchmark, provided by the largest dVXZ+(dVXZ)
sequence.

The (T,Q) extrapolated CCSD(T)-F12b results are fairly
inaccurate. This includes the VXZ-F12+(VXZ-F12) value
where the X = Q result is much more accurate than the X
= T one so that any extrapolation is deemed to overshoot. At
the (Q,5) level, the extrapolated CCSD(T)-F12b energies are
much more accurate — the errors are −0.002 K and 0.050 K
for the aVXZ and aVXZ+(aVXZ) sequences, respectively.
The first result is clearly fortuitous and worsens substantially
(to −0.157 K) at the (5,6) level where the aVXZ+(aVXZ) er-
ror is reduced to 0.011 K. The latter accuracy is not matched
by any orbital results in bases without midbond except for
the (6,7) extrapolation from the dVXZ sequence. However,
extrapolations from orbital results with midbond surpass this
accuracy already at the (Q,5) (variable midbond) and (5,6)
(constant midbond) level.

An interesting observation based on the results in Table II
is that the differences between unscaled-triples and scaled-
triples results are greatly diminished upon CBS extrapolation
[at least for the aVXZ and aVXZ+(aVXZ) families]. Extrapo-
lation also reduces the dependence of the explicitly correlated
results on the particular version of the CCSD-F12 approxima-
tion (a, b, or c).

Based on the numerical data in Table II and Figs. 1 and
2, the VXZ-F12 basis set family cannot be recommended for
such a dispersion-dominated system even when supplemented
by midbond functions. While, in the latter case, occasional
accurate interaction energies are obtained, there is no con-
sistency with respect to the scaling or not scaling of triples
and to the a/b/c variant of the CCSD-F12 approximation.
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FIG. 3. Accuracy of the He-He potential energy curve calculated and ex-
trapolated at the CCSD(T)-F12b/aVXZ+(aVXZ) level of theory. The num-
bers shown are differences between the calculated result and the bench-
mark divided by the uncertainty of the benchmark for a given R: that is, the
benchmark value corresponds to 0 ± 1 at each R. The best available con-
ventional CCSD(T) results, computed in the dV7Z+(dV7Z) basis and CBS-
extrapolated using that basis and the dV6Z+(dV6Z) one, are also included for
comparison. The benchmark CCSD(T)/CBS interaction energies have been
taken from Table 9 of Ref. 52 except for the value at R = 5.6 bohr which
was obtained as described in the text. Note that the benchmark uncertainty
is smaller at R = 5.6 bohr than at the surrounding distances: thus the local
maxima of the relative errors at R = 5.6 bohr. The letter M in the basis set
symbol stands for the hydrogenic set of midbond functions from the same
basis.

Moreover, the accurate computed results are badly worsened
by the CBS extrapolation. The only basis set family for which
consistently accurate CCSD(T)-F12 results are obtained is
the aVXZ+(aVXZ) one at X = 5, 6, and the presence of
midbond functions is nearly as beneficial as for orbital cal-
culations. As mentioned before, the scaled-triples CCSD(T)-
F12b/aV5Z+(aV5Z) energy is the only result, either com-
puted or extrapolated, that actually lies within the error bars of
the benchmark. Thus, it is interesting to see whether the very
good performance of the CCSD(T)-F12b/aV5Z+(aV5Z) ap-
proach at R = 5.6 bohr is consistent for the whole potential en-
ergy curve. As the results plotted in Fig. 3 show, this is unfor-
tunately not the case. The accuracy of the scaled-triples result
at R = 5.6 bohr is clearly accidental as for other distances the
same method gives results that are off the benchmark by up to
20 times the uncertainty. The unscaled-triples results as well
as the extrapolated energies are even worse in terms of the
quality of the whole potential energy curve. Going from X =
5 to X = 6 improves both the computed results (slightly) and
the extrapolated ones (very significantly at large R). Still, any
explicitly correlated approach, with or without CBS extrapo-
lation, leads to interaction energies that are off the benchmark
by more than 10 times its uncertainty for some values of R.
Similar conclusions hold for the other variants of the explic-
itly correlated approach, CCSD(T)-F12a and CCSD(T)-F12c.
It is interesting to note that while the (Q,5) extrapolation of
the CCSD(T)-F12b/aVXZ+(aVXZ) results clearly overshoots
at large R (due to the X = Q results being highly inaccurate),
an analogous (5,6) extrapolation actually undershoots. Thus,
the optimal exponent α for the X−α extrapolation is less than

3 at the (5,6) level, a surprising result in view of the formal
l−7
max convergence of the F12 correlation energies.7, 82

Even though CCSD(T)-F12 cannot match the accuracy of
the fully optimized Gaussian geminal benchmark, it does sur-
pass the accuracy of any conventional CCSD(T) result for the
repulsive part of the potential energy curve. This is clearly
visible in Fig. 3 where the largest-basis orbital results, the
dV7Z+(dV7Z) ones, are plotted for comparison. While these
results are much better than the CCSD(T)-F12 ones in the
asymptotic region and deliver more or less comparable ac-
curacy around the van der Waals minimum, for smaller R
the orbital results are inferior to any flavor of the CCSD(T)-
F12 method, with and without the scaling of the triples term
and/or CBS extrapolation. This further substantiates our hy-
pothesis that while CCSD(T)-F12 does an excellent job of
describing the interelectronic cusp conditions and thus the
short-range dynamical correlation, it is not nearly as success-
ful in recovering long-range dynamical correlation, that is,
dispersion energy at large R. Finally, it should be noted that
the dVXZ+(dVXZ) orbital results benefit immensely from
the X−3 extrapolation — the (6,7) extrapolated results are the
most accurate ones throughout the whole range of R. As the
X−3 extrapolation did not perform that well in the extensive
study involving constant-midbond bases,93 this might suggest
that enlarging the midbond set in line with the atom-centered
part of the basis is crucial for maintaining the X−3 decay of
correlation energy with the cardinal number X.

B. Ne2

The most accurate calculations of the neon-neon inter-
action energy to date are those of Hellmann et al.54 and in-
clude coupled-cluster contributions all the way to the sin-
gles, doubles, triples, and connected quadruples [CCSDT(Q)]
level94, 95 as well as corrections for core-core and core-
valence correlation and relativistic effects. At the frozen-
core CCSD(T) level, the CBS limit of −41.375 K at the
near-minimum interatomic distance R = 3.1 Å was es-
tablished by CP-corrected calculations in bases t-aug-cc-
pV5Z+(4s4p3d3f2g) and t-aug-cc-pV6Z+(4s4p3d3f2g) fol-
lowed by an X−3 extrapolation of the correlation energy.
The CCSD(T) correction for core-core and core-valence cor-
relation was computed using the dwCV5Z basis set50 and
amounts to +0.068 K at the same R. The benchmark uncer-
tainty has not been given in Ref. 54 but the difference between
the extrapolated CCSD(T)/FC interaction energy and the re-
sult computed in the largest, t-aug-cc-pV6Z+(4s4p3d3f2g)
basis can be taken as a trustworthy, albeit conservative, un-
certainty estimate. In this way, we arrive at the benchmark
CCSD(T)/FC value of −41.375 ± 0.013 K at R = 3.1 Å.

The convergence of computed and extrapolated frozen-
core CCSD(T) Ne-Ne interaction energies is presented in
Tables III (orbital calculations) and IV (explicitly cor-
related calculations). The errors of these interaction en-
ergies with respect to the benchmark are plotted in
Fig. 4. As far as the orbital calculations are con-
cerned, Table III shows that the aVXZ sequence leads to
quite inaccurate results — even at X = 6 the error is
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TABLE III. CP-corrected CCSD(T)/FC interaction energies for the neon
dimer at R = 3.1 Å calculated and extrapolated using various orbital bases.
The rows marked “ext.” contain the CBS-extrapolated results, with the value
in the “X” column obtained from the energies calculated in XZ and (X − 1)Z
basis sets. The energy unit is 1 K. The benchmark CCSD(T)/CBS value of
the interaction energy is −41.375 ± 0.013 K (see text).

Basis set X = T X = Q X = 5 X = 6

aVXZ − 23.995 − 33.032 − 37.052 − 38.795
ext. − 39.330 − 41.773 − 41.165

dVXZ − 35.716 − 40.199 − 40.343 − 40.746
ext. − 43.533 − 40.680 − 41.263

aVXZ+(aVXZ) − 38.704 − 40.847 − 41.253 − 41.338
ext. − 42.462 − 41.703 − 41.469

dVXZ+(dVXZ) − 41.103 − 41.341 − 41.341 − 41.384
ext. − 41.779 − 41.362 − 41.446

aVXZ+(6s6p6d3f3g3h) − 42.474 − 41.477 − 41.342 − 41.344
ext. − 40.903 − 41.173 − 41.347

dVXZ+(6s6p6d3f3g3h) − 42.588 − 41.513 − 41.375 − 41.374
ext. − 40.956 − 41.210 − 41.375

about 2.6 K or 6% of the interaction energy. A second
augmentation helps a lot, but the single most effective way
to improve basis set convergence of the interaction energy is
to include midbond functions. In fact, the accuracy of the mid-
bondless dV6Z basis is surpassed by the aVXZ+(aVXZ) and
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FIG. 4. Absolute errors (in Kelvin) for the CP-corrected CCSD(T)/FC inter-
action energies for the neon dimer at R = 3.1 Å as a function of the cardinal
number X of the basis set. Both conventional CCSD(T) and CCSD(T)-F12b
results are presented. The letter M in the basis set symbol stands for the hy-
drogenic set of midbond functions from the same basis and b135 stands for
the (6s6p6d3f3g3h) midbond set. All other CP-corrected CCSD(T)-F12b re-
sults (scaled and unscaled triples) are outside the range shown.

dVXZ+(dVXZ) sequences already at the X = Q and X = T
levels, respectively.

Among the explicitly correlated CCSD(T) interaction
energies, the VXZ-F12 ones are grossly inaccurate without

TABLE IV. CP-corrected CCSD(T)-F12/FC interaction energies for the neon dimer at R = 3.1 Å calculated and extrapolated using various bases. The rows
marked “ext.” contain the CBS-extrapolated results, with the value in the “X” column obtained from the energies calculated in XZ and (X − 1)Z basis sets. The
energy unit is 1 K. The benchmark CCSD(T)/CBS value of the interaction energy is −41.375 ± 0.013 K (see text).

Unscaled triples Scaled triples

Basis set X = T X = Q X = 5 X = 6 X = T X = Q X = 5 X = 6

CCSD(T)-F12a results
aVXZ − 34.278 − 37.055 − 39.325 − 40.268 − 35.166 − 37.571 − 39.623 − 40.452

ext. − 38.998 − 41.750 − 41.557 − 39.243 − 41.819 − 41.583
aVXZ+(aVXZ) − 40.157 − 41.295 − 41.455 − 41.405 − 41.348 − 41.885 − 41.770 − 41.594

ext. − 42.190 − 41.649 − 41.332 − 42.342 − 41.677 − 41.347
VXZ-F12 − 31.568 − 33.504 − 32.075 − 33.853

ext. − 34.973 − 35.207
VXZ-F12+(VXZ-F12) − 37.164 − 40.051 − 38.045 − 40.532

ext. − 42.175 − 42.364

CCSD(T)-F12b results
aVXZ − 34.223 − 36.932 − 39.221 − 40.187 − 35.112 − 37.448 − 39.519 − 40.370

ext. − 38.826 − 41.666 − 41.505 − 39.070 − 41.735 − 41.532
aVXZ+(aVXZ) − 39.453 − 40.994 − 41.295 − 41.312 − 40.644 − 41.584 − 41.610 − 41.500

ext. − 42.183 − 41.638 − 41.329 − 42.335 − 41.665 − 41.344
VXZ-F12 − 33.600 − 34.428 − 34.106 − 34.777

ext. − 35.088 − 35.322
VXZ-F12+(VXZ-F12) − 36.760 − 39.823 − 37.640 − 40.304

ext. − 42.077 − 42.265

CCSD(T)-F12c results
aVXZ − 33.037 − 36.548 − 39.027 − 40.072 − 33.916 − 37.061 − 39.324 − 40.256

ext. − 39.027 − 41.670 − 41.501 − 39.273 − 41.740 − 41.528
aVXZ+(aVXZ) − 39.053 − 40.755 − 41.157 − 41.225 − 40.227 − 41.341 − 41.471 − 41.413

ext. − 42.062 − 41.605 − 41.313 − 42.219 − 41.634 − 41.328
VXZ-F12 − 29.146 − 32.571 − 29.652 − 32.919

ext. − 35.126 − 35.358
VXZ-F12+(VXZ-F12) − 36.501 − 39.675 − 37.372 − 40.154

ext. − 42.010 − 42.201
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midbond functions and better, but still not competitive, when
midbond functions are added. Apparently, as suggested in
the original work,45 the VXZ-F12 bases are not suitable for
dispersion-dominated interactions due to their lack of higher-
angular-momentum diffuse functions. The aVXZ family per-
forms better — CCSD(T)-F12b is more accurate than conven-
tional CCSD(T) using the same basis set. However, just like
for the helium dimer, much larger improvement is brought
about by a simple inclusion of midbond functions than by the
explicitly correlated treatment. Midbond functions are also
beneficial for the explicitly correlated energies and, as should
have been expected, CCSD(T)-F12b is (slightly) superior to
CCSD(T) in the same aVXZ+(aVXZ) basis set. However, a
larger improvement is achieved by adding a second set of dif-
fuse functions to the atomic and midbond bases. The scaled-
triples aVTZ+(aVTZ) result is substantially better than the
unscaled one, but for large X the scaling of triples improves
results only slightly or not at all. Our aVXZ results are in the
same range as the ones obtained using two different variants
of CCSD(T)(F12).36 They also are in good agreement with
the CCSD(T)-F12a and CCSD(T)-F12b values previously re-
ported by Marchetti and Werner,35 the main reason for the
discrepancy being different values of the exponent β in the
F12 correlation factor (Sec. II).

As shown in Fig. 4, three different computed results are
within the error bars of the benchmark. All of them are con-
ventional CCSD(T): the dVXZ+(6s6p6d3f3g3h) results at X
= 5, 6 and the dVXZ+(dVXZ) one for X = 6. The most ac-
curate explicitly correlated result is, accidentally, the scaled-
triples CCSD(T)-F12a/aVTZ+(aVTZ) one with an error of
0.027 K. For larger X, the most accurate interaction energies
seem to be provided by the unscaled-triples CCSD(T)-F12a
and scaled-triples CCSD(T)-F12c variants. All six CCSD(T)-
F12 approaches lead to aV5Z+(aV5Z) and aV6Z+(aV6Z)
interaction energies that are within 0.4 K and 0.22 K of the
benchmark, respectively.

As for the helium dimer, CBS extrapolation makes orbital
results without midbond more competitive, although still in-
ferior, to the ones with midbond (the same thing happens to
the CCSD(T)-F12 results), and the convergence patterns of
constant-midbond and variable-midbond sequences are quite
different. Interestingly, extrapolation again reduces the depen-
dence of explicitly correlated results on the particular variant
employed (CCSD(T)-F12a/b/c, unscaled or scaled triples).
The (Q,5) extrapolated CCSD(T)-F12/aVXZ+(aVXZ) ener-
gies are all accurate to about 0.2–0.3 K while the (5,6) extrap-
olated ones are accurate to 0.03–0.06 K. Thus, once again the
aVXZ+(aVXZ) sequence is the recommended one for explic-
itly correlated CCSD(T) calculations.

We mentioned in Sec. II that the default cc-pVXZ/JKFIT
auxiliary sets are not adequate for the resolution of identity
and, to a lesser extent, for the density fitting of the Fock ma-
trix. This fact is clearly illustrated in Table SIII in the sup-
plementary material73 which contains the CCSD(T)-F12b/FC
interaction energies (unscaled triples) computed using the
aVTZ orbital basis and various choices of auxiliary bases.
It should be stressed that Table SIII of the supplementary
material73 represents the worst-case scenario where both the
orbital basis and the default RI basis are so small that their

union is not at all adequate for performing the resolution of
identity. Larger orbital bases as well as bases involving mid-
bond functions are less dependent on the choice of the RI
basis because the default cc-pVXZ/JKFIT set does a better
job. In the aVTZ case, the dependence of results on the RI
basis quality is dramatic and the default cc-pVTZ/JKFIT set
overestimates the interaction energy by a striking 10 K. On
the other hand, the aVXZ-RI sequence48 exhibits smooth con-
vergence of interaction energies and the aV6Z-RI* auxiliary
set (aV6Z-RI with the k functions omitted) should be ade-
quate for all our calculations. We have tested even larger RI
bases obtained from aV6Z-RI* by an extension of the expo-
nent range for each angular momentum l in an even-tempered
manner. The sets aV6Z-RI*+ (one large and one small ex-
ponent added for each l) and aV6Z-RI*++ (two large and
two small exponents added for each l) lead to a further in-
crease of the CCSD(T)-F12b/FC interaction energy by about
0.9 K, showing how hard it is to converge results with respect
to the RI basis. As the RI-basis dependence diminishes for
larger orbital sets, we decided that this further increase does
not warrant the associated increase in the basis set size and
stuck to the aV6Z-RI* set for all production runs. The effect
of an improvement to the DF basis used to approximate the
Fock matrix is much smaller (about 0.24 K) but we included
it nonetheless, choosing the same aV6Z-RI* set for all orbital
bases. Finally, the effect of improving the DF(MP2-F12) ba-
sis seems to be negligible (no more than 0.05 K) and we stuck
to the default aVXZ/MP2FIT choice. For comparison, an ex-
tensive set of explicitly correlated results using default auxil-
iary bases has been included in the supplementary material73

(Tables SIV– SVII).
While the effects of the core-core and core-valence corre-

lation are nearly negligible for the neon dimer, it is instructive
to examine how the CCSD(T) core correction E

CCSD(T)/AE
int

− E
CCSD(T)/FC
int is recovered in orbital and explicitly corre-

lated calculations in various bases. The relevant numeri-
cal results are presented in Table V. In the explicitly cor-
related case, CCSD(T)-F12b results with unscaled triples
have been presented. The scaling of the triples term actu-
ally worsens most of the explicitly correlated results. The
AE-optimized aCVXZ, awCVXZ,50 and CVXZ-F12 (Ref. 51)
sequences are included in Table V in addition to the FC-
optimized bases. As the results in this table show, all or-
bital basis sequences smoothly converge to the vicinity of
the benchmark result. As expected, the aCVXZ and awCVXZ
sequences perform very similarly and they both are better
than the purely FC-optimized aVXZ and dVXZ bases at the
same X, especially when midbond functions are present [the
(3s3p2d2f1g) midbond set57 employed here has exponents
(0.9,0.3,0.1) for sp, (0.6, 0.2) for df, and 0.35 for g func-
tions]. However, the aV6Z and dV6Z values are also well
converged. On the other hand, the CCSD(T)-F12b core cor-
rections are somewhat erratic. The explicitly correlated re-
sults in the aVXZ and aVXZ+(aVXZ) bases are actually
worse than their conventional CCSD(T) counterparts except
for the aV6Z+(aV6Z) case where the excellent accuracy of
the CCSD(T)-F12b result may be accidental. The aCVXZ and
aCVXZ+(aVXZ) results are also less accurate at CCSD(T)-
F12b than at CCSD(T) although they are better than the aVXZ
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TABLE V. Values of the core correction E
CCSD(T)/AE
int − E

CCSD(T)/FC
int for the

neon dimer at R = 3.1 Å calculated in various orbital and explicitly correlated
bases. Counterpoise correction and, in case of the explicitly correlated values,
the CCSD(T)-F12b variant (unscaled triples) have been applied. The energy
unit is 1 K. The benchmark value of this correction is 0.068 K.54

Basis set X = T X = Q X = 5 X = 6

Orbital results
aVXZ − 0.063 0.002 0.037 0.057
aVXZ+(3s3p2d2f1g) − 1.490 − 0.042 0.043 0.063
aVXZ+(aVXZ) − 0.096 − 0.017 0.026 0.048
dVXZ − 0.150 0.023 0.042 0.064
aCVXZ − 0.019 0.028 0.051 0.062
aCVXZ+(3s3p2d2f1g) 0.042 0.065 0.071 0.073
aCVXZ+(aVXZ) 0.038 0.064 0.071
awCVXZ − 0.019 0.029 0.052
awCVXZ+(3s3p2d2f1g) 0.050 0.067 0.072
awCVXZ+(aVXZ) 0.042 0.065 0.072

CCSD(T)-F12b results
aVXZ 0.739 0.245 0.159 0.112
aVXZ+(aVXZ) 0.985 0.199 0.152 0.068
aCVXZ − 0.022 0.031 − 0.005 − 0.706
aCVXZ+(aVXZ) 0.110 0.047 − 0.038
VXZ-F12 0.129 − 0.035
VXZ-F12+(VXZ-F12) 0.295 0.078
CVXZ-F12 − 0.119 − 0.033
CVXZ-F12+(VXZ-F12) 0.061 0.071

and aVXZ+(aVXZ) values at the same X. The CCSD(T)-F12b
core correction in the aCV6Z basis set, obtained by adding
diffuse functions (in an even-tempered manner) to the cc-
pCV6Z set,96 is far from accurate due to the lack of an ade-
quate DF basis set (the awCV5Z/MP2FIT set was used). Note
that aCV6Z performs very well in conventional CCSD(T).
The VXZ-F12 and CVXZ-F12 core corrections are quite er-
ratic and mostly of wrong sign. However, inclusion of mid-
bond functions makes these two sequences acceptably accu-
rate, with CVXZ-F12+(VXZ-F12) having an advantage over
VXZ-F12+(VXZ-F12). For the former sequence, with the
core correction estimate at X = Q amounting to 0.071 K,
the results are actually just as good or better than the orbital,
aCVXZ+(aVXZ) and awCVXZ+(aVXZ) ones at the same X.
However, the latter results are also available at X = 5.

One may ask a question whether the erratic recovery of
the core correction by CCSD(T)-F12b is a consequence of
the fact that auxiliary bases that are appropriate for the FC
calculations (see the discussion of Table SIII)73 are not com-
plete enough for the AE calculations. Our tests show that at
the “worst-case-scenario” aVTZ level, the auxiliary basis sets
employed here [aVTZ/MP2FIT for DF(MP2-F12) and aV6Z-
RI* for DF(Fock) and RI] are indeed not complete enough
to get a fully converged CCSD(T)-F12b core correction. The
value 0.739 K obtained in this way changes to 0.841 K if
the RI basis is upgraded to aV6Z-RI*++ and to 0.622 K if
the DF(MP2-F12) basis is upgraded to aV5Z/MP2FIT. As the
two auxiliary basis set incompleteness effects act in opposite
directions, a simultaneous change of the DF(MP2-F12) basis
to aV5Z/MP2FIT and of the RI basis to aV6Z-RI*++ alters
the core correction only slightly (the value is 0.727 K). How-
ever, for larger orbital sets the auxiliary bases employed by

us are quite adequate. For the aV5Z orbital basis, our choice
of aV5Z/MP2FIT for the DF(MP2-F12) basis and aV6Z-RI*
for the DF(Fock) and RI bases leads to a CCSD(T)-F12b
core correction of 0.159 K. Any upgrade of the DF(MP2-
F12) basis (to awCV5Z/MP2FIT or awCV5Z/MP2FIT+, an
even-tempered extension of the former set), of the RI basis (to
aV6Z-RI*+ or aV6Z-RI*++), or of both, leads to a value of
the core correction in the range 0.157–0.169 K. These results
suggest that the auxiliary basis set incompleteness is only a
minor factor as far as the errors of the CCSD(T)-F12b core
correction are concerned.

C. Ar2

The most accurate argon-argon interaction potential to
date was obtained in Ref. 56 using theory levels up to
CCSDTQ (see Refs. 55, 57, and 97 for earlier work of nearly
the same accuracy). The CCSD(T)/FC part of the potential
was obtained by CBS extrapolations using four different basis
set families, all of them including diffuse and midbond func-
tions. Extensive study of the basis set convergence of con-
ventional CCSD(T)/FC has been performed in Ref. 56 and
we will not repeat it here, moving right on to the explicitly
correlated results. The benchmark CCSD(T)/FC argon-argon
interaction energy at the near-minimum distance R = 3.75 Å
amounts to −97.445 ± 0.063 cm−1, and the CCSD(T) core
correction at the same R is equal to −0.817 ± 0.024 cm−1.

The CP-corrected computed and extrapolated
CCSD(T)/FC argon-argon interaction energies at R
= 3.75 Å are presented in Tables VI [conventional CCSD(T)]
and VII [CCSD(T)-F12], and the corresponding deviations
from benchmark are plotted in Fig. 5. Table VI is far from

TABLE VI. CP-corrected conventional CCSD(T)/FC interaction energies
for the argon dimer at R = 3.75 Å calculated and extrapolated using various
bases. The rows marked “ext.” contain the CBS-extrapolated results, with the
value in the “X” column obtained from the energies calculated in XZ and (X
− 1)Z basis sets. The energy unit is 1 cm−1. The benchmark CCSD(T)/CBS
value of the interaction energy is −97.445 ± 0.063 cm−1.56 Table IV in
Ref. 56 contains CCSD(T)/FC interaction energies in many more basis sets:
this table is meant only as a supplement and provides orbital results in basis
sets employed at the CCSD(T)-F12 level.

Basis set X = T X = Q X = 5 X = 6

aVXZ − 66.068 − 81.572 − 90.097 − 93.616
ext. − 93.830 − 98.845 − 98.289

aV(X + d)Z − 65.808 − 81.400 − 89.981 − 93.482
ext. − 93.788 − 98.865 − 98.151

dVXZ − 80.637 − 90.643 − 94.147 − 95.872
ext. − 98.419 − 97.633 − 98.161

dV(X + d)Z − 80.462 − 90.476 − 94.048 − 95.765
ext. − 98.310 − 97.682 − 98.060

aVXZ+(aVXZ) − 91.122 − 95.713 − 96.961 − 97.265
ext. − 98.985 − 98.196 − 97.673

aV(X + d)Z+(aVXZ) − 91.025 − 95.586 − 96.914 − 97.219
ext. − 98.900 − 98.315 − 97.637

aVXZ+(3s3p2d2f) − 96.189 − 95.815 − 96.566 − 96.911
ext. − 95.699 − 97.250 − 97.370

aV(X + d)Z+(3s3p2d2f) − 96.064 − 95.705 − 96.537 − 96.870
ext. − 95.647 − 97.380 − 97.325
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TABLE VII. CP-corrected CCSD(T)-F12/FC interaction energies for the argon dimer at R = 3.75 Å calculated and extrapolated using various bases. The rows
marked “ext.” contain the CBS-extrapolated results, with the value in the “X” column obtained from the energies calculated in XZ and (X − 1)Z basis sets. The
energy unit is 1 cm−1. The benchmark CCSD(T)/CBS value of the interaction energy is −97.445 ± 0.063 cm−1.56

Unscaled triples Scaled triples

Basis set X = T X = Q X = 5 X = 6 X = T X = Q X = 5 X = 6

CCSD(T)-F12a results
aVXZ −82.661 − 89.354 − 94.582 − 96.356 − 85.771 − 91.017 − 95.759 − 97.086

ext. − 94.396 − 100.116 − 98.733 − 95.003 − 100.782 − 98.849
aVXZ+(3s3p2d2f) −99.466 − 98.076 − 97.847 − 97.754 − 103.158 − 99.846 − 99.043 − 98.487

ext. − 97.363 − 97.524 − 97.586 − 97.729 − 98.118 − 97.685
aVXZ+(aVXZ) −96.545 − 97.983 − 98.057 − 97.694 − 100.180 − 99.752 − 99.246 − 98.420

ext. − 99.127 − 98.113 − 97.169 − 99.535 − 98.694 − 97.259
VXZ-F12 −74.930 − 78.260 − 78.039 − 80.080

ext. − 80.734 − 81.613
VXZ-F12+(3s3p2d2f) −96.758 − 96.363 − 100.942 − 98.574

ext. − 96.013 − 96.784
VXZ-F12+(VXZ-F12) −91.524 − 93.694 − 95.528 − 95.864

ext. − 95.262 − 96.095

CCSD(T)-F12b results
aVXZ −79.334 − 87.452 − 93.373 − 95.609 − 82.444 − 89.115 − 94.550 − 96.338

ext. − 93.533 − 99.634 − 98.620 − 94.141 − 100.300 − 98.735
aVXZ+(3s3p2d2f) −96.391 − 96.319 − 96.854 − 97.177 − 100.082 − 98.088 − 98.049 − 97.910

ext. − 96.567 − 97.333 − 97.581 − 96.934 − 97.926 − 97.680
aVXZ+(aVXZ) −93.499 − 96.247 − 97.100 − 97.169 − 97.135 − 98.016 − 98.289 − 97.895

ext. − 98.347 − 97.974 − 97.236 − 98.754 − 98.554 − 97.326
VXZ-F12 −72.264 − 76.692 − 75.372 − 78.512

ext. − 79.967 − 80.847
VXZ-F12+(3s3p2d2f) −94.493 − 95.091 − 98.678 − 97.302

ext. − 95.466 − 96.236
VXZ-F12+(VXZ-F12) −89.352 − 92.468 − 93.356 − 94.639

ext. − 94.728 − 95.561

CCSD(T)-F12c results
aVXZ −78.237 − 86.836 − 92.955 − 95.287 − 81.291 − 88.483 − 94.125 − 96.014

ext. − 93.270 − 99.423 − 98.429 − 93.889 − 100.093 − 98.548
aVXZ+(3s3p2d2f) −95.225 − 95.759 − 96.441 − 96.874 − 98.855 − 97.512 − 97.630 − 97.606

ext. − 96.450 − 97.073 − 97.431 − 96.832 − 97.671 − 97.533
aVXZ+(aVXZ) −92.342 − 95.686 − 96.688 − 96.875 − 95.915 − 97.438 − 97.871 − 97.599

ext. − 98.222 − 97.718 − 97.106 − 98.645 − 98.303 − 97.200
VXZ-F12 −70.127 − 75.591 − 73.178 − 77.394

ext. − 79.621 − 80.514
VXZ-F12+(3s3p2d2f) −93.176 − 94.432 − 97.306 − 96.627

ext. − 95.288 − 96.070
VXZ-F12+(VXZ-F12) −88.007 − 91.829 − 91.958 − 93.984

ext. − 94.603 − 95.447

complete — it supplements the extensive set of CCSD(T)/FC
interaction energies from Table IV in Ref. 56 with orbital
results in basis sets used for explicitly correlated calculations
in this work. In addition to the aVXZ family, we have
included in Table VI results calculated in the aug-cc-pV(X
+ d)Z≡aV(X + d)Z sequence,60 a recommended replacement
to aVXZ for second-row atoms. The corresponding explicitly
correlated results are given in Table SVIII in the supple-
mentary material.73 All auxiliary basis sets accompanying
the aV(X+d)Z basis were taken identical as for the corre-
sponding aVXZ set. The explicitly correlated calculations
have been performed with two different midbond sets: the
hydrogenic set from the same basis, and the (3s3p2d2f) set

for which a corresponding auxiliary basis has been defined.98

Interestingly, the change from aVXZ to aV(X+d)Z slightly
worsens most interaction energies, both the conventional and
F12 ones as well as with and without midbond. Therefore, we
elected to show only results in standard aVXZ bases in Fig. 5.

The results in Tables VI–VII and Fig. 5 once again
show the importance of midbond functions for an accurate
recovery of dispersion energy. No result in a midbondless
basis, whether conventional or explicitly correlated, attains
any acceptable accuracy. An inclusion of a moderate mid-
bond set in the one-electron basis provides a much larger
improvement than the F12 treatment, although the latter
clearly improves the results in all bases tested. The size of
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FIG. 5. Absolute errors (in cm−1) for the CP-corrected CCSD(T)/FC inter-
action energies for the argon dimer at R = 3.75 Å as a function of the cardinal
number X of the basis set. Both conventional CCSD(T) and CCSD(T)-F12b
results are presented. The letter M in the basis set symbol stands for the hy-
drogenic set of midbond functions from the same basis and (3322) stands for
the (3s3p2d2f) midbond set. The graph displays all CP-corrected CCSD(T)-
F12b results using aVXZ or VXZ-F12 bases on atoms (scaled and unscaled
triples) that fit within the range shown.

the midbond set also plays an important role: the variable-
midbond aVXZ+(aVXZ) results become more accurate than
the constant-midbond aVXZ+(3s3p2d2f) ones at X ≥ 5
(actually, converging the benchmark value to a 0.063 cm−1

uncertainty would not be possible without using very large
midbond sets on top of nearly complete atom-centered bases
— see Ref. 56 for details). The unscaled-triples CCSD(T)-
F12a and CCSD(T)-F12b results in the aV6Z+(aV6Z) basis,
with errors of −0.25 and 0.28 cm−1 with respect to bench-
mark, respectively, are slightly inferior to the aV6Z+(aV6Z)
and aV(6+d)Z+(aV6Z) orbital results but outperform all
other X = 6 orbital bases in Table VI and most of the bases
from Table IV in Ref. 56 except for the doubly augmented
sets accompanied by large midbond. Similar accuracy (er-
rors of −0.31 and 0.27 cm−1, respectively) is attained for
the aV6Z+(3s3p2d2f) basis. The scaled-triples CCSD(T)-
F12c interaction energies, with errors of −0.15 cm−1 for
aV6Z+(aV6Z) and −0.16 cm−1 for aV6Z+(3s3p2d2f), are
even better (for the a and b variants, the scaling of triples actu-
ally worsens the results). A few lower-X explicitly correlated
results are, quite accidentally, more accurate, with the best
value (an error of only 0.007 cm−1) provided by the scaled-
triples CCSD(T)-F12c/aVQZ+(aVQZ) method. The VXZ-
F12+(3s3p2d2f) [but not VXZ-F12+(VXZ-F12)] results are
also occasionally quite accurate but no consistent pattern is
observed as far as the CCSD(T)-F12 variant (a/b/c with scaled
or unscaled triples) is concerned so these bases cannot be
recommended for high-accuracy calculations. As the (5,6)
extrapolation employing the CCSD(T)-F12b/aVXZ+(aVXZ)
results undershoots by 0.21 cm−1, one can conclude that the
explicitly correlated CCSD(T) treatment in presently avail-
able bases can pinpoint the CBS limit to about 0.2 cm−1. This
accuracy is competitive to the X = 6 orbital results but signif-
icantly inferior to the best available orbital results employing
large-midbond bases with X up to 7.56

The values of the CCSD(T) core correction for the ar-
gon dimer have been listed in Table SVI in the supplementary
material73 (for orbital bases, this table is meant to comple-
ment, rather than replace, Table V in Ref. 56). The orbital
basis sets that include functions optimized for the core-core
and core-valence correlation like the awCVXZ family con-
verge fairly quickly and smoothly to the benchmark result.
The frozen-core-optimized aVXZ and aV(X+d)Z families be-
have somewhat erratically, but the results at X = 6 are within
about 0.2 cm−1 of the benchmark. At the CCSD(T)-F12b
level, unfortunately, most of the core correction values are
quite inaccurate. The aVXZ and aV(X+d)Z sequences, with
or without midbond, do not even predict the correct sign of
the core correction until X = 6, and the differences between
the aVXZ and aV(X + d)Z bases are unexpectedly high. The
aCVXZ sequence performs better but the results are still in-
ferior to conventional CCSD(T) in AE-optimized bases at the
same X, cf. Table V in Ref. 56. The cc-pCV6Z basis set for ar-
gon has been recently optimized,51 but its corresponding aug-
mented version turned out to be too close to linear depen-
dency to converge either CCSD or CCSD-F12 iterations. The
VXZ-F12 results are superior to aVXZ but worse than aCVXZ
at a given X, and the CVXZ-F12 core corrections are occa-
sionally very accurate but erratic. Overall, the accuracy of the
best orbital bases for the CCSD(T) core correction cannot be
matched at the explicitly correlated level.

The calculations on all systems so far suggest that
the CCSD(T)-F12 approaches using largest available basis
sets including midbond functions are capable of recovering
dispersion-dominated interaction energies quite accurately
but they are no match for conventional CCSD(T) calculations
using still larger basis sets. At this point, the question about
the sources of remaining errors in the CCSD(T)-F12 interac-
tion energies becomes increasingly important. One hypothe-
sis is that the F12 approach does not improve the description
of long-range dynamical correlation nearly as significantly as
it improves its short-range, interelectronic-cusp counterpart.
Other possible sources of residual error are the approximate
character of the CCSD(T)-F12 theory [the a/b/c approxima-
tions to CCSD-F12 and a purely orbital character of the (T)
correction] and the incompleteness of the auxiliary bases used
for density fitting and/or resolution of identity [although, as
the tests for Ne2 (Table SIII of the supplementary material73)
suggest, the auxiliary bases used in this work are of high qual-
ity]. To investigate these issues, we decided to look at the
MP2-F12 interaction energies for which no approximations
are needed except for the auxiliary basis set incompleteness.
The corresponding benchmark MP2/FC interaction energy at
R = 3.75 Å was obtained as a byproduct of the CCSD(T)
benchmark in Ref. 56 (but, mistakenly, not reported in that
reference) and amounts to −114.241 ± 0.394 cm−1. Note
that MP2 converges slower with the basis set than CCSD(T):
thus the larger uncertainty of the benchmark, and thus the
popular “CBS-extrapolated MP2 plus small-basis CCSD(T)”
approach25, 99 performs poorly for the argon dimer. A similar
behavior is observed for the neon dimer where the benchmark
MP2/CBS interaction energy, (5,6)-extrapolated from the
same t-aug-cc-pVXZ+(4s4p3d3f2g) bases as the benchmark
CCSD(T) energy from Ref. 54, equals −26.174 ± 0.152 K.
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TABLE VIII. MP2/FC and MP2-F12/FC interaction energies for the near-
minima geometries of He2, Ne2, and Ar2. The numbers listed are deviations
with respect to benchmark CBS-limit MP2/FC interaction energies (see text).
The middle third of the table presents raw MP2-F12 values, and in the lower
third these values are corrected for the residual density fitting error by adding
a difference between conventional MP2 and DF-MP2 calculated in the same
orbital and auxiliary bases. The energy unit is 1 K for He2 and Ne2 and
1 cm−1 for Ar2.

System Basis set X = T X = Q X = 5 X = 6

Conventional MP2
He2 aVXZ 2.09 1.26 0.77 0.41
He2 aVXZ+(aVXZ) 0.43 0.14 0.075 0.038
Ne2 aVXZ 12.7 6.24 3.51 2.16
Ne2 aVXZ+(aVXZ) 2.71 0.77 0.32 0.15
Ar2 aVXZ 31.8 16.8 8.3 4.6
Ar2 aVXZ+(aVXZ) 10.0 3.72 1.55 0.76

Raw MP2-F12
He2 aVXZ 0.65 0.68 0.32 0.12
He2 aVXZ+(aVXZ) 0.70 − 0.025 0.014 − 0.012
Ne2 aVXZ 2.92 2.14 1.11 0.53
Ne2 aVXZ+(aVXZ) 0.85 0.12 − 0.023 − 0.097
Ar2 aVXZ 14.4 8.40 3.05 1.02
Ar2 aVXZ+(aVXZ) 4.02 1.18 0.04 − 0.37

MP2-F12 corrected for DF error
He2 aVXZ 0.64 0.70 0.35 0.15
He2 aVXZ+(aVXZ) 0.71 − 0.020 0.020 0.006
Ne2 aVXZ 2.83 1.77 1.16 0.59
Ne2 aVXZ+(aVXZ) 0.86 0.11 − 0.030 − 0.016
Ar2 aVXZ 13.8 8.88 3.23 1.28
Ar2 aVXZ+(aVXZ) 4.32 1.24 0.06 0.005

For the helium dimer, a Gaussian-type geminal benchmark is
available52 and amounts to −6.7920 ± 0.0001 K.

Convergence of the MP2/FC and MP2-F12/FC inter-
action energies in bases aVXZ and aVXZ+(aVXZ) for the
helium, neon, and argon dimers has been illustrated in
Table VIII. The same 3C(FIX) Ansatz as in the CCSD(T)-
F12 calculations and the same auxiliary bases have been
employed. Table VIII shows that the basis set convergence
of MP2-F12 is far superior to conventional MP2 at all X
for both midbondless and midbond-containing bases. An
addition of midbond functions still improves the interac-
tion energies more than the F12 treatment, but the ad-
vantage of midbond over F12 is not as dramatic as for
CCSD(T). At large X, the MP2-F12 results in aVXZ+(aVXZ)
bases, although extremely accurate, seem to be cutting right
through the benchmark value and converging to a point
that is below the benchmark. The origin of this behav-
ior can be traced down to the incompleteness of the aux-
iliary basis in DF-MP2-F12 which, however small, be-
comes important at this level of accuracy. Therefore, we
attempted to correct the MP2-F12 results for auxiliary
basis set incompleteness by adding the difference between the
conventional MP2 and DF-MP2 values employing the same
orbital and auxiliary bases. The “corrected” MP2-F12 inter-
action energies obtained in this way, listed in Table VIII, ex-
hibit impressive convergence towards the benchmark values
as long as the basis contains midbond functions. For the ar-
gon dimer, the MP2-F12 interaction energy is within 0.06

cm−1 of the benchmark already at the aV5Z+(aV5Z) level.
Note that all the orbital results in basis sets with up to X
= 7 including large midbond bases were not able to pin
down the MP2/CBS limit to any better than 0.4 cm−1. The
aVQZ+(aVQZ) MP2-F12 result is already within 1.3 cm−1 of
the benchmark, similar to conventional MP2 in a basis as large
as aV6Z+(3s3p2d2f) and only slightly worse than conven-
tional MP2 in aV6Z+(aV6Z) (an error of 0.76 cm−1). With-
out midbond, the aV6Z basis gives an MP2-F12 error of 1.3
cm−1, much better than for conventional MP2 (4.6 cm−1) but
not nearly as good as for the aVXZ+(aVXZ) family. The ac-
curacy of MP2-F12 for midbond-including bases is just as im-
pressive for other rare gas dimers presented in Table VIII. In
general, the MP2-F12/aV5Z+(aV5Z) treatment, with a cor-
rection for the DF basis set incompleteness, is superior to con-
ventional MP2 in any available basis for Ne2 and Ar2 and is
just as good as the best conventional result [dV7Z+(dV7Z),
an error of 0.019 K] for He2. By comparison, the poorer per-
formance of CCSD(T)-F12 suggests that the a/b/c approxi-
mations to the exact CCSD-F12 as well as the approximate
treatment of triples are at least one of the limiting factors for
the accuracy of available CCSD(T)-F12 interaction energies.

D. Kr2

The CP-corrected CCSD(T)/FC interaction energies,
both conventional and explicitly correlated, for a near-
minimum geometry of the krypton dimer (R = 4.06 Å)

TABLE IX. CP-corrected CCSD(T)/FC and CCSD(T)-F12b/FC (unscaled
triples) interaction energies for the krypton dimer at R = 4.06 Å calculated
and extrapolated using various bases. The rows marked “ext.” contain the
CBS-extrapolated results, with the value in the “X” column obtained from
the energies calculated in XZ and (X − 1)Z basis sets. The energy unit is
1 cm−1.

Basis set X = D X = T X = Q X = 5

Conventional results
aVXZ − 30.06 − 89.35 − 116.39 − 125.95

ext. − 116.01 − 136.43 − 135.86
aVXZ+(aVXZ) − 78.71 − 125.12 − 131.25 − 132.91

ext. − 144.49 − 135.70 − 134.64
aVXZ+(3s3p2d2f1g) − 145.75 − 137.16 − 132.17 − 132.76

ext. − 134.50 − 128.53 − 133.36
aVXZ+(6s6p6d3f3g3h) − 147.01 − 137.03 − 133.33 − 133.42

ext. − 134.06 − 130.62 − 133.52
dVXZ − 43.01 − 107.37 − 124.02 − 129.67

ext. − 135.93 − 136.26 − 135.54
dVXZ+(dVXZ) − 85.25 − 128.71 − 132.28 − 133.31

ext. − 146.64 − 134.87 − 134.39
dVXZ+(3s3p2d2f1g) − 148.13 − 138.08 − 132.82 − 133.15

ext. − 134.57 − 129.00 − 133.48
dVXZ+(6s6p6d3f3g3h) − 147.77 − 136.80 − 133.43 − 133.54

ext. − 133.26 − 130.97 − 133.65
CCSD(T)-F12b results

aVXZ − 71.30 − 107.57 − 122.39 − 129.36
ext. − 123.61 − 133.24 − 136.63

aVXZ+(aVXZ) − 96.15 − 127.73 − 131.56 − 132.86
ext. − 141.38 − 134.35 − 134.23

aVXZ+(3s3p2d2f) − 124.26 − 131.62 − 131.85 − 132.67
ext. − 135.49 − 132.02 − 133.53
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have been presented in Table IX. For this dimer, no highly
accurate benchmark results are available. In fact, the most ac-
curate nonrelativistic CCSD(T)/FC interaction energy to date
is the aV5Z+(3s3p2d2f1g) result of Ref. 57 which amounts
to −132.8 cm−1 at this R. As both our conventional and F12
results slightly surpass the accuracy of Ref. 57, we will com-
pare how precise estimates of the CBS-limit CCSD(T)/FC
interaction energy can be obtained using each approach.
Moreover, the VXZ-F12 basis sets have not been created for
krypton, so we will restrict ourselves to the aVXZ family (for
X = D,T,Q,5 as the aV6Z krypton set is not yet available). To
converge the conventional CCSD(T)/FC interaction energy as
well as possible, we generated the doubly augmented dVXZ
bases by adding the second diffuse function for each l in an
even-tempered manner in addition to using several large mid-
bond sets.

For the aV5Z set, the default aV5Z/MP2FIT density fit-
ting basis does not exist. Instead, we tried two other auxil-
iary bases: aVQZ/MP2FIT (Ref. 46) and aV5Z/JKFIT. Both
of these choices lead to very reasonable CCSD(T)-F12b/FC
interaction energies, and the numerical results in the aV5Z
and aV5Z+(aV5Z) bases agree to 0.03 cm−1 and 0.24 cm−1,
respectively. We conclude that both auxiliary bases are fairly
adequate for our purposes and present the results obtained
using aVQZ/MP2FIT in Table IX. As the largest aVXZ-RI
set available for krypton is the X = Q one, we have to re-
visit our choice of auxiliary basis for the resolution of iden-
tity and for the density fitting of the Fock matrix (we will use
the same set for both purposes and refer to it simply as the
RI set). For the aV5Z orbital basis and the aVQZ/MP2FIT
density-fitting basis in MP2-F12, the RI set aVQZ-RI gives
a CCSD(T)-F12b/FC interaction energy of −130.84 cm−1.
This value is still not fully converged, as indicated by the re-
sults with the RI set extended in an even-tempered manner (in
exactly the same way in which the aV6Z-RI*+ and aV6Z-
RI*++ sets of Table SIII of the supplementary material73

were obtained). The use of RI sets aVQZ-RI+ and aVQZ-
RI++ leads to interaction energies of −129.77 and −129.27
cm−1, respectively. On the other hand, the cc-pV5Z/JKFIT
RI set, the default for this orbital basis, gives an interaction
energy of −129.36 cm−1, and this energy barely changes (to
−129.29 and −129.28 cm−1 for cc-pV5Z/JKFIT+ and cc-
pV5Z/JKFIT++, respectively) after an even-tempered exten-
sion. We conclude that the cc-pV5Z/JKFIT RI set is a rea-
sonable and well converged choice and we have used it as
the krypton part of the RI basis set in all calculations. One
should note that, just like for Ne2 (Table SIII of the supple-
mentary material73), the default cc-pVXZ/JKFIT RI sets are
inadequate for the aVXZ orbital bases for X < 5. For exam-
ple, the aVTZ orbital set combined with the aVTZ/MP2FIT
DF set for MP2-F12 leads to CCSD(T)-F12b/FC interac-
tion energies equal to −110.99, −107.57, and −105.76 cm−1

for the RI bases cc-pVTZ/JKFIT, cc-pV5Z/JKFIT, and cc-
pV5Z/JKFIT++, respectively. The last result is virtually con-
verged with respect to the RI approximation so that the cc-
pV5Z/JKFIT choice is significantly better than the default cc-
pVTZ/JKFIT one.

First, let us establish a CBS limit using the conventional
nonrelativistic CCSD(T)/FC results in Table IX. Similar to

other rare gas dimers, interaction energies in bases without
midbond converge slowly and second augmentation cannot
make up for the lack of midbond functions. On the other hand,
the results with midbond are quite well converged already at
the quadruple-zeta level: the computed interaction energies in
Table IX lie in the range (−133.5 cm−1,−131.2 cm−1) for X
= Q and (−133.6 cm−1,−132.7 cm−1) for X = 5. The CBS-
extrapolated energies clearly show different convergence pat-
terns for constant-midbond and variable-midbond sequences:
as discussed in Sec. III A, the X−3 extrapolations employed
here are likely to undershoot for the former sequences and
overshoot for the latter ones (see also Ref. 93). Assuming that
this is indeed the case for the two largest-basis extrapolations,
the dVXZ+(dVXZ) and dVXZ+(6s6p6d3f3g3h) ones with X
= (Q,5), one obtains the (−134.39 cm−1, −133.65 cm−1), or
−134.02 ± 0.37 cm−1, range for the CCSD(T)/FC CBS limit
obtained from conventional calculations. Note that none of
the calculated and/or extrapolated results in bases aVXZ and
dVXZ lie in this range which shows that midbondless bases
are not able to pinpoint the CBS limit to any similar accuracy.

In order to obtain a similar estimate of the CCSD(T)/FC
CBS limit using F12 calculations, we employed the
aVXZ+(aVXZ) and aVXZ+(3s3p2d2f) sequences from Ta-
ble IX. The midbondless aVXZ energies, while better than
the orbital results in the same sequence, are clearly inferior to
the energies obtained in any sequence with midbond, either
conventional or explicitly correlated. The CCSD(T)-F12b/FC
interaction energies converge monotonically for both the
aVXZ+(aVXZ) and aVXZ+(3s3p2d2f) families. As expected,
the constant-midbond results are more accurate for small X
while at X = 5 the variable-midbond energy becomes slightly
superior. It may be argued that, similar to the orbital case, the
X−3 extrapolations probably undershoot in constant-midbond
sequences and overshoot in variable-midbond ones. Based
on this observation, we took the range between the (Q,5)-
extrapolated aVXZ+(aVXZ) and aVXZ+(3s3p2d2f) results,
(−134.23 cm−1,−133.53 cm−1) or −133.88 ± 0.35 cm−1,
as our explicitly correlated estimate of the CBS limit. The
agreement with the orbital-basis estimate is remarkable and
the uncertainties of both approaches are virtually the same. If
triples were scaled in the CCSD(T)-F12b calculation, the cor-
responding CBS limit estimate, obtained in the same way as
above, would amount to −134.05 ± 0.34 cm−1, in agreement
with the unscaled result.

Based on the CCSD(T)-F12 results for all four systems,
Tables II, IV, VII, and IX, we can attempt to answer the
question which of the six flavors of the CCSD(T)-F12 ap-
proach (a/b/c approximations, scaled or unscaled triples) pro-
vides the most accurate results for rare gas dimers. For this
purpose, we selected all midbond-containing basis sets from
X = T upwards (as midbondless bases are clearly inferior)
and computed the mean absolute deviations (MADs) with
respect to the benchmark CCSD(T)/FC value for each sys-
tem (for Kr2 we took the orbital benchmark obtained here,
−134.02 cm−1). The results are collected in Table X. To look
at the performance of different variants for the largest ba-
sis sets only, we repeated the averaging for all bases with
X ≥ Q and X ≥ 5: the results are also listed in Table
X. The same general trends are seen for all four systems.
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TABLE X. Mean absolute deviations of the CCSD(T)-F12/FC interaction
energies (a/b/c approximation, scaled or unscaled triples) with respect to the
benchmark values. The units are Kelvins for He2 and Ne2 and cm−1 for Ar2

and Kr2. The results obtained in all midbond-containing basis sets listed in
Tables II, IV, (VII and SVIII), and IX for He2, Ne2, Ar2, and Kr2, respec-
tively, with the cardinal number X higher or equal to the value Xmin, have
been included in the averaging.

Unscaled triples Scaled triples

Xmin F12a F12b F12c F12a F12b F12c

He2

T 0.32 0.37 0.41 0.29 0.30 0.32
Q 0.018 0.048 0.072 0.054 0.016 0.021
5 0.013 0.028 0.039 0.014 0.001 0.011

Ne2

T 1.16 1.44 1.65 0.89 1.02 1.09
Q 0.38 0.52 0.67 0.49 0.41 0.35
5 0.055 0.072 0.184 0.307 0.180 0.067

Ar2

T 1.08 1.83 2.52 2.26 1.12 0.91
Q 0.65 1.09 1.55 1.61 0.76 0.48
5 0.36 0.38 0.73 1.34 0.61 0.25

Kr2

T 0.74 2.64 3.64 3.33 1.08 0.79
Q 0.12 1.79 2.46 2.32 0.62 0.17
5 0.09 1.25 1.87 1.66 0.43 0.19

CCSD(T)-F12a is consistently the most accurate unscaled-
triples variant (followed by F12b), and, except for He2,
CCSD(T)-F12c is the most accurate scaled-triples variant
(followed by F12b). The very small MAD for scaled-triples
helium-dimer F12b results with X ≥ 5 is clearly accidental, cf.
Fig. 3. The top performers, unscaled-triples CCSD(T)-F12a
and scaled-triples CCSD(T)-F12c, lead to results of similar
accuracy. The results in Table X corroborate the validity of
the scaling approximation (1) and are in line with the theoret-
ical superiority of the CCSD(T)-F12c variant over the other
two.23 At the same time, the unscaled-triples CCSD(T)-F12b,
and especially CCSD(T)-F12a, interaction energies appear to
benefit from a cancellation of errors between the a/b approxi-
mation and the non-F12 treatment of triples.

A more detailed picture of the performance of various
flavors of CCSD(T)-F12 can be obtained by looking at the
CCSD and (T) contributions separately. Such contributions
for Ar2 are presented in Tables SX and SXI in the supple-
mentary material,73 respectively. The MADs for the separate
CCSD and (T) terms are listed in Tables SXII and SXIII, re-
spectively, for all four dimers. The benchmark CCSD/FC in-
teraction energies amount to −9.1507 ± 0.0006 K,52 −32.504
± 0.015 K, −69.064 ± 0.075 cm−1, and −97.35 ± 0.22
cm−1 for He2, Ne2, Ar2, and Kr2, respectively. The latter
three benchmarks have been obtained in exactly the same way
as their CCSD(T) counterparts. The corresponding bench-
mark values for the (T) triples contribution to the interac-
tion energy are −1.5346 ± 0.0011 K, −8.871 ± 0.028 K,
−28.386 ± 0.134 cm−1, and −36.67 ± 0.14 cm−1 for He2,
Ne2, Ar2, and Kr2, respectively. The results in Tables SX–
SXIII show that, first of all, CCSD-F12a is inferior to the
other two variants for all sufficiently large bases. This could

have been expected as CCSD-F12a is more approximate
than CCSD-F12b and is generally recommended for double-
and triple-zeta bases only.24 Interestingly, CCSD-F12c, de-
spite being formally closer to exact CCSD-F12 than CCSD-
F12b, does not provide improvement over the latter for rare
gas dimers. Due to the differences in the converged dou-
bles amplitudes, the CCSD(T)-F12c triples contributions are
different than those for CCSD(T)-F12a/b which in turn are
different than for conventional CCSD(T). The F12 contri-
bution to doubles is neither designed nor guaranteed to im-
prove triples so a perturbative approach like the CCSD(2)F12
method of Valeev et al.,100–102 for which the (T) contribution
is identical as in conventional CCSD(T), might be an inter-
esting alternative to try. The scaling of the (T) term consis-
tently improves it for midbondless bases. For bases with mid-
bond, some improvement is also seen but the scaling consid-
erably overshoots. As the MADs in Table SXIII show, scaled
CCSD(T)-F12c triples are consistently somewhat more ac-
curate than scaled CCSD(T)-F12a/b triples, however, it is
not clear if this holds for other systems. The MADs for the
triples term are often larger than the MADs for the entire
CCSD(T)-F12 (Table X) so that, in fact, several CCSD(T)-
F12 variants including scaled-triples CCSD(T)-F12c ben-
efit from error cancellation between the CCSD and (T)
contributions.

The overall MADs in Table X indicate that the CCSD(T)-
F12c method with scaled triples should be recommended
for calculations of interaction energies in rare gas dimers.
If one follows this recommendation and employs the largest,
aV6Z+(aV6Z) orbital bases, the resulting estimates of near-
minimum CCSD(T)/FC interaction energies for He2, Ne2, and
Ar2 amount to −10.6743 ± 0.0015 K, −41.41 ± 0.08 K,
and −97.60 ± 0.40 cm−1, respectively. The uncertainties for
these estimates were chosen as differences between the cal-
culated result and the one extrapolated from this basis and
the basis with X lower by one (note that the extrapolated re-
sults are less accurate than the calculated ones for Ne2 and
Ar2). Due to an accidental closeness of the aVQZ+(aVQZ)
and aV5Z+(aV5Z) results for Kr2, the benchmark −133.93
± 0.01 cm−1 computed in this way would have a grossly un-
derestimated uncertainty. A comparison of the results (Q,5)-
extrapolated using the aVXZ+(aVXZ) and aVXZ+(3s3p2d2f)
families of bases (just like we did earlier in this subsec-
tion for the CCSD(T)-F12b approach), gives −133.57 ± 0.35
cm−1 as the CBS-limit CCSD(T) interaction energy. Compar-
ing to the benchmark values (of mixed geminal-orbital ori-
gin for He2 and purely orbital origin for all other systems)
of −10.6844 ± 0.0010 K, −41.375 ± 0.013 K, −97.445
± 0.063 cm−1, and −134.02 ± 0.37 cm−1, respectively, we
find that the accuracy afforded by the explicitly correlated ap-
proach is quite competitive. However, for He2 the two bench-
mark values are incompatible which clearly indicates that the
scaled-triples CCSD(T)-F12c energy in the aV6Z+(aV6Z)
basis is not as well converged as it seems. For Ne2 and
Ar2, the error bars of the CCSD(T)-F12c and benchmark re-
sults overlap but the uncertainties of the latter are several
times smaller due to the availability of much larger bases for
conventional CCSD(T). For Kr2, both values are in perfect
agreement and, since no orbital bases with X > 5 are available,
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the CCSD(T)-F12c benchmark is just as precise as the orbital
one.

IV. SUMMARY

The performance of various variants of the explicitly
correlated CCSD(T)-F12 approach was studied for the near-
minimum geometries of four weakly interacting rare gas
dimers: He2, Ne2, Ar2, and Kr2. The recent immense popular-
ity of the CCSD(T)-F12 method stems from the ability of the
explicitly correlated approach to converge molecular correla-
tion energies using relatively small orbital bases. Preliminary
studies have indicated that this improved convergence does
translate to an improved convergence of weak intermolecular
interaction energies, however, the comparisons to very large
orbital calculations are still quite scarce. Rare gas dimers are
an extremely demanding case as the interaction is dominated
by long-range correlation (dispersion) that is a particularly
hard effect to converge with respect to the basis set. At the
same time, the accuracy of benchmark rare-gas-dimer interac-
tion energies, at the CCSD(T) level and beyond, is far superior
to the accuracy attained for nearly all other systems.

The results presented here confirm that the F12 approach
improves the accuracy of CCSD(T) interaction energies quite
substantially for basis sets of triple- and quadruple-zeta qual-
ity. However, somewhat surprisingly, the improvement in ac-
curacy diminishes for still larger basis sets. Furthermore, a
larger improvement is obtained by a simple addition of bond
functions than by employing the F12 method. Fortunately, as
shown here, the benefits of bond functions and of the F12 ap-
proach can be combined to yield the most accurate frozen-
core CCSD(T) interaction energies at a given basis set cardi-
nal number X. The aVXZ+(aVXZ) basis set sequence, with
hydrogenic midbond functions that change in accord with the
atom-centered part of the basis, is a particularly good choice
for the F12 calculations.

At the present time, the rare-gas-dimer CCSD(T) interac-
tion energies obtained using the conventional approach with
the largest available bases remain more accurate than the ones
obtained using the F12 method with the largest available bases
except for short intermonomer distances corresponding to the
repulsive wall of the potential. There are two reasons for that.
First, the F12 approach relies inherently on density fitting and
the resolution of identity, and the limited availability of aux-
iliary bases somewhat restricts the orbital basis set choice in
this case. Even more importantly, the errors introduced by the
a/b/c approximations in CCSD-F12 and by a non-explicitly
correlated treatment of perturbative triples (with and with-
out scaling) become crucial at this level of accuracy. Con-
versely, the MP2-F12 method, for which no approximations
are needed except for the density fitting, leads to interaction
energies that are superior to all conventional MP2 results even
for the rare gas dimers. A possible third factor limiting the
accuracy of the CCSD(T)-F12 interaction energies, the aux-
iliary basis set incompleteness, has been largely eliminated
by a use of extended, nondefault RI basis sets. The default
cc-pVXZ/JKFIT RI bases lead to large errors for the small-X
aVXZ orbital bases where the union of the orbital set and the
RI set is far from complete.

A comparison of the accuracy of six different CCSD(T)-
F12 flavors for rare gas dimers shows that, in general, the
unscaled-triples CCSD(T)-F12a and scaled-triples CCSD(T)-
F12c methods have a slight advantage over the other vari-
ants. The scaled-triples CCSD(T)-F12c method [introduced
in Ref. 23 as CCSD(T)(F12*)] is the one that provides the
right answer for the right reason, confirming the validity of
the scaling approximation and the superiority of CCSD(T)-
F12b/c over CCSD(T)-F12a. Both unscaled-triples CCSD(T)-
F12a and scaled-triples CCSD(T)-F12c benefit from a cancel-
lation of errors between the CCSD part and the triples part.

The frozen-core CCSD(T)-F12 method, with proper care
taken to select appropriate auxiliary bases, variants, and pa-
rameters, does provide interaction energies that are superior to
conventional CCSD(T) energies for the same X and competi-
tive to the best conventional energies available. The same can-
not be said, however, about the effects of core-core and core-
valence correlation on the CCSD(T) interaction energies. The
values of the core correction computed using CCSD(T)-F12
vary widely with the orbital basis set employed. While one of
the reasons for the failure of CCSD(T)-F12 to consistently de-
scribe core corrections is that the requirements for the density
fitting and resolution-of-identity bases are particularly strin-
gent for all-electron calculations, it cannot be excluded that
the accuracy of all-electron CCSD(T)-F12 interaction ener-
gies is hampered by a more fundamental issue. More research
in this direction is needed before the CCSD(T)-F12 approach,
despite its immense benefits, can be accepted as the ultimate
method for computing top-accuracy intermolecular interac-
tion energies.
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