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ABSTRACT

New correlation consistent basis sets for the group 11 (Cu, Ag, Au) and 12 (Zn, Cd, Hg) elements have been developed specifically for use in
explicitly correlated F12 calculations. This includes orbital basis sets for valence only (cc-pVnZ-PP-F12, n ≙ D, T, Q) and outer core–valence
(cc-pCVnZ-PP-F12) correlation, along with both of these augmented with additional high angular momentum diffuse functions. Matching
auxiliary basis sets required for density fitting and resolution-of-the-identity approaches to conventional and F12 integrals have also been
optimized. All of the basis sets are to be used in conjunction with small-core relativistic pseudopotentials [Figgen et al., Chem. Phys. 311,
227 (2005)]. The accuracy of the basis sets is determined through benchmark calculation at the explicitly correlated coupled-cluster level of
theory for various properties of atoms and diatomic molecules. The convergence of the properties with respect to the basis set is dramati-
cally improved compared to conventional coupled-cluster calculations, with cc-pVTZ-PP-F12 results close to conventional estimates of the
complete basis set limit. The patterns of convergence are also greatly improved compared to those observed from the use of conventional
correlation consistent basis sets in F12 calculations.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0070638

I. INTRODUCTION

The development of practical explicitly correlated methods
in electronic structure theory has meant that accurate energies,
structures, and properties of small-to medium-sized molecules can
be obtained at a significantly reduced computational cost. Pre-
viously, their slow convergence with respect to the one-particle
basis set used to describe atomic/molecular orbitals meant that
large basis sets needed to be used, often in conjunction with
extrapolation procedures to estimate a complete basis set (CBS)
limit.1–3 The history and development of explicitly correlated meth-
ods has been reviewed,4–7 and only the briefest of introductions is
given here. The so-called F12 explicitly correlated methods include
one or more non-linear correlation factors, such as e−γr12 (where
γ is the geminal Slater exponent and r12 is the inter-electronic
distance), into the wavefunction. This greatly accelerated the

convergence with respect to basis set in methods such as explicitly
correlated Møller–Plesset perturbation theory (MP2-F12),8 explic-
itly correlated coupled cluster singles, doubles, and perturbative
triples [CCSD(T)-F12x and CCSD(T)(F12)],9–12 and explicitly cor-
related internal contractedmulti-reference configuration interaction
(MRCI-F12).13

While standard one-particle basis sets, such as the correlation
consistent family,14 can be used in explicitly correlated methods,
it has been shown that Gaussian basis sets developed specifically
for use in F12 approaches offer a number of advantages. This has
led to the design and optimization of cc-pVnZ-F12 basis sets for
the elements H–Ar15–17 and cc-pVnZ-PP-F12 basis sets paired to
pseudopotentials (PP) for the post-d main group elements Ga–Rn.18

For lighter elements, these basis sets have also been augmented
with additional core-correlating functions to form the cc-pCVnZ-
F12 sets,19 which lead to rapid convergence in the effect of core
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correlation on spectroscopic properties of small molecules. In the
present work, new correlation consistent basis sets designed for use
in F12 calculations, denoted cc-pVnZ-PP-F12 and cc-pCVnZ-PP-
F12, have been developed for the group 11 and 12 elements. These
basis sets are paired to the small-core relativistic PPs of Figgen et al.20

and are derived from the standard diffuse augmented aug-cc-pVnZ-
PP sets of Peterson and Puzzarini.21 New auxiliary basis setsmatched
to these orbital basis sets have also been determined for use in the
density fitting of the Fock and exchange integrals (JKFIT) and the
density fitting of the remaining two-electron integrals (MP2FIT)
and for use in the resolution-of-the-identity of the many-electron
integrals from F12 theory (OptRI).

A previous investigation optimized OptRI auxiliary sets that
enabled the use of standard aug-cc-pVnZ-PP orbital sets for groups
11 and 12 to be used in F12 calculations.22 Subsequent CCSD(T)-
F12b calculations on diatomic and triatomic molecules containing
these elements demonstrated significantly improved performance,
relative to the conventional method, for properties such as the dis-
sociation energy and equilibrium geometry. However, in a number
of cases, the convergence of these properties toward the complete
basis set limit did not follow a regular pattern. One of the motiva-
tions for the present work is hence to determine if optimizing new
orbital basis sets specifically for explicitly correlated methods lead to
even better basis set convergence.

Details of the general computational methodology can be found
in Sec. II, with the design, development, and optimization of the
orbital and auxiliary basis sets in Sec. III. Benchmark calculations
of both atomic and molecular properties, designed to validate the
performance of the new sets, are reported and discussed in Sec. IV.

II. GENERAL COMPUTATIONAL DETAILS

The Molpro system of ab initio programs was used for the
majority of this work,23,24 with optimization and validation of
MP2Fit auxiliary basis sets carried out with the TURBOMOLE pro-
gram.25,26 All of the atomic orbital basis sets developed in this work
are paired with the small-core Dirac–Hartree–Fock adjusted pseu-
dopotentials of the Stuttgart–Cologne variety,20 replacing 10 elec-
trons for Cu and Zn, 28 electrons for Ag and Cd, and 60 electrons
for Au and Hg. Explicitly correlated calculations on molecules con-
taining lighter elements used the cc-pVnZ-F12 basis sets of Peterson
et al.,15 and pure spherical harmonic angular momentum basis func-
tions were used throughout. Explicitly correlated MP2 or coupled
cluster calculations on open shell systems used restricted open-shell
Hartree–Fock orbitals. Molecular benchmark calculations deter-
mined the dissociation energy (De), equilibrium bond length (re),
and harmonic frequency (ωe) by computing the energy of seven
points distributed around the equilibrium geometry (−0.3a0 ≤ R
− Re ≤ +0.5a0) and fitting them with sixth-order polynomials before
carrying out a Dunham analysis.27 The weakly bound group 12
homonuclear dimers included a counterpoise correction for each
energy point.28

III. BASIS SET DEVELOPMENT

A. Atomic orbital basis sets

The development of the atomic orbital basis sets specifically
for use in explicitly correlated calculations closely follows previous

work in this area.15,16,18,19 Briefly, the optimizations of exponents
used either BFGS or simplex algorithms and were carried out at the
MP2-F12 level of theory using the 3C ansatz.8 The geminal expo-
nent was set to 1.4 a−10 for all exponent optimizations and ener-
gies were minimized for the electronic ground states of the neutral
atoms. During the AO exponent optimizations, the auxiliary basis
sets used were the def2-QZVPP/JKFit set for density fitting of the
Fock and exchange matrices,29 the aug-cc-pwCV5Z-PP/MP2Fit set
for the density fitting of the remaining two-electron integrals (avail-
able in the TURBOMOLE basis set library), and an uncontracted
(18s17p16d12f10g8h7i) even-tempered basis in the complemen-
tary auxiliary basis sets (CABS)30 approach to the many-electron
integrals that arise in F12 theory. The exponents of these large
“reference” CABS sets are provided in the supplementary material.

The cc-pVnZ-F12 basis sets for other elements have used
greater numbers of basis functions to describe the ground state occu-
pied orbitals of the neutral atom than in the equivalent, conventional
cc-pVnZ basis sets. This alleviates the problem noted for F12 calcu-
lations where the basis set incompleteness error in the Hartree Fock
energy becomes larger than the error in the correlation energy.15

The typical solution to this is to take the s and p parts of the basis
set from the conventional aug-cc-pV(n + 1)Z basis, including both
the contracted and correlating functions. A similar approach was
also adopted here, with the s, p, and d exponents taken from the
cc-pV(n + 1)Z-PP basis sets for use in the new cc-pVnZ-PP-F12
(n ≙ D, T, Q) basis sets, along with the valence contraction coeffi-
cients to form a generally contracted [2s2p1d] core.

As a first step in determining the identity and number of
correlating functions to include in each basis set, the incremental
correlation energy lowering for the2S electronic state (6s15d10) of
the neutral Au atom is displayed in Fig. 1. The correlation ener-
gies were obtained at the explicitly correlated internally contracted
multireference configuration interaction (MRCI-F12)13,31 level with
a geminal Slater exponent of 1.4 a−10 . The f, g, h, and i correlat-
ing functions [Fig. 1(a)] were added in an even-tempered fashion
to a base set of the contracted [6s6p5d] functions taken from the
cc-pVQZ-PP basis set of Peterson and Puzzarini.21 The energy incre-
ments were calculated in the standard correlation consistent man-
ner; a single f function is added to the base spd functions and
optimized, and then two to five f functions are optimized. This
pattern then proceeds with g-type functions added to the result-
ing [6s6p5d5f] set and so-on. Figure 1(b) depicts the analogous
results for s, p, and d correlation functions based on [2s6p5d3f2g1h],
[6s1p5d3f2g1h], and [6s6p1d3f2g1h] base sets, respectively. The
CABS singles correction was not included in the latter correlation
energies.

Figure 1(a) shows that at first glance the MRCI-F12 results are
similar to the standard configuration interaction results in previous
correlation consistent basis set work. For example, the first f func-
tion recovers significantly more correlation energy than any other
function considered and the second f function contributes roughly
the same amount of energy as the first g type function. These group-
ings becomemuch less obvious as the number of functions increases,
with the increment due to the third f function being considerably less
than that from the second g function or the first h function. The con-
vergence of the s, p, and d correlation energy displayed in Fig. 1(b)
is also far from smooth, with the second s function contributing a
larger amount of correlation energy than the first, and a distinct kink
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FIG. 1. Incremental contributions of the correlating functions to the MRCI-F12 correlation energy of the2S electronic state of the Au atom, calculated for the (a) f, g, h, and i
functions and (b) s, p, and d functions.

is visible between second and third p type functions. However, it is
striking that when the correlation energy of the s, p, and d func-
tions is summed (purple dotted line), a very smooth convergence
pattern results. Comparing panels (a) and (b) of Fig. 1 suggests that
the grouping of 2s2p2d functions makes a strong contribution to
the correlation energy, approximately the same amount as a single
f function. The contributions of the correlating functions detailed in
Fig. 1 contrasts strongly with those observed fromMP2-F12 calcula-
tions on the ground state of the Ne atom,15 where it was obvious that
the d type functions (the first with an angular momentum greater
than that required to contain the electrons) make a very large con-
tribution, with the third d function contributing more correlation
energy than the first f function.

Correlation consistent basis sets for use in F12 calculations for
lighter elements included at least two functions of each new angu-
lar momentum symmetry to provide a balanced description of both
the HF and correlation energies. With this in mind and with the
unclear fgh groupings in Fig. 1(a) and some preliminary testing
on atomic and molecular properties, initial groupings were deter-
mined as 2f for DZ, 3f2g for TZ, and 4f3g2h for QZ. The exponents
within these groupings were then optimized at theMP2-F12 level for
the average total energy of the2S and2D electronic states for group
11 and the1S state for group 12. The choice of using the MP2-F12
method for the final exponent optimization was made as in some
cases numerical difficulties were encountered when using theMRCI-
F12 method, leading to incredibly large correlation energies, and
when using (U)CCSD-F12b, the exponents did not increase with Z
as one would expect. For example, the exponents for Hg would be
more diffuse than those for Au.

Conventional correlation consistent basis sets for transition
metals have added spd correlating functions obtained from con-
figuration interaction singles and doubles (CISD) atomic natural
orbitals,21,32 partly to ameliorate the well-established problems in

correlating functions for pseudopotential-based basis sets.33,34 A
similar approach is followed here, with the spd correlating functions
obtained from state-averaged MRCI-F12 ANOs, with two states (2S
and2D) for group 11 and a single state (1S) for group 12. Based on
the analysis of incremental correlation energy above, this resulted
in 2s2p2d correlating functions for DZ, 3s3p3d for TZ, and 4s4p4d
for QZ. The outermost exponent was also uncontracted from the
HF set for additional flexibility. The single augmenting s, p, and d
diffuse functions from aug-cc-pV(n + 1)Z were also included in the
cc-pVnZ-PP-F12 basis sets, continuing to follow the general pre-
scription of the cc-pVnZ-F12 basis sets for lighter elements. The
final composition of these basis sets is presented in Table I. A com-
parison of these basis sets with the conventional aug-cc-pVnZ-PP
indicates that the basis sets developed in this work are larger by
1s1p1d, which follows the trend established by F12 sets for lighter
elements.

TABLE I. Composition of the atomic orbital basis sets developed in this work for the
group 11 and 12 elements.

Atomic orbital basis set Composition

cc-pVDZ-PP-F12 [6s6p5d2f ]
cc-pVTZ-PP-F12 [7s7p6d3f2g]
cc-pVQZ-PP-F12 [8s8p7d4f3g2h]
cc-pCVDZ-PP-F12 [7s7p6d3f ]
cc-pCVTZ-PP-F12 [8s8p7d4f3g]
cc-pCVQZ-PP-F12 [9s9p8d5f4g3h]
aug-cc-pVDZ-PP-F12 [6s6p5d3f ]
aug-cc-pVTZ-PP-F12 [7s7p6d4f3g]
aug-cc-pVQZ-PP-F12 [8s8p7d5f4g3h]
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For the group 11 and 12 elements, the outer core (m − 1)
sp electrons are usually excluded from the correlation treatment.
However, conventional calculations aiming to recover the effects of
core–valence correlation should use the weighted core–valence cor-
relating cc-pwCVnZ-PP basis sets with the (m − 1) sp electrons cor-
related. Previous investigations into core–valence effects with explic-
itly correlated wave functions resulted in cc-pCVnZ-F12 basis sets
for first and second row elements,16,19 where the cc-pVnZ-F12 basis
sets were augmented with a small number of tight-exponent core
correlating functions. Following Ref. 19, an additional set of 1s1p1d
functions were added to the cc-pVnZ-PP-F12 basis sets described
above, with the exponents optimized for the change in correlation
energy due to correlating the (m − 1) sp electrons at the MP2-F12
level. As in the conventional basis sets,21,32 for the higher angular
momentum functions (fgh), only the most diffuse function from
cc-pVnZ-PP-F12 was retained and new sequences of functions opti-
mized. The compositions in Table I show that the core–valence
correlating sets have only one additional function in each angular
momentum symmetry, relative to the valence-only correlating sets,
for all zeta-levels. The core–valence correlating functions were deter-
mined for the 2S electronic state of the group 11 elements and the 1S
state for group 12.

Initial testing of the cc-pVnZ-PP-F12 basis sets demonstrated
that while these do contain diffuse s, p, and d functions, they did
not provide an accurate description of electron affinities. Martin
and co-workers previously noted poor basis set convergence for
cc-pVnZ-F12 basis sets for anions of lighter elements,35 and aug-
mented these basis sets with diffuse, high-angular momentum func-
tions to produce aug-cc-pVnZ-F12 sets.36 In a similar fashion, the
cc-pVnZ-PP-F12 sets developed in this work have been augmented
with a single diffuse f function at DZ, 1f1g at TZ, and 1f1g1h at
QZ, with full compositions given in Table I. As in the conven-
tional cc-pVnZ-PP work, the exponents of these functions were
obtained as even-tempered extensions of the most diffuse functions
in the cc-pCVnZ-PP-F12 basis sets. The resulting exponents are
then added to the cc-pVnZ-PP-F12 and cc-pCVnZ-PP-F12 sets to

produce aug-cc-pVnZ-PP-F12 and aug-cc-pCVnZ-PP-F12 basis
sets, respectively.

Figures 2–4 display the convergence of the CCSD correlation
energy, with respect to basis set, in both conventional and CCSD-
F12b calculations for the closed shell group 12 atoms Zn, Cd, and
Hg. In conventional calculations, the aug-cc-pVnZ-PP and aug-cc-
pwCVnZ-PP basis sets have been used and for brevity are abbre-
viated to aVnZ and awCVnZ, respectively. In F12 calculations, the
basis sets developed in this work are abbreviated VnZ-F12, while the
use of the conventional aug-cc-p(wC)VnZ-PP basis set in F12 calcu-
lations is denoted a(wC)VnZ(F12). For the latter series of basis sets,
the previously developed OptRI auxiliary sets are used.22 Estimated
CBS limits are shown based upon conventional CCSD (n + 1)−3
extrapolations of the aug-cc-pwCVnZ-PP basis sets with n ≙ 4 and
5.37–39 The n + 1 based extrapolation has been shown to provide bet-
ter results for transition metal basis sets than the analogous extrapo-
lation with just n,39 but it is noted that n + 1 is equivalent to ℓmax

for d-block elements. Figure 2 shows the frozen-core correlation
energy, where only the valence s and d electrons are correlated, and
as expected, the F12 results are closer to the CBS estimates than
the conventional calculations. Moreover, for both Cd and Hg, the
F12 results with n ≙ 4 or 5 results are lower in energy than the
CBS estimate from conventional calculations. As the F12 correla-
tion energies converge smoothly and rapidly, this demonstrates the
slow convergence of conventional methods for these elements and
suggests that F12 methods could be used to establish more reliable
CBS estimates. In the case of Zn, the benefit of using F12 methods
over conventional appears less striking, yet still beneficial; using the
cc-pVDZ-PP-F12 basis set developed in this work produces a corre-
lation energy that is somewhere between the conventional QZ and
5Z results or very close to the QZ result if the aug-cc-pwCVnZ-PP
basis sets are used. Comparing the performance of the new sets with
the performance of aug-cc-pVnZ-PP, both in F12 calculations, indi-
cates that the correlation energy with the new sets is lower, although
this becomes less pronounced as we move further down the group.
Figures S1–S3 in the supplementary material plots only the F12

FIG. 2. Convergence of the valence CCSD correlation energies from conventional (aVnZ and awCVnZ) and explicitly correlated CCSD-F12b calculations [VnZ-F12 and
aVnZ(F12)]. The estimated CBS limits are shown by dashed horizontal lines, which were obtained by (n + 1)−3 extrapolation of conventional aug-cc-pwCVnZ-PP correlation
energies with n ≙ 4, 5.
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FIG. 3. Convergence of the CCSD (m − 1)sp electron core–valence correlation energies from conventional (awCVnZ) and explicitly correlated CCSD-F12b calculations
[CVnZ-F12 and awCVnZ(F12)]. The estimated CBS limits are shown by dashed horizontal lines, which were obtained by (n + 1)−3 extrapolation of conventional aug-cc-
pwCVnZ-PP correlation energies with n ≙ 4, 5.

correlation energies, and in the absence of the conventional results,
the improvement in performance afforded by the new sets can be
clearly seen.

Figures 3 and 4 show the convergence of the core–valence and
core–core CCSD energies with respect to basis set, and it can be seen
that the F12 calculations significantly accelerate the rate of conver-
gence. Dramatically, even at the DZ level, the basis sets developed
in this work are recovering almost the same conventional aug-cc-
pwCV5Z-PP result, or even surpassing it. The convergence of the
F12 energies with basis appears monotonic in all cases. Within the
F12 framework, the basis sets developed in this work are slightly
lower in energy than using the aug-cc-pwCVnZ-PP sets in F12 cal-
culations, although the improvements in these absolute core cor-
relation energies are modest compared to those for the valence
correlation.

The size of the basis sets developed in this work is com-
pared against the conventional correlation consistent basis sets for
the group 11 and 12 elements in Table S1 in the supplementary
material. As the new cc-pVnZ-PP-F12 basis sets contains the s, p,
and d augmenting functions from the aug-cc-pV(n+1)Z-PP sets,
the most appropriate comparison to make is in terms of the final
contracted sizes of the cc-pVnZ-PP-F12 and aug-cc-pVnZ-PP sets.
The new sets include one additional s, one p, and one d func-
tions, for a total of nine extra contracted functions for each value
of n. This minor increase is consistent with cc-pVnZ-F12 basis
sets for first and second row elements, which contain one addi-
tional s and two p functions when compared to aug-cc-pVnZ.15

Comparing the new cc-pCVnZ-PP-F12 core-correlating basis sets
with aug-cc-pCVnZ-PP reveals that while the new DZ set con-
tains an additional one s, one p, and one d functions, at the

FIG. 4. Convergence of the CCSD (m − 1)sp electron core–core correlation energies from conventional (awCVnZ) and explicitly correlated CCSD-F12b calculations [CVnZ-
F12 and awCVnZ(F12)]. The estimated CBS limits are shown by dashed horizontal lines, which were obtained by (n + 1)−3 extrapolation of conventional aug-cc-pwCVnZ-
PP correlation energies with n ≙ 4, 5.
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TZ and QZ levels, the total number of contracted functions is
the same.

B. Density fitting auxiliary basis sets

Two auxiliary density fitting basis sets are typically required in
explicitly correlated methods implemented in widely available elec-
tronic structure packages: an auxiliary basis for the density fitting
of the Fock and exchange matrices (suffixed JKFIT) and a separate
auxiliary basis for the density fitting of the remaining conventional
two-electron integrals (MP2FIT). For JKFIT, it is standard practice
to use the auxiliary basis matched to the aug-cc-pVnZ family of
orbital basis, while MP2FIT is developed specifically for use with the
cc-pVnZ-F12 basis. Both JKFIT and MP2FIT sets were developed as
part of this work.

For the first of these, the JKFIT sets, the procedure previ-
ously used by Weigend was closely followed.29,40,41 These are built
as uncontracted functions optimized so as to minimize the error in
the Hartree–Fock exchange energy as computed with and without
the density fitting approximation. The objective function is thus

δEX ≙ ∣Tr{PDF
K

DF} − Tr{PFull
K

Full}∣2, (1)

where P andK are the density matrix and exchange integrals, respec-
tively, calculated either with density-fitted or full integrals. We fit
only against the exchange integrals as it has been found previously
that these errors dominate those due to fitting of the Coulomb
integrals, meaning the so-called KFit sets are equally applicable
as JFit sets. Optimizations are performed so as to reduce δEX on
the mono-chloride of the atom. This is necessary because the HF
exchange energy for the atom alone only depends on the occu-
pied orbitals, and thus, higher angular momentum functions would
not be optimized. Traditionally, the mono-hydride has been used
for these optimizations because it is the smallest possible molecule
system containing the atom. However, this resulted in overly dif-
fuse exponents in the higher angular momentum shells, and errors
could be significantly reduced by instead optimizing against the
mono-chloride.

For each set, the starting point is a near-complete reference
set of even-tempered functions for each angular momentum shell
up to and including the highest angular momentum in the orbital
basis plus a shell one angular momentum higher. For example, for
the cc-pVDZ-PP-F12 orbital set for which the maximum angular
momentum shell is of f-type, a g-type shell is also included in the
auxiliary basis. From this large even-tempered basis, functions that
change the objective function by less than a threshold of 10−7 Eh

were systematically removed. The s- and p-functions are then opti-
mized simultaneously, before being fixed, and then each subsequent
angular momentum shell is optimized independently. At each stage,
additional functions were removed if their impact on the objective
was below the aforementioned threshold and the shell re-optimized.
The resulting configurations for each JKFit basis can be found in
Table S2 of the supplementary material. Each set contains roughly
twice as many functions as the (contracted) orbital basis, which
is in keeping with—in fact, slightly more compact than—previous
results.29

Table II shows summary statistics for the errors in the density-
fitted Hartree–Fock energy and the conventional MP2 correlation

TABLE II. Energy errors (μEh) in the Hartree–Fock (ΔEHF) and conventional MP2
correlation (ΔEMP2) energies due to the use of density fitting of the Coulomb and
exchange matrices. These were calculated using the JKFIT auxiliary basis sets devel-
oped in this work. The errors in the MP2 correlation energy were computed without
density fitting of the transformed two-electron integrals. Estimated basis set incom-
pleteness errors (BSIEs) for the HF energy from a large reference basis are also
shown for comparison. Summary statistics are given across a test set comprising 36
molecules containing group 11 or 12 elements.

Atomic orbital basis set Error type MUE σ MAX

cc-pVDZ-PP-F12 BSIE 9628.09 5794.09 23 603.69
ΔEHF 729.77 306.07 1 377.79
ΔEMP2 149.19 83.50 318.50

cc-pVTZ-PP-F12 BSIE 1800.37 1188.39 4 878.16
ΔEHF 82.88 49.09 199.26
ΔEMP2 22.75 12.26 70.83

cc-pVQZ-PP-F12 BSIE 166.60 106.18 380.15
ΔEHF 20.38 13.60 61.74
ΔEMP2 11.45 3.70 21.29

energy using the DF-HF density, for each of the JKFIT sets devel-
oped here, calculated over a set of 36 small molecules containing
group 11 or 12 elements. The individual molecules are listed in the
supplementary material, with the geometries either obtained from
the test set of Weigend41 or optimized using the same BP86/def-
SVP level of theory.42–44 For reference, we also show the basis
set incompleteness error (BSIE) for the conventional HF energy,
compared to results calculated in a large reference basis, namely,
aug-cc-pV5Z(-PP). In each case, the mean unsigned error (MUE)
and maximum absolute error (MAX) in the HF energy due to the
use of density fitting is more than an order of magnitude smaller
than the BSIE, and the error in the correlation energy is roughly
five times smaller again. There is quite a wide standard deviation
(σ) in the errors, but overall they remain significantly below the
order-of-magnitude test suggested by Weigend.40 Moreover, these
errors are seen to reduce systematically with increasing cardinal-
ity of the basis while maintaining compactness of the auxiliary
basis.

The design and optimization strategies for the MP2FIT auxil-
iary basis closely follows those developed for the cc-pVnZ-F12 basis
sets for the elements H–Ar,45 which built upon previous work on
DF-MP2 auxiliary basis sets.46,47 Briefly, the auxiliary basis sets com-
prise uncontracted primitives that were obtained from minimizing
the functional

δDF ≙ −1
4
∑
aibj

(⟨ab∥ij⟩DF − ⟨ab∥ij⟩)2
εa − εi + εb − εj

, (2)

where ϵx are Hartree–Fock orbital energies, i and j occupied orbitals,
a and b virtual orbitals, and the two-electron repulsion integrals are
denoted ⟨ab∥ij⟩ ≙ (ai∣bj) − (aj∣bi). The density fitting error in the
correlation energy is defined as ΔDF ≙ ∣Ecorr

MP2 − Ecorr
DF−MP2∣. The opti-

mizations were performed using the analytical gradients within the
RICC2 module in TURBOMOLE48,49 under the guidelines that the
ΔDF error for a given atom should be less than 1.0 μEh per correlated
electron and δDF/∣Ecorr

MP2∣ should be less than or equal to 10−8.45 All
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atoms were in their respective ground states, and initially, the aux-
iliary sets were optimized to specifically match the cc-pVnZ-PP-F12
orbital sets developed in this work, with only the valence electrons
included in the correlation treatment. The composition of the result-
ing auxiliary basis sets is presented in Table S3 in the supplementary
material, where it can be seen that at the QZ level, it was necessary to
include more functions for Au and Hg than for the other group 11
and 12 elements. The reasons for this are unclear, but attempting to
use fewer functions created both stability problems in the optimiza-
tion and a significant reduction in accuracy. In all cases, the ratio
of functions in the auxiliary basis set compared to the number of
(contracted) functions in the orbital basis is less than the guideline
maximum of six established in previous work on MP2FIT basis sets
matched to F12 specific basis sets.45

Additional MP2FIT sets specifically matched to the
core–valence correlating cc-pCVnZ-PP-F12 orbital sets were also
optimized, with the (m − 1) sp electrons correlated. The cc-pVnZ-
PP-F12/MP2FIT sets were taken as a starting point, with all
exponents freely optimized and additional functions added until
sufficient accuracy was reached. Both of these MP2FIT sets were
also adapted for use with diffuse augmented orbital sets by adding
a small number of additional small-exponent auxiliary functions,
with all other exponents held fixed, resulting in the aug-cc-pVnZ-
PP-F12/MP2FIT and aug-cc-pCVnZ-PP-F12/MP2FIT sets. The
compositions of these sets are given in Table S3.

The performance of the MP2FIT auxiliary sets in molecular
calculations has been validated by comparing the DF error in the
conventional MP2 correlation energy with the MP2-F12 basis set
incompleteness error using the same test set of 36 molecules as in
the JKFIT work. To define the BSIE, estimates of the CBS correlation
energy limit were obtained from (R)MP2-F12/3C(FIX) calculations
carried out inMolpro, followed by a Schwenke-type extrapolation of
the TZ and QZ correlation energies.50,51 The cc-pVnZ-F12 basis set
was used for lighter elements, along with the matching MP2FIT and
OptRI auxiliary basis sets. It should be noted that the performance
of this basis set extrapolation for heavier elements is not well tested,
but it is used here simply to produce reasonable estimates of the BSIE
rather than to establish benchmark-quality CBS limits. Separate CBS
limits were obtained with the (m − 1) sp electrons correlated on the
group 11 or 12 elements for benchmarking cc-pCVnZ-PP-F12 sets,
while all other elements used the standard frozen core definition in
all cases.

Table III presents the summary statistics for both the BSIE
in the MP2-F12 correlation energy and ΔDF for the test set of
molecules. A comparison of the statistics for BSIE andΔDF indicates
that for all basis sets, the error due to the density fitting is negligible
relative to the basis set error in the correlation energy, even when an
explicitly correlated method is used. Indeed, the DF error is three to
four orders of magnitude smaller than the BSIE. It can be also seen
that both ΔDF and the BSIE reduce as the basis set cardinal num-
ber is increased and that the errors when the outer-core electrons
are correlated on the group 11 or 12 elements are approximately the
same as the valence-only case.

C. Complementary auxiliary basis sets

The auxiliary basis sets required for the RI evaluation of
the multi-electron F12 integrals were optimized using a similar

TABLE III. Correlation energy errors (μEh per correlated electron) due to the MP2-
F12 basis set incompleteness error (BSIE) and conventional MP2 density fitting (ΔDF)
using the MP2FIT auxiliary sets developed in this work. The test set comprises 36
molecules containing group 11 or 12 elements.

Atomic orbital basis set Error type MUE σ MAX

cc-pVDZ-PP-F12 BSIE 1593.69 374.56 2300.01
ΔDF 0.34 0.21 0.76

cc-pVTZ-PP-F12 BSIE 457.43 101.94 663.50
ΔDF 0.19 0.11 0.40

cc-pVQZ-PP-F12 BSIE 121.92 27.17 176.84
ΔDF 0.08 0.06 0.21

cc-pCVDZ-PP-F12 BSIE 1320.12 222.64 1734.61
ΔDF 0.23 0.16 0.58

cc-pCVTZ-PP-F12 BSIE 359.41 60.42 463.02
ΔDF 0.14 0.07 0.29

cc-pCVQZ-PP-F12 BSIE 95.79 16.10 123.41
ΔDF 0.06 0.04 0.16

methodology as the OptRI sets of Yousaf and Peterson.52 Briefly,
the auxiliary sets are intended for use within the complementary
auxiliary basis set (CABS+) approach,30 as implemented in Molpro,
and are specifically matched to a particular atomic orbital basis set.
This results in a compact and linearly independent CABS basis set
where zero functions are deleted within the CABS procedure. The
functions within the OptRI basis set are optimized for atoms by
minimizing the value of δRI,

δRI ≙ ∑
ij

VRI
ij,ij −VRIref

ij,ij

VRIref
ij,ij

+
BRI
ij,ij − BRIref

ij,ij

BRIref
ij,ij

, (3)

which involves the diagonal elements of the V and B matrices from
MP2-F12 theory.8 In this case, the referencematrices were computed
using the large even-tempered sets described above, the 3C ansatz
was used, and a geminal exponent of 1.4 a−10 was used throughout.
In previous work on lighter elements, the OptRI basis sets have been
augmented with a small number of s- and p-functions to obtain a
greater CABS singles correction to the HF energy, with the resulting
sets denoted OptRI+.53 A similar approach was tested in the present
investigation, but it was found that no significant increases in the
CABS singles correction were obtained.

The compositions of the OptRI sets developed in this work
can be found in Table S4 in the supplementary material, where it
can be seen that the auxiliary sets are relatively compact, especially
compared to MP2FIT. The cc-pCVnZ-PP-F12/OptRI sets possess
slightly fewer functions than the analogous valence-only set, but
this is to be expected as the total CABS + basis is formed from the
union of the orbital basis and the functions from the OptRI set.
In regard to an appropriate CABS set to use with the diffuse aug-
mented orbital basis sets, initial testing has demonstrated that at the
DZ and TZ level, the cc-p(C)VnZ-PP-F12/OptRI auxiliary sets com-
bined with the aug-cc-p(C)VnZ-PP-F12 orbital sets produce only
negligible changes in δRI and the total energy of the ground states
of the atoms. However, at the QZ level, it was clear that some modi-
fications would be required. In the valence-only case, the addition of
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TABLE IV. RI errors (OptRI relative to the large reference ABS) per correlated elec-
tron in the MP2-F12/3C(FIX) correlation energies for a test of 36 molecules containing
group 11 or 12 elements. All values are in μEh.

Atomic orbital basis set Error type MUE σ MAX

cc-pVDZ-PP-F12 BSIE 1593.69 374.56 2300.01
RI 28.46 9.31 50.65

cc-pVTZ-PP-F12 BSIE 457.43 101.94 663.50
RI 3.32 3.20 10.37

cc-pVQZ-PP-F12 BSIE 121.92 27.17 176.84
RI 0.81 0.55 1.96

cc-pCVDZ-PP-F12 BSIE 1320.12 222.64 1734.61
RI 25.31 8.42 47.74

cc-pCVTZ-PP-F12 BSIE 359.41 60.42 463.02
RI 3.56 1.69 7.95

cc-pCVQZ-PP-F12 BSIE 95.79 16.10 123.41
RI 0.77 0.60 2.13

an extra h function and a re-optimization of all h exponents were
sufficient in all cases except for Au, where re-optimization of the
d, g, and i exponents, while holding all other exponents fixed, was
also required. The QZ core–valence OptRI sets were also augmented
with an additional h function, and the d, g, and i exponents were re-
optimized for Ag, Cd, Au, and Hg. At this cc-pCVQZ-PP-F12 level,
it was also necessary to include a single additional s function for Cd
for the δRI error to be approximately the same as that for the other
elements.

The errors in the MP2-F12/3C(FIX) correlation energy from
using the OptRI sets developed in this work, relative to the ref-
erence RI set, were evaluated for the same set of test molecules
as used in the density fitting auxiliary basis set work above, with
the results presented in Table IV. The cc-pVnZ-F12 basis set was
used for lighter elements, along with the matching MP2FIT and
OptRI auxiliary basis sets. As in Table III, the energetic error

from the use of the auxiliary basis sets developed in this work was
compared to the BSIE for the orbital basis at the MP2-F12/3C(Fix)
level. It can be seen that the errors from using the OptRI sets
are roughly two orders of magnitude smaller than the MP2-F12
BSIE and that the error reduces as the basis set cardinal number is
increased. The error per correlated electron also remains approx-
imately equal for both the valence-only and outer-core–valence
cases.

D. Choice of geminal exponent

The value of the geminal Slater exponent that produces the
lowest correlation energy is known to depend upon the choice of
orbital basis set, the explicitly correlated method chosen, and the
atoms/molecules under consideration.15,51,54 For lighter elements,
typically a compromise value is chosen and used across methods
and molecules, although larger geminal exponents are often used
for larger basis sets. This choice becomes even more convoluted
when core electrons are correlated as the optimal Slater exponent
changes for the core–core, core–valence, or valence–valence pairs.55

However, while a pair-specific geminal approach produces lower
energies, often the change in the resulting properties is minor and
a single value can be used for all pairs.19,56 A previous investigation
using explicitly correlated methods on molecules containing group
11 and 12 elements noted that larger values of the geminal expo-
nent (around 1.4 a−10 ) seemed to be preferred to those often used for
main group elements (around 1.0 a−10 ).22 Herein, a more expansive
test of the sensitivity of correlation energies to the choice of geminal
exponent is undertaken.

Figure 5 shows the geminal exponent (γ) dependence of the
valence-only, core–valence, and core–core MP2-F12 correlation
energies for the near-equilibrium geometry of Cu2, with analogous
plots for Ag2 and Au2 provided in the supplementary material. The
cc-pCVTZ-PP-F12 basis sets developed in this work, along with the
matching auxiliary basis sets, are used throughout. To aid compar-
ison, all plots span a range of 15 mEh on the ordinate axis. For all
three diatomic molecules, it can be seen that the dependence of the

FIG. 5. Dependence of the valence, core–valence, and core–core MP2-F12/3C(Fix) correlation energies on the geminal exponent (γ). The cc-pCVTZ-PP-F12 basis was
used, r(Cu2) ≙ 2.2108 Å.
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core–core contribution is significantly weaker than valence-only and
core–valence, with the latter two having a roughly similar depen-
dence. The core–core correlation energy is also smaller in magni-
tude; hence, the recommendation of a single value to use for group
11 and 12 elements will be based on valence-only and core–valence
energies.

It is clear that a smaller value of γ is optimal for valence-only,
with a slightly larger value favored for core–valence. It is also appar-
ent that the dependence follows the trend Cu2 > Ag2 > Au2, and
the results with DZ and QZ basis sets (not shown) are very simi-
lar. Recommending a single value of γ to be used is thus somewhat
challenging, although 1.4 a−10 appears to be a reasonable compro-
mise value; for Cu2, this is the optimal value for valence-only and
close to optimal for core–valence. For Ag2 and Au2, this is relatively
close to the minimum valence-only energy and provides essentially
optimal energies for core–valence. Using two geminals with values
of 1.0 a−10 and 1.4 a−10 for valence-only and core–valence, respec-
tively, would lead tominor improvements for Ag2 andAu2, although
the excellent results presented in Sec. IV demonstrate that the single
geminal approach is adequate for producing high-accuracy energies
and spectroscopic properties.

IV. BENCHMARK CALCULATIONS

A. Atomic properties

The CCSD(T)-F12b results for atomic excitation energies, elec-
tron affinities, and ionization energies are shown in Table V and
Tables S5–S8, respectively. Herein, the (aug-)cc-pVnZ-PP-F12 basis
sets are abbreviated (a)VnZ-F12 and cc-pCVnZ-PP-F12 as CVnZ-
F12. The matching auxiliary basis sets were used in all cases, along
with a geminal exponent of 1.4 a−10 . The diffuse augmented basis
sets developed in this work were used for the calculation of atomic
properties as initial testing demonstrated a significant increase in
accuracy, particularly at the DZ and TZ level. For all of the atomic
and molecular benchmarks presented, the focus is on comparison
with conventional results, rather than experiment, as this reflects
the performance of explicitly correlated calculations and the newly
developed basis sets. A meaningful comparison with experiment
would also require consideration of additional factors, such as
pseudopotential approximation errors and spin–orbit coupling, and
these contributions to atomic and molecular properties have been
considered elsewhere.21

The CCSD(T)-F12b s1d10 → s2d9 excitation energies for the
coinage metals are shown in Table V, along with the CBS estimate

TABLE V. CCSD(T)-F12b excitation energies s1d10
→ s2d9 for the group 11 atoms

compared to conventional CBS estimates (kcal mol−1) from Ref. 21.

Valence only (m − 1) sp correlation

Basis set Cu Ag Au Cu Ag Au

a(C)VDZ-F12 33.10 95.65 44.54 +0.02 −6.51 −5.33
a(C)VTZ-F12 33.50 95.78 44.58 −0.01 −6.47 −5.24
a(C)VQZ-F12 33.66 95.95 44.69 +0.03 −6.45 − 5.20
Conventional CBS 33.71 95.82 44.54 +0.08 −6.33 −5.05

from conventional CCSD(T) calculations taken from Ref. 21. There
is a very rapid convergence toward the basis set limit for the valence-
only energies, and a comparison with the data fromRef. 21, shown in
the supplementary material, indicates that CCSD(T)-F12b/aVDZ-
F12 produces results that are similar to or better than conventional
5Z. For Ag and Au, the aVQZ-F12 excitation energies are likely
to be a more accurate reflection of the CBS limit than those esti-
mated from conventional calculations, highlighting the slow basis
set convergence in conventional calculations on these atoms. The
convergence of the effect of correlating the (m − 1) sp electrons is
even more rapid than the valence-only energies as the aCVDZ-F12
results are within 0.13 kcal mol−1 of aCVQZ-F12. Remarkably, these
aCVDZ-F12 results are somewhere between conventional aCV5Z
and CBS estimates. Similar trends in accuracy and convergence are
observed for the electron affinities of the coinage metals and the ion-
ization energies of group 11 and 12 atoms, with data presented in the
supplementary material.

B. Molecular benchmark calculations

To demonstrate the effectiveness of the new basis sets in molec-
ular calculations, CCSD(T)-F12b calculations were carried out on
the coinage metal homonuclear diatomics and monofluorides to
determine the spectroscopic constants (De, re, and ωe) presented
in Table VI. For the homonuclear dimers, the convergence rate of
the spectroscopic constants was improved by using the fully diffuse
augmented sets; hence, the aVnZ-F12 sets developed in this work
were used for the valence-only calculations, while the aCVnZ-F12
sets were used in determining the effect of (m − 1) sp-electron cor-
relation. The more strongly bound monofluorides did not require
the additional high-angular momentum diffuse functions, so the
(C)VnZ-F12 sets were used for the coinage metals. The cc-pVnZ-
F12 basis sets of Peterson et al. were used for fluorine,15 along with
the matching MP2FIT and OptRI auxiliary sets.45,52 The cc-pVnZ
JKFIT sets of Weigend were also used for fluorine,40 and the fluo-
rine 1s electrons were treated with the frozen core approximation in
all cases.

Focusing first on the diatomic molecules containing coinage
metals results in Table VI, the convergence of the valence–only cor-
related spectroscopic constants is very fast, especially when com-
pared to the slow convergence for the conventional method seen in
previous benchmarks.21 Results with the F12b ansatz and the new
triple-zeta basis sets are very close to the CBS limits estimated from
extrapolations based on the conventional quadruple- and quintuple-
zeta sets [CBS(Q5)] taken from Ref. 21 and 22, while the QZ F12b
results may represent more accurate CBS estimates than those from
the conventional calculations. The DZ F12b results are also relatively
accurate, with mean unsigned deviations from the CBS results of
0.69 kcal mol−1, 0.0034 Å, and 2.1 cm−1 for De, re, and ωe, respec-
tively. The analogous deviations with conventional DZ are 3.74 kcal
mol−1, 0.0272 Å, and 12.0 cm−1.

While it is clear that the basis sets developed in this work,
in conjunction with explicitly correlated coupled cluster methods,
have a significantly accelerated convergence toward the basis set
limit compared to conventional analogs, it is also important to
compare the performance of the basis sets when both are used
in explicitly correlated methods. Figure 6 thus shows the conver-
gence of both De and re for the diatomic molecules Cu2, AgF,
and AuF with both the new (aug-)cc-pVnZ-PP-F12 and existing
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TABLE VI. Calculated CCSD(T)-F12b frozen-core (valence) and (m − 1) sp-electron correlation contributions [Δ(m − 1)sp]
for spectroscopic constants of various ground state diatomic molecules containing coinage metals. CBS(Q5) results are
conventional CCSD(T) results from Refs. 21 and 22 using correlation consistent basis sets.

De (kcal mol−1) re (Å) ωe (cm−1)

Molecule Basis Valence Δ(m − 1)sp Valence Δ(m − 1)sp Valence Δ(m − 1)sp
Cu2 a(C)VDZ-F12 46.01 +0.05 2.2195 −0.0017 265.2 +1.4

a(C)VTZ-F12 46.58 −0.02 2.2143 −0.0008 268.5 +1.2
a(C)VQZ-F12 46.74 −0.02 2.2134 −0.0011 268.5 +1.3
CBS(Q5) 46.62 −0.04 2.2146 −0.0007 268.6 +1.5

Ag2 a(C)VDZ-F12 37.72 +1.16 2.5405 −0.0138 188.9 +5.3
a(C)VTZ-F12 38.44 +1.02 2.5336 −0.0119 191.3 +4.7
a(C)VQZ-F12 38.61 +1.02 2.5329 −0.0119 191.9 +4.8
CBS(Q5) 38.45 +0.91 2.5339 −0.0108 191.5 +4.7

Au2 a(C)VDZ-F12 50.01 +1.83 2.4945 −0.0126 184.9 +4.1
a(C)VTZ-F12 50.94 +1.65 2.4897 −0.0115 186.2 +3.7
a(C)VQZ-F12 51.24 +1.56 2.4887 −0.0108 186.7 +3.5
CBS(Q5) 51.15 +1.45 2.4876 −0.0107 186.9 +3.5

CuF (C)VDZ-F12 97.94 −1.03 1.7448 +0.0026 614.1 −3.8
(C)VTZ-F12 99.00 −0.92 1.7427 +0.0030 618.9 −2.8
(C)VQZ-F12 99.14 −0.88 1.7419 +0.0029 619.6 −2.3
CBS(Q5) 99.02 ⋅ ⋅ ⋅ 1.7415 ⋅ ⋅ ⋅ 619.5 ⋅ ⋅ ⋅

AgF (C)VDZ-F12 81.39 −0.68 1.9864 −0.0079 510.6 +5.5
(C)VTZ-F12 81.56 −0.59 1.9857 −0.0075 511.9 +5.3
(C)VQZ-F12 81.59 −0.58 1.9857 −0.0076 511.6 +5.3
CBS(Q5) 81.61 ⋅ ⋅ ⋅ 1.9861 ⋅ ⋅ ⋅ 510.5 ⋅ ⋅ ⋅

AuF (C)VDZ-F12 67.76 +0.09 1.9358 −0.0102 545.4 +9.1
(C)VTZ-F12 68.35 +0.26 1.9351 −0.0093 547.7 +8.9
(C)VQZ-F12 68.66 +0.29 1.9349 −0.0092 548.0 +9.1
CBS(Q5) 68.80 ⋅ ⋅ ⋅ 1.9351 ⋅ ⋅ ⋅ 547.9 ⋅ ⋅ ⋅

FIG. 6. Comparison of dissociation energy (De) and equilibrium bond length (re) of diatomic molecules calculated with basis sets developed in this work [(aug-)cc-pVnZ-
PP-F12 abbreviated as (a)VnZ-F12, solid lines] and existing basis sets [(aug-)cc-pVnZ-PP abbreviated as (a)VnZ(F12), dashed lines]. In both cases, the data have been
calculated at the CCSD(T)-F12b level of theory.
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(aug-)cc-pVnZ-PP basis sets when both are used in CCSD(T)-F12b
calculations. Focusing momentarily on Cu2, it can be seen that while
the conventional DZ basis outperforms that developed in this work
in an absolute sense (i.e., closer to the data from the largest basis
sets used), the convergence with respect to basis set size is greatly
improved with those developed in this work. For example, the De

with the existing basis sets follows an almost linear trend, suggesting
no convergence, while that from the new sets resembles the typical
monotonic pattern expected for correlation consistent basis sets. It
is also noted that at the TZ and QZ level, the new basis sets pro-
duce results slightly better than those from (n + 1)Z existing sets. A
similar improvement in the convergence pattern is also observed for
the Cu2re.

The convergence with respect to basis sets plotted for AgF in
Fig. 6 shows a somewhat similar trend to that for Cu2; it is much
improved when the basis sets developed in this work are used. In the
case of the AgFDe, the absolute values at the DZ and TZ level are also
an improvement over using the conventional basis sets in explicitly
correlated calculations. Unlike Cu2 and AgF, the De and re values
calculated for AuF displayed a smooth convergence when existing
basis sets were used. A very similar convergence pattern is observed
when using the basis sets of this work, and for De, the absolute val-
ues at any given zeta-level are also very similar. However, there is a
noticeable improvement in re values with the new basis sets, partic-
ularly at the TZ and QZ level. Overall, it is clear that the basis sets
developed in this work offer improved convergence over the con-
ventional sets when both are used in F12 calculations, which will
be important if extrapolation to the basis set limit is required. In a
number of cases, there is also an improvement in the absolute values
calculated using the new basis sets, which is often at the level of using
an (n + 1)Z existing basis set, again in an F12 calculation. As the new,
F12 specific basis sets are only 1s1p1d larger than those optimized
for conventional calculations, the modest increase in computational
cost is easily outweighed by ensuring smooth convergence with the
basis set size.

Table VI also presents the effect of correlating the (m − 1)
sp-electrons on the spectroscopic constants of diatomic molecules
containing coinage metals. As expected,21 for Cu2, these effects are
almost zero and have very little basis set dependence. The effects
are much larger for Ag2 and Au2 and are in good agreement with
the conventional CCSD(T)/cc-pwCVnZ-PP results of Peterson and
Puzzarini.21 The convergence of the core–valence effect for both
of these homonuclear diatomics is very rapid, suggesting that the
effect can be successfully captured at the DZ level unless very high-
accuracy is required. Similar levels of rapid convergence are also seen
for the core–valence effect on the spectroscopic parameters of the
coinage metal monofluorides.

Spectroscopic constants for the group 12 monofluorides have
been computed using the basis sets developed in this work and are
shown in Table VII. The convergence with respect to basis set is,
again, very rapid, with DZ results within 1 kcal mol−1 of the CBS De

estimated from conventional methods,22 0.0015 Å for re, and around
1 cm−1 for ωe. The effect of correlating the (m − 1) sp-electrons
also converges very quickly, in a similar manner as observed for the
coinage metal analogs.

Calculating accurate spectroscopic constants of the group 12
homonuclear diatomics is challenging as they are very weakly bound
van der Waals dimers and a strong dependence on basis set has
been observed. A study using conventional CCSD(T) demonstrated
that doubly augmented d-aug-cc-pVnZ-PP basis sets were required
to avoid incredibly slow convergence to the basis set limit.21 This
makes these van der Waals dimers an interesting test case for explic-
itly correlated methods and the basis sets developed in this work;
is it possible to avoid the need for the very diffuse basis functions
found in d-aug-cc-pVnZ-PP sets while still achieving a rapid conver-
gence toward the CBS limit? The CCSD(T)-F12b/aug-cc-pVnZ-PP-
F12 results are shown in Table VIII, where they are also compared
to the conventional CCSD(T)/d-aug-cc-pVnZ-PP values of Peterson
and Puzzarini.21 Counterpoise corrections were used throughout,
and it was observed that the use of an F12 method significantly

TABLE VII. Calculated CCSD(T)-F12b frozen-core (valence) and (m − 1) sp-electron correlation contributions [Δ(m − 1)sp]
for spectroscopic constants of the X1

Σ
+ states of ZnF, CdF, and HgF. CBS(Q5) results are conventional CCSD(T) results

from Ref. 22 using correlation consistent basis sets.

De (kcal mol−1) re (Å) ωe (cm−1)

Molecule Basis Valence Δ(m − 1)sp Valence Δ(m − 1)sp Valence Δ(m − 1)sp
ZnF (C)VDZ-F12 69.77 −0.75 1.7625 +0.0018 634.8 −0.8

(C)VTZ-F12 70.30 −0.70 1.7629 +0.0018 634.0 −0.8
(C)VQZ-F12 70.44 −0.70 1.7633 +0.0018 633.4 −1.2
CBS(Q5) 70.43 ⋅ ⋅ ⋅ 1.7637 ⋅ ⋅ ⋅ 633.9 ⋅ ⋅ ⋅

CdF (C)VDZ-F12 59.37 −1.16 1.9766 −0.0026 538.2 +1.3
(C)VTZ-F12 59.45 −1.07 1.9774 −0.0024 537.8 +1.1
(C)VQZ-F12 59.56 −1.08 1.9780 −0.0025 536.9 +1.5
CBS(Q5) 59.64 ⋅ ⋅ ⋅ 1.9785 ⋅ ⋅ ⋅ 535.4 ⋅ ⋅ ⋅

HgF (C)VDZ-F12 31.08 −0.98 2.0253 −0.0050 484.6 +2.2
(C)VTZ-F12 31.42 −0.80 2.0253 −0.0044 485.1 +1.8
(C)VQZ-F12 31.74 −0.77 2.0251 −0.0045 485.4 +1.9
CBS(Q5) 31.86 ⋅ ⋅ ⋅ 2.0253 ⋅ ⋅ ⋅ 485.2 ⋅ ⋅ ⋅
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TABLE VIII. Calculated counterpoise corrected CCSD(T)-F12b frozen-core spectroscopic constants of the X1
Σ
+

g states of
the group 12 homonuclear van der Waals dimers. Conventional CCSD(T) results from Ref. 21 with the doubly augmented
correlation consistent basis sets (d-aVnZ).

Molecule Method Basis De (cm−1) re (Å) ωe (cm−1)

Zn2 CCSD(T) d-aVDZ 135.4 4.2048 17.6
d-aVTZ 183.7 3.9538 21.1
d-aVQZ 205.8 3.8910 22.0
d-aV5Z 218.1 3.8619 23.1

CCSD(T)-F12b aVDZ-F12 185.8 3.9221 21.2
aVTZ-F12 210.2 3.8568 22.8
aVQZ-F12 222.7 3.8466 23.3

Cd2 CCSD(T) d-aVDZ 219.6 4.1794 16.8
d-aVTZ 282.5 3.9864 19.3
d-aVQZ 307.6 3.9318 20.5
d-aV5Z 315.1 3.9256 20.2

CCSD(T)-F12b aVDZ-F12 260.3 4.0016 18.8
aVTZ-F12 309.1 3.9178 20.6
aVQZ-F12 324.1 3.8974 20.9

Hg2 CCSD(T) d-aVDZ 228.9 4.0623 14.8
d-aVTZ 317.4 3.8368 17.5
d-aVQZ 350.1 3.7858 18.4
d-aV5Z 361.5 3.7530 18.5

CCSD(T)-F12b aVDZ-F12 277.4 3.8984 16.1
aVTZ-F12 345.6 3.7837 18.5
aVQZ-F12 363.3 3.7525 18.7

reduced the basis set superposition error; the effect of the counter-
poise correction on spectroscopic constants at the DZ level with the
F12 method was approximately the same as that at the QZ level and
conventional method. This follows the general trend observed for
lighter elements.57,58

Figure S6 in the supplementary material plots De and re, where
it can be seen that F12 using the new basis sets produces results
that are of similar quality to the conventional method with the d-
aug-cc-pV(n + 1)Z-PP basis, without requiring the additional very
diffuse functions that can cause numerical problems in some cases.
The convergence in De is rapid, with the DZ-F12 result only a
maximum of 86 cm−1 (∼0.25 kcal mol−1) from the QZ-F12 value.
However, convergence in re is perhaps a little slower than desired,
despite being improved over the conventional method and basis. A
possible route to improving this in the future may be through the
use of midbond functions designed for use in explicitly correlated
calculations.59,60

V. CONCLUSIONS

Correlation consistent basis sets for the group 11 (Cu, Ag, Au)
and 12 (Zn, Cd, Hg) elements have been developed for use in explic-
itly correlated F12 calculations based on the small-core relativistic
PPs of Figgen et al.20 Orbital basis sets for valence only correla-
tion (cc-pVnZ-PP-F12, n ≙ D, T, Q) have been reported, along with
those for outer-core correlation (cc-pCVnZ-PP-F12) and both these
basis sets extended with additional high angular momentum diffuse

functions. The auxiliary basis sets required to use the above in F12
calculations have also been developed, including those for density
fitting of the Fock and exchange matrices (JKFIT) and density fit-
ting of the remaining two-electron integrals (MP2FIT) and for use
in the CABS procedure for the evaluation of the many-electron inte-
grals arising in F12 theory (OptRI). Atomic and molecular bench-
mark calculations were run at the CCSD(T)-F12b level with the
new basis sets for both valence-only and core–valence electron cor-
relation and then compared to previously published conventional
CCSD(T) results. Using the new basis sets with the F12 method
leads to very rapid convergence of atomic excitation energies, elec-
tron affinities, and ionization energies, with double-zeta basis sets
producing F12 results that are roughly equivalent to those from
conventional five-zeta calculations.

Benchmarking of the new basis sets on diatomic molecules pro-
duces a similar picture, and the convergence toward the CBS limit is
rapid, even for the challenging group 12 van der Waals dimers. The
convergence of the core–valence effect on spectroscopic properties
of diatomic molecules is perhaps even quicker than the valence-
only convergence, with only a small variation between double-zeta
and quadruple-zeta. The dissociation energy and equilibrium bond
length calculated in this work were compared to previously pub-
lished values for conventional basis sets used in F12 calculations.
An improvement in the performance with respect to basis set was
observed for the basis sets presented here, particularly for the con-
vergence toward the basis set limit, which will be important for
basis set extrapolation of F12 results. Overall, the rapid and smooth
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convergence observed with the new basis sets paves the way for
explicitly correlated calculations on large molecules containing
group 11 or 12 elements.

All of the orbital and auxiliary basis sets developed in this
work are provided in the supplementary material and will also be
made available for download from the correlation consistent basis
set repository.61

SUPPLEMENTARY MATERIAL

See the supplementary material for the basis sets developed in
this work in a machine readable format, geometries of molecules
in the test set, comparisons of basis sets sizes and compositions,
scans of the geminal Slater exponent, and further benchmarking
data.
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