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ABSTRACT

New aug-cc-pVnZ-PP-F12 basis sets (n = D, T, Q) for the heavy p-block elements, Ga-Kr, In-Xe, and TI-Rn, have been developed by
augmenting the cc-pVnZ-PP-F12 sets with additional higher angular momentum diffuse functions. These basis sets have been optimized
for use in explicitly correlated F12 calculations, and matching auxiliary basis sets for density fitting of conventional and F12 integrals have
also been developed. The new sets have been validated with benchmark CCSD(T)-F12b calculations of electron affinities, where an acceler-
ated convergence to the complete basis set limit is evident. The effect of the additional diffuse functions on electron affinities is shown to be

comparable to the effect of correlating the outer-core d electrons.

© 2024 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/10.1063/5.0197210

I. INTRODUCTION

In the domain of high-accuracy molecular electronic structure
calculations, the move to explicitly correlated methods has sparked
a dramatic improvement in the convergence of correlation
energy and other properties with respect to basis set size.'”
Previously, methods such as the coupled cluster (CC)* approxima-
tion were limited by a requirement for large basis sets to reach
convergence and simultaneous steep scaling of the necessary compu-
tational resources. One solution to this problem has been to use basis
sets that systematically approach the complete basis set (CBS) limit,
such as the correlation consistent family,” and then estimate the
CBS limit using extrapolation formulae; with correlation consistent
polarized valence n-zeta (cc-pVnZ) basis sets, one can take energies
computed with two or more different basis set cardinal numbers,
n, and after selecting a suitable extrapolation formula (see, for
example, Refs. 6-8 for more information on such extrapolations),
easily produce a CBS estimate. The explicitly correlated (F12)
methods offer a different approach; the inclusion of geminal terms
that depend on the interelectronic distance greatly accelerates
convergence toward the CBS limit.

The development and technical details of F12 methods have
been the subject of several reviews' ’ and will not be introduced
in detail here. From the perspective of modern electronic structure
package users, carrying out an F12 calculation has become some-
what routine, and requesting an explicitly correlated coupled-cluster
calculation is generally no more difficult than the equivalent conven-
tional coupled-cluster method. Selecting some examples from the
literature, by using F12 methods, it is possible to obtain “quintuple-
{ quality coupled-cluster correlation energies with triple-{ basis
sets,”!’ and basis set extrapolations of conventional correlation
energies with quadruple-zeta (QZ) and 5Z basis sets have been found
to produce results somewhere between explicitly correlated TZ
and QZ (without extrapolation).''" While this level of performance
may not be achieved in every application, in general, F12 methods
do resolve some of the basis set convergence problems typical of
high-accuracy ab initio methods. There are also basis set extrapo-
lation formulae that take into account the faster convergence of F12
methods.” "

The ease of use of F12 methods has been enabled by
benchmarking studies and basis set development that has pro-
duced sensible default settings to be adopted for general usage,
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such as the selection of auxiliary basis sets and the exponent of the
Slater-type geminal. Of course, these defaults may differ between
electronic structure codes, and potentially between different
releases/versions of a given code. Both density fitting (DF) and
resolution of the identity (RI) techniques are used for the robust
approximation of electronic integrals in the majority of imple-
mentations of F12 theory. The DF and RI names are sometimes
used interchangeably by some authors, but herein, DF is used to
signify the approximation of integrals used in the DF-HF and
DF-MP2 methods,”””"” and RI is reserved for the evaluation of
F12-specific integrals.'® This leads to F12 methods requiring three
separate auxiliary basis sets (ABSs), in addition to the orbital basis
set (OBS). Using the naming convention from the Molpro system
of ab initio programs,w‘m these ABSs are the JKFit basis used in
the evaluation of the Coulomb and exchange matrices, the MP2Fit
basis used in density fitting of conventional two-electron repul-
sion integrals (i.e., those from the DF-MP2 method), and an RI
or complementary auxiliary basis set (CABS) for the F12-specific
integrals.

The nonlinear correlation factors included in F12 wavefunc-
tions are of the form exp (—yri2), where y is the geminal Slater
exponent (see Ref. 21 and references therein). The optimal value
of y depends on the chemical system, the orbital basis set, and the
electrons being correlated. For example, a y value of 1.4 a5 has been
found to work well for the core electron correlation effects on lighter
p-block elements,”” but values closer to 1.0 ay* produce energetically
favorable results for valence-only correlation.'” For some elements,
particularly those further down the Periodic Table, appropriate basis
sets (orbital and/or auxiliary) and y values for the calculation of
energies and/or properties with F12 methods have not yet been
established.

Orbital basis sets specifically optimized for use in F12 cal-
culations display a smoother convergence toward the CBS limit
(when used in F12 calculations) than conventionally optimized basis
sets.””** For full details of the development of correlation consistent
basis sets for use in F12 calculations,”” >’ which are often abbrevi-
ated to VnZ-F12, the interested reader is referred to Ref. 23, but as a
high-level outline, they are typically optimized at the MP2-F12
level of theory and aim to balance the basis set incompleteness
errors in both the Hartree-Fock and correlated components of the
total energy. To address the latter point, a given VnZ-F12 orbital
basis includes, for elements from the second and third periods,
the (HF-like) s and p functions from the aug-cc-pV(n + 1)Z
basis.”® The exponents of the optimized correlating functions with
the orbital basis are also usually more diffuse than those from
an equivalent correlation consistent basis for use in conventional
correlated calculations. Of particular relevance to the present work
are the cc-pVnZ-PP-F12 basis sets for the heavy p-block elements
Ga-Kr, In-Xe, and TI-Rn.”® These basis sets are constructed for use
with the Stuttgart-Cologne small-core relativistic pseudopotentials
(PPs),”” ** and although PPs are used for all of the heavy p-block
elements, the simple abbreviation VnZ-F12 is used to refer to these
sets herein.

Although the VnZ-F12 orbital sets do contain some diffuse
functions for the lower angular momentum symmetries, it has
been demonstrated that the accurate calculation of electron
affinities (EAs) and non-covalent interactions requires additional
augmentation of the basis sets with higher angular momentum
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diffuse functions.”® Such basis sets have been developed for the
elements H, B-Ne, and Al-Ar and are denoted aug-cc-pVnZ-F12
(or aVnZ-F12 for short). The exponents for these additional diffuse
functions were optimized for the atomic anions at the MP2-F12 level
of theory, with exponents for N, Ne, and Ar determined by cubic
interpolation.

The primary aim of this work is thus to augment the existing
cc-pVnZ-PP-F12 basis sets for the heavy p-block elements (Ga-Kr,
In-Xe, and TI-Rn) with additional higher-angular momentum
diffuse functions to improve their performance in calculations on
anions. Section II describes the basis set development and optimiza-
tion process, including that for the required ABSs. Sections IIT and
IV then describe the computational methods used and the results
of the in-depth benchmarking of the new basis sets for calculating
electron affinities.

Il. BASIS SET DEVELOPMENT
A. Orbital basis sets

The new aug-cc-pVnZ-PP-F12 (n = D, T, Q) orbital basis sets
have been produced by augmenting the existing cc-pVnZ-PP-F12
sets with additional diffuse functions, keeping all other exponents in
the basis fixed. As the parent cc-pVnZ-PP-F12 sets already contain
diffuse s- and p-type functions from the aug-cc-pV(n + 1)Z-PP
sets, augmenting functions were only added for higher angular
momentum shells already occupied in the cc-pVnZ-PP-F12
parent. It should be noted that the cc-pVDZ-PP-F12 basis contains
f-type functions, but the purpose of these functions is for (optional)
correlation of the outer-core d electrons; hence, the decision was
taken to only add diffuse d functions in the DZ case. As a single
additional exponent is added for each angular momentum symmetry
concerned, at the DZ level, the parent basis is augmented by
1d exponent, 1d1f at the TZ level, and 1d1flg at the QZ level.
This process is analogous to the diffuse augmentation of the
cc-pVnZ-F12 sets undertaken by Sylvertsky et al®* The basis set
compositions for the new aug-cc-pVnZ-PP-F12 sets are summarized
in Table I, where they are also compared to the respective
cc-pVnZ-PP-F12 composition.

The exponents of the augmenting diffuse functions were
determined by optimizing the MP2-F12 energy for the lowest
electronic state of the atomic anions, using the Nelder-Mead
simplex algorithm in Molpro’s general purpose optimizer.'”*"*" ITn
terms of ABSs, these optimizations used the large even-tempered
(18s17p15d12f10g8h7i) “reference” sets described in Ref. 26 as

TABLE I. Composition of the diffuse augmented orbital basis sets of this work (aug-
cc-pVnZ-PP-F12) compared to the parent cc-pVnZ-PP-F12 of Ref. 26.

Element  Zeta-level aug-cc-pVnZ-PP-F12  cc-pVnZ-PP-F12
DZ [6s5p5d1f] [6s5p4d1f]

4p TZ [7s6p6d4f] [7s6p5d3f]
Qz [8s7p7d513g] [8s7p6d4f2g]
DZ [6s5p5d1f] [6s5p4d1f]

5p and 6p TZ [7s7p6d4f] [7s7p5d3f]
Qz [8s8p7d5f3g] [8s8p6d4f2g]
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both MP2Fit and RI bases. All of the F12 calculations using
diffuse augmented orbital basis sets use a modified version of the
def2-QZVPP-JKFit ABS of Weigend in the density fitting of
the exchange and Coulomb integrals.”> The modification takes
the form of a single additional diffuse exponent added to each
angular symmetry in an even-tempered fashion. The resulting ABS
is known as def2-AQZVPP-JKFit in the Molpro basis set library.
A geminal Slater exponent of 1.4 a;' was used, along with the 3C
ansatz,” consistent with the development of the cc-pVnZ-PP-F12
parent sets.

For the group 18 elements Kr, Xe, and Rn, where the atomic
anion is unbound, the exponent of the additional diffuse functions
was determined by extrapolation of the optimized exponents for
elements in the same row (restricted to the p-block). For example,
the DZ diffuse d exponent for Kr was determined based upon the DZ
diffuse d exponents for Ga-Br. Visual inspection and curve fitting of
the exponents across the relevant part of the p-block of the Periodic
Table was used to determine if a linear, second-order polynomial, or
exponential function was the most appropriate to use in determining
the new exponent. The functional form used for each combination
of group 18 element and basis set is detailed in the supplementary
material, along with the freely optimized exponents/basis sets for the
other heavy p-block elements.

B. MP2Fit auxiliary basis sets

When considering orbital basis sets augmented with extra
diffuse functions, the usual approach to constructing matching
MP2Fit ABSs is to take the existing ABS and optimize one addi-
tional diffuse primitive for each angular symmetry in that ABS.*
For example, the cc-pVTZ-MP2Fit basis for Ge contains functions
with s-h angular momentum; hence, aug-cc-pVTZ-MP2Fit adds
one additional primitive for each of s-h.*® The exponents of these
additional primitives are optimized for the ground state of the
anions of the atom by minimizing the following objective function:

12 ({abl|ij)pr — (ablij))

2
>
4 €~ €+ €, — €

6DF ==
aibj

where (ab||ij) denotes two-electron repulsion integrals, e are orbital
energies, i and j are occupied orbitals, and a and b are virtual
orbitals.”” The error in the MP2 correlation energy due to density
fitting (ADF) is also an important metric when analyzing the
performance of ABSs, where ADF = EQ¢ vp, — Exips-

In the present case, adding an additional diffuse function for
every angular symmetry occupied in the cc-pVnZ-PP-F12-MP2Fit
ABS would not produce an efficient auxiliary basis as too many
functions would be added. The aug-cc-pVnZ-PP-F12 orbital basis
sets only add diffuse functions of higher angular symmetry, and the
cc-pVnZ-PP-F12-MP2Fit ABSs of Ref. 26 are specifically matched
to orbital sets that contain diffuse s and p functions. To determine
how many functions of each angular symmetry to add, we first
calculate dpr and ADF using the cc-pVnZ-PP-F12 OBS and
MP2Fit combination for the anion of the atoms Se, Te, and
Po. These calculations are carried out using the RICC2 module
of the TURBOMOLE program,”’ "’ which features analytical
gradients for the optimization of MP2Fit ABSs.** The goal then
becomes to achieve similar values of dpr and ADF when the

ARTICLE pubs.aip.org/aipl/jcp

TABLE II. Density fitting errors in the two-electron repulsion integrals (8pg ) and MP2
correlation energy (ADF) for the anion of the Te atom. The VTZ-F12-MP2Fit ABS is
augmented with a series of additional diffuse functions. In the case of even1fig, the
exponents of the additional functions are determined by even-tempered extension,
rather than free optimization.

OBS MP2Fit ABS Spr (ppm)  ADF (yE,)
VTZ-F12 VTZ-F12 5.25 x 1072 -0.73
aVTZ-F12 VTZ-F12 5.66 x 10 -16.42
VTZ-F12 + 1d 5.70 x 10 -16.39
VTZ-F12 + 1f 5.41 x 10 -15.36
VTZ-F12 + 1g 2.63 x 10° -1.20
VTZ-F12 + 1flg 4.62 %1072 —0.14
VTZ-F12 + evenlflg  4.65x 107° -0.10

aug-cc-pVnZ-PP-F12 orbital basis is used. This is explored by first
using the cc-pVnZ-PP-F12-MP2Fit ABSs and then augmenting with
additional functions whose exponents are optimized to minimize
Opr. The results of this exploration exercise for the Te anion with
TZ quality sets are shown in Table II, where the (m — 1)d electrons
are treated with the frozen-core approximation.

From Table I, it can be seen that adding an additional set
of g functions to the ABS (denoted “VTZ-F12 + 1g”) produces a
significant reduction in the density fitting error metrics, including
greater than an order of magnitude improvement in the accuracy of
the DF-MP2 correlation energy. Perhaps more significantly, adding
a combination of both f and g functions results in density fitting
errors that are roughly on a par with the baseline results observed
for the VTZ-F12 OBS paired with the matching MP2Fit ABS. An
alternative to freely optimizing the exponents of these f and g
exponents is also explored, namely an even-tempered extension
of the existing exponents. In this extension, the two most diffuse
functions in a specific angular shell, ({ and (é, are used to define
the new diffuse exponent as (e = (1/($5/C1). Table 11 shows that
this even-tempered extension (“evenlflg”) produces density fitting
errors that are approximately the same as those from freely
optimized exponents. Similar explorations at the DZ and QZ
level (see the supplementary material) show that even-tempered
extensions also produce satisfactory results, with DZ requiring one
additional f exponent and QZ requiring 1f1glh. The supplementary
material also shows that augmenting the ABSs with the same
patterns of even-tempered extensions produces negligible density
fitting errors for Se and Po.

Based on the above analysis, aVnZ-F12-MP2Fit ABSs were then
generated for all of the heavy p-block elements by even-tempered
extension of the VnZ-F12 auxiliary sets. At the DZ level, this
extension was 1f exponent; at TZ, this extension was 1flg; and at
QZ, this extension was 1f1glh. The resulting auxiliary basis sets are
presented in the supplementary material.

C. Complementary auxiliary basis set for use in F12
methods

As mentioned in the Introduction, F12 calculations require
an RI auxiliary basis set for the evaluation of the additional
multielectron integrals, which is typically implemented using the
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complementary auxiliary basis set (CABS+) approach.* RI auxiliary
sets have been developed to specifically match the cc-pVnZ-F12
family of orbital basis sets and are commonly known as OptRI sets.*°
They are designed to be compact and lead to a linearly independent
CABS basis. That is, when a union of the OptRI and orbital basis
is formed, no functions will be deleted in the CABS procedure. The
exponents of the OptRI sets are optimized to minimize the value of
/6xi for the ground state of neutral atoms, where

2 2
b= 3 (Vi = Vi)~ (Bii —Bi5;)
i |Virﬁ§j\ |Bf§,fij|

1

The V and B matrices used in the evaluation of 8y are obtained
from MP2-F12 calculations, and the interested reader is referred to
Ref. 36 for further details of their definition. In essence, Orp is
concerned with the difference in the V and B matrices using two
different auxiliary sets: the candidate set being optimized and a
reference set [denoted by a ref superscript in Eq. (1)], which is
typically taken to be large and near-complete. Thus, minimizing
the value of \/3g; for an appropriate number and composition of
functions should produce an RI basis that introduces negligible
errors in the approximated integrals. The difference in MP2-F12
correlation energy between a candidate RI basis and the reference
basis is also of interest and is denoted ARI.

OptRI sets matched to the cc-pVnZ-PP-F12 orbital sets for
the heavy p-block elements are available,”® and the present aim is
to adapt these auxiliary sets for the aug-cc-pVnZ-PP-F12 orbital
sets also developed in this work. Matching previous development
of OptRI sets, the 3C ansatz was used along with a geminal Slater
exponent of 1.4 ay'. The (m — 1)d electrons were included in the
frozen-core approximation, and a steep penalty function was applied
such that the ratio between any new exponent and an existing
exponent, in either the orbital or auxiliary basis, is greater than or
equal to 1.3. All calculations involving dr; were carried out in a
locally modified version of the Molpro package, with optimizations
using the Nelder-Mead simplex algorithm. The reference ABS
used was the large, even-tempered set used in the orbital basis set
development.

To establish a set of baseline values, 0r; and ARI were calculated
for the neutral atoms using the cc-pVnZ-PP-F12 OBS and matching
OptRI ABS. Analogous values were then also computed for the anion
of the atoms using the newly developed aug-cc-pVnZ-PP-F12 OBS
and the cc-pVnZ-PP-F12-OptRI ABS, with the difference between
the two sets of values highlighting any deficiencies in the latter
combination. Data for Te are presented in Table III as an example,
where, perhaps unsurprisingly, it can be seen that for all zeta levels,
both the metric for the error in integrals and the error in the
MP2-F12 correlation energy increase for the anion. The goal in
developing an aug-cc-pVnZ-PP-F12-OptRI set then becomes for the
anion error metrics to be equivalent to (or better than) those for the
neutral atom.

To achieve the above goal, an additional (optimized for the
atomic anion) diffuse function was incrementally added to each
angular symmetry in the cc-pVnZ-PP-F12-OptRI ABS and then
discarded if the resulting change in the error metrics was negligi-
ble. The number of functions retained depended on both the zeta
level of the orbital basis and which row of the Periodic Table the

ARTICLE pubs.aip.org/aipl/jcp

TABLE lll. Rl errors (relative to the reference ABS) when using the cc-pVnZ-PP-F12-
OptRI ABS for the neutral and anion Te atom. Calculations on the neutral atom use
the cc-pVnZ-PP-F12 orbital basis, while aug-cc-pVnZ-PP-F12 is used for the anion.
The values of the integral error metric, dg;, are expressed as parts per billion (ppb)
due to their small size.

Zeta level Charge Sri (ppb) ARI (UE,)
DZ Neqtral 3.63 -3.45
Anion 5.38 -14.43
7 Neutral 18.48 -3.25
Anion 22.08 6.48
Qz Neutral 28.76 3.96
Anion 31.34 7.63

element belonged to. The latter could perhaps have been antic-
ipated as the composition of the parent cc-pVnZ-PP-F12-OptRI
sets also varies with row. Final compositions of the resulting aug-
cc-pVnZ-PP-F12-OptRI sets are presented in the supplementary
material, along with the optimized exponents. For the 4p elements,
DZ was augmented with 1g function and TZ with 1i. 5p required
1f at DZ level and 1flglhli at TZ, while 6p needed 1h at DZ and
li at TZ. For all three rows, the QZ parent set was augmented
with 1h1i functions. The exponents for the group 18 elements were
determined by extrapolation of the optimized exponents for other
elements in the same row, in a similar fashion as for the orbital basis
sets. The functional form used for this extrapolation is given in the
supplementary material.

The distributions of both dr; and ARI for the DZ quality
basis sets are shown in Fig. 1 as violin plots. It can be seen that
both error metrics change significantly when the cc-pVDZ-PP-F12-
OptRI basis is used for the anion of the atom (middle distribution
in each panel), but the error distributions resulting from the new
aug-cc-pVDZ-PP-F12-OptRI set for the anion (rightmost distri-
bution) closely resemble those when cc-pVDZ-PP-F12-OptRI is
used for the neutral atom (leftmost), which meets the qualitative
aim outlined above and hence indicates a similar quality of RI
approximation for the anion as for the neutral atom. Violin plots
of the RI errors at the TZ and QZ levels are presented in the
supplementary material, where similar trends can be seen.

For the first and second row elements, adding tight s and p
functions to the OptRI basis produced a significant increase in the
CABS singles correction to the Hartree-Fock energy, resulting in
the OptRI + auxiliary sets.”” As part of the development of the
present RI sets, the effect of adding tight s, p, and d functions in
the CABS singles correction was also examined, but it was found to
be negligible.

Ill. COMPUTATIONAL METHODOLOGY

The atomic electron affinities (EAs) are calculated as

EA = E(neutral) — E(anion)

at the CCSD(T)-F12b level of theory using the Molpro package.”* >’
The Molpro default ansatz of 3C(FIX) was used,”’ along with a

J. Chem. Phys. 160, 114102 (2024); doi: 10.1063/5.0197210
© Author(s) 2024

160, 114102-4

9G:€1:2l ¥20C YdieN Gl


https://pubs.aip.org/aip/jcp

The Journal
of Chemical Physics

(@) 40-

30

-10 -

dri (ppb)

o

Anion/regular  Anion/augmented

Charge/ABS

Neutral/regular

ARTICLE pubs.aip.org/aipl/jcp

(b)

40-

20~

ARI (uEp)

-20-

Anion/regular  Anion/augmented

Charge/ABS

Neutral/regular

FIG. 1. Distribution of the errors in the RI approximation due to using OptRI auxiliary sets (relative to a large, even-tempered reference) with DZ quality basis sets for 15
heavy p-block elements. (a) Error in the multielectron integrals expressed through the &g, metric. (b) Error in the MP2-F12 correlation energy. Each panel shows three
charge/ABS pairs, where the charge specifies the neutral atom or its anion, and the ABS is either the regular cc-pVDZ-PP-F12-OptRI or the newly developed augmented
aug-cc-pVDZ-PP-F12-OptRI. Calculations on the neutral atom use the cc-pVDZ-PP-F12 OBS, while the aug-cc-pVDZ-PP-F12 OBS is used for the anion.

geminal Slater exponent of 1.0 a" at all zeta levels. Open-shell cal-
culations were carried out using restricted open-shell Hartree-Fock
(ROHF), with the spin-restriction relaxed in the CCSD component,
which could be abbreviated as R/UCCSD(T)-F12b. To investigate
the effect of the additional diffuse functions on the EAs of the
heavy post-d elements, calculations were carried out with both the
existing cc-pVnZ-PP-F12 and the newly developed aug-cc-pVnZ-
PP-F12 families of OBSs and ABSs. The ABSs used in the fitting of
the Coulomb and exchange integrals were def2-QZVPP-JKFit and
def2-AQZVPP-JKFit, respectively. Unless otherwise stated, only the
valence s and p electrons were correlated.

To establish CBS limits for EAs, a number of extrapolation for-
mulae were used. For HF calculations, the two-point extrapolation
of Karton and Martin is often used, which is given by

Ef" = Echs + A(L + 1) exp (-9VL), )

where L is the highest angular symmetry present in the orbital basis
set.”> For lighter elements with conventional correlation consistent
basis sets, L + 1 would be equivalent to #n + 1, where # is the basis
set cardinal number. However, this does not account for the F12
specific basis sets incorporating aug-cc-pV(n + 1)Z functions for the
lower angular symmetries and, hence, could potentially lead to CBS
estimates that are too low in energy. To ensure a more conservative
estimate of the HF CBS limit, it is proposed that L + 1 in Eq. (2) can
be replaced with n + 2 when F12 specific basis sets are used [(n + 1)
from the basis set construction, combined with the (n + 1) from the
extrapolation], leading to

ENF = EoRg + A(n +2) exp (=9v/n). (3)

The CABS singles correction is not used in this extrapolation.
The HF limit can also be approximated by taking the HF energy

evaluated with the largest available F12 specific basis set (aug-cc-
pVQZ-PP-F12 in this case) and adding the CABS singles correction.
The two approaches of using either Eq. (3) to extrapolate the
aug-cc-pVTZ-PP-F12 and aug-cc-pVQZ-PP-F12 results [denoted
CBS(T, Q) herein] or aug-cc-pVQZ-PP-F12 plus CABS correction
(QZ + CABS) are briefly compared below.

Extrapolation of the CCSD-F12b and (T) correlation energies
used the generalized two-point formula of Schwenke,

corr corr corr corr
Ecps = (Elarge - Esmall)F + Egmall> (4)

where, in principle, F can be any function or scalar value.”” In
this case, Eqa and Ejo. are the correlation energy components
evaluated with aug-cc-pVTZ-PP-F12 and aug-cc-pVQZ-PP-F12,
respectively. The CCSD-F12b and (T) components are extrapolated

separately, using F = 1.363 388 and F = 1.769 474, respectively.'”

IV. RESULTS AND DISCUSSION

The electron affinities of Ga-Br, In-1, and TIl-At have previ-
ously been computed using a relativistic coupled-cluster version of
the Feller—Peterson-Dixon (FPD)**”” composite method, " which
included contributions from higher order correlation effects (CCS-
DTQ), Lamb shift quantum electrodynamics effects (QED), and
spin-orbit (SO) coupling including the Gaunt contribution. The
calculated values have a mean unsigned error of 0.20 kcal mol™
relative to the experimental data available at the time, and the
same work predicted theoretical best-estimates of the EAs for Po
and At, which did not have experimental values. Subsequently, the
EA of astatine has been measured,”® and more accurate values for
gallium and thallium have been determined.”” °' In this work, the
goal is not to revisit the effects of higher order correlation, SO
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TABLE IV. Convergence of the HF energy (Ej,) for the neutral ground-state of the 5p atoms In-Xe using the aVnZ-F12 basis
sets. These basis sets are paired with the ECP28MDF pseudopotential.

Element aVDZ-F12 aVTZ-F12 aVQZ-F12 CBS(T, Q) QZ + CABS
In —189.207 442 —189.207 561 -189.207 674 —-189.207 688 -189.207 674
Sn -213.336538 -213.336712 -213.336 845 —-213.336 861 —-213.336 845
Sb —239.275 839 -239.275995 —239.276 028 —239.276 032 —239.276 028
Te —266.999 965 —267.001 653 —267.001 798 —267.001 815 —267.001 809
I —-294.656 091 —-294.657 733 —294.657 945 —-294.657 971 —294.657 964
Xe —328.298 669 —328.299 143 —328.299 193 —-328.299199 —328.299 193

coupling, etc., but rather to investigate the performance of the
aug-cc-pVnZ-PP-F12 basis sets developed in this work and their use
in estimating CCSD(T) basis set limits. For this reason, the EAs are
reported in kcal mol ™!, rather than eV.

Two methods for estimating the HF CBS limit using F12
specific basis sets are described in Sec. I1I: CBS(T, Q), which uses
a CBS extrapolation formula, and QZ + CABS, which relies on
the CABS singles correction. To first calibrate the performance of
CBS(T, Q), estimates of the HF/CBS limit are calculated for the
neutral ground-state atoms of the 18 heavy post-d elements and
compared to the equivalent CBS limits estimated using Eq. (2) with
the conventional aug-cc-pVQZ-PP and aug-cc-pV5Z-PP basis sets.
The mean unsigned deviation between these two estimates is 17
pE,, with a mean signed deviation of —10uE, , where the negative
sign indicates that the CBS(T, Q) estimate produces a lower energy
value. The excellent agreement between the conventional and F12
basis set specific extrapolation methods suggests that CBS(T, Q) is
producing reasonable estimates of the CBS limits, and as it tends
to produce a slightly lower energy, the modifications in Eq. (3) to
produce a more conservative estimate are vindicated.

With CBS(T, Q) established as a reasonable methodology
for estimating HF/CBS limits of these neutral atoms, Table IV
shows a comparison of this CBS(T, Q) approach with the simpler
QZ + CABS for the 5p atoms In-Xe, where it can be seen that
CBS(T, Q) always produces a slightly lower energy with a mean
deviation between the two estimates of ~9uE, . The table also shows
the convergence of the HF energy with respect to basis set cardinal

(in parentheses) is the effect of the additional diffuse higher angu-
lar momentum functions, evaluated as the difference in the EA with
the aVnZ-F12 orbital basis compared to the analogous VnZ-F12
basis. Unsurprisingly, the additional diffuse functions always
produce EAs that are closer to CBS estimates, and the general trend
is that the effect of the diffuse functions is largest at the DZ level,
reduces through TZ, and is smallest at QZ. However, for the 6p
elements Tl-At, the effect is slightly larger at the TZ level than at
DZ or QZ. In all cases, the EA converges rapidly toward the esti-
mated CBS limit, with the difference between aVQZ-F12 and CBS in
the range of 0.02-0.06 kcal mol™" per correlated electron.

The convergence of the EAs for Ga, Te, and Bi is also shown
graphically in Fig. 2, where the explicitly correlated CCSD(T)-F12b
results with the aVnZ-F12 and VnZ-F12 basis set families are
also compared to the conventional CCSD(T)/aug-cc-pVnZ-PP*""*
[denoted aVnZ (conv)] values. For Ga, where the basis set effect on
EA is small, it can be seen that explicit correlation with the existing
VnZ-F12 basis sets holds almost no advantage over conventional
results at the same zeta-level. The addition of the higher angular
momentum diffuse functions improves the F12 results, and this

TABLE V. Convergence of CCSD(T)-F12b electron affinities (kcal mol~") with respect
to orbital basis set. Values in parentheses indicate the change relative to using the
analogous VnZ-F12 orbital basis set.

number, where it can be seen that for In and Sn, the improvement Element aVDZ-F12 aVIz-F12 avQz-F12 CBS
in the HF energy is roughly linear, presumably due to changes in Ga 6.92 (0.43) 7.59 (0.26) 7.65(0.12) 7.71
energy between successive basis set cardinal numbers being small Ge 29.82 (0.32) 30.95 (0.17) 31.05 (0.07) 31.15
even at the DZ to TZ level. This suggests that the CBS estimates for As 13.54 (0.56)  16.22(0.28)  16.80(0.14)  17.06
these two elements may be slightly too conservative. For the other Se 4448 (0.44)  46.26 (0.20)  46.96(0.09)  47.28
elements considered, the energy appears to be rapidly converging Br 79.14 (0.38) 79.69 (0.15) 80.49 (0.09) 80.84
toward a limiting value, with a relative large change from DZ to TZ In 9.16 (0.30) 9.93 (0.19) 10.00 (0.12) 10.05
and a small change from TZ to QZ. Comparing the QZ + CABS data Sn 31.12(0.19)  32.42(0.13)  32.52(0.05)  32.62
in Table IV with that for aVQZ-F12 indicates that the CABS singles Sb 16.87 (0.38) 19.95 (0.26) 20.64 (0.21) 20.94
correction is very small, clearly less than 1 uE, for In, Sn, Sb, and Xe. Te 44.67 (0.38)  46.75(0.26)  47.57(0.16)  47.95
As the CABS correction is small, and there is little deviation between I 75.02 (0.30)  75.59 (0.21)  76.51(0.18)  76.94
CBS(T, Q) and QZ + CABS, CBS(T, Q) is used for estimating HF 7] 6.74 (0.33) 7.35 (0.46) 7.37 (0.24) 7.42
CBS limits herein. Pb 28.43 (0.20) 29.47 (0.35) 29.49 (0.15) 29.57

The CCSD(T)-F12b/aVnZ-F12 electron affinities for the heavy Bi 14.91 (0.36) 17.75 (0.62) 18.42 (0.32) 18.71
p-block elements Ga-Br, In-I, and TI-At are given in Table V, Po 41.66 (0.25)  43.59 (0.43)  44.33(0.21)  44.68
along with a CBS estimate based on using CBS(T, Q) for the HF At 70.60 (0.19)  71.16 (0.36)  71.97(0.18)  72.36

energies and Eq. (4) for the correlation contributions. Also shown
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FIG. 2. Convergence of the CCSD(T) electron affinities for Ga, Te, and Bi using conventional CCSD(T) [aVnZ (conv)] and explicitly correlated CCSD(T)-F12b (new aVnZ-F12
and existing VnZ-F12). The estimated CBS limits are shown as horizontal dashed lines and were obtained by extrapolation of the aVnZ-F12 results withn =T, Q.

is particularly striking at the TZ level, where the F12 EA is the
same as the conventional aV5Z result. For Te and Bi, the effect
of using F12 is more apparent, even with the existing VnZ-F12
sets, but it is still clear that the additional diffuse functions
included in aVnZ-F12 produce EAs closer to the CBS limit and that
CCSD(T)-F12b/aVnZ-F12 rapidly approaches the estimated CBS
limit. It was noted above that the EAs of the 6p elements are
significantly improved by additional functions at the TZ level, and
this can be seen for Bi in Fig. 2 (right panel), where the overall
effect is a smoother and quicker convergence toward the CBS limit.
The improvement in convergence with respect to basis set shown in
Fig. 2 indicates that the estimated CBS limits from this work, based
on explicitly correlated energies, are likely to be an improvement
over those based on extrapolations of conventional CCSD(T)
energies with aug-cc-pVnZ-PP (n = Q, 5) basis sets.

Table VI shows a comparison of the CBS estimates for the EAs
of the heavy p-block elements from two different approaches: the
CBS(T, Q) approach based on F12 methods used in this work and the
estimates of Finney and Peterson based on conventional CCSD(T)
with aug-cc-pwCVnZ-PP (n = Q, 5) basis sets.”® In the latter, the HF

The combined post-frozen-core CCSD(T) contributions to EAs
from the additive FPD approach, previously published by Finney
and Peterson (AFPD),”*" are also reproduced in Table VI. This
includes correlation of outer-core electrons, a correction for using
scalar relativistic PPs, higher order correlation effects, QED effects,
and SO coupling. These individual contributions are analyzed in
detail in the work of Finney and Peterson and have been com-
bined into a single value here for convenience. The SO contribution
dominates AFPD,” but it is interesting to note that the improve-
ments to the frozen-core CBS estimates in this work are of the same
magnitude as the corrections for using PPs, higher order correlation
effects, or QED. In the case of thallium, the difference between the
two CBS estimates is greater than the total AFPD, but this reflects

TABLE VI. Comparison of CBS estimates of electron affinities (kcal mol=") from
conventional CCSD(T) (Finney) and CCSD(T)-F12b (this work). A total of additive
contributions from the FPD composite method (AFPD) taken from Ref. 57 are added
to the CBS estimate from this work to produce revised final FPD values.

energies were extrapolated using Eq. (2) (replacing L with the basis CB§ .CBS _ Revised

set cardinal number ), and the extrapolated frozen-core CCSD(T) ~ Element  (Ref.56)  (this work) ~AFPD”"  final FPD  Expt.
correlati_on energies were produced using the formula of Martin as Ga 7.64 771 _0.67 7.04 6.95%°
follows:™ Ge 31.03 31.15 ~238 2877  2843%
B As 16.93 17.06 +1.47 18.53 18.54%
E;”" = Ecps + —_— Se 47.08 47.28 -0.51 46.77 46.60%
(n+1/2) Br 80.59 80.84 -3.08 7776  77.57%
In 9.98 10.05 -1.07 8.98 8.85°7
It can be seen that the CBS limits of this work are consistently larger Sn 32.49 32.62 -6.23 26.39 25.64%
than those of Finney and Peterson, although the difference is small Sb 20.84 20.94 +3.22 24.16 24.15%
with a mean average of 0.15 kcal mol™! and the largest deviation Te 47.77 47.95 -2.19 45.76 45.457°
occurring for iodine (0.26 kcal mol ™). Perhaps more significantly, I 76.68 76.94 -6.12 70.82 70.54"
a comparison of Table V with Table VI highlights that, for the Tl 7.36 7.42 +0.03 7.45 7.38°!
group 13 and 14 elements considered, CCSD(T)-F12b/aVQZ-F12 Pb 29.46 29.57 -20.95 8.62 8.2372
computes EAs that are beyond the CBS estimates of Finney and Bi 18.58 18.71 +3.86 22.57 21.737

Peterson, suggesting that the latter are underestimates of the true Po 44,51 44.68 -10.30 34.38
CBS limit. This adds additional justification to the revised CBS At 72.15 72.36 -16.32 56.04 55.71°%

estimates of this work.

J. Chem. Phys. 160, 114102 (2024); doi: 10.1063/5.0197210
© Author(s) 2024

160, 114102-7

9G:€1:2l ¥20C YdieN Gl


https://pubs.aip.org/aip/jcp

The Journal
of Chemical Physics

the fortuitous cancellation of post-frozen-core CCSD(T) effects for
the EA of this element.

The penultimate column of Table VI reports revised final FPD
values that have been constructed by summing the CBS estimates
from this work with the AFPD of Finney and Peterson. Due to the
small nature of the revisions to these FPD EAs, the conclusions
of Finney and Peterson would be largely unchanged, although the
uncertainty in the final values due to the frozen-core CBS estimate
would be slightly reduced. Table VI also summarizes the available
experimental EAs. For Ga, T1, and At, where accurate experimen-
tal values have been determined since the work of Finney and
Peterson,”” °' the agreement between the revised FPD data of this
work and experiment is excellent, matching the trends for the other
elements investigated.

There remains a question of how important are the higher
angular momentum diffuse functions developed in this work to
the EAs of the heavy p-block elements. While the overall effect of
including these functions is displayed in Tables V, it is interesting
to place the magnitude of this change into context with the effect
of post-frozen-core CCSD(T) contributions. Outside of SO effects,
the largest FPD contribution to the EAs is correlation of outer-core
electrons;’® hence, Table VII shows a comparison of the effect
of augmenting with higher angular momentum diffuse functions
(Aaug) with the effect of correlating the (m — 1)d electrons (Ad).
This Ad is evaluated as the difference between the EAs with
msp + (m —1)d electrons correlated and those with only the msp
valence electrons correlated. In both cases, the newly developed
aug-cc-pVnZ-PP-F12 orbital and auxiliary basis sets are used with
a geminal Slater exponent of 1.0 aj'. Calculations with separate
geminal exponents for the valence and outer-core electrons were
not tested in this case but would be likely to yield further
improvements.”” A comparison of the absolute values of Aaug and
Ad for any given basis set shows that these two contributions to the

TABLE VII. Effect on the CCSD(T)-F12b EAs (kcal mol~") of the heavy p-block ele-
ments at each basis set zeta-level from augmentation with additional higher angular
momentum diffuse functions (Aaug) and from correlation of (m — 1)d electrons (Ad).

DZ TZ Qz

Element  Aaug Ad Aaug Ad Aaug Ad

Ga +0.43 -0.38 +0.26 -0.26 +0.12 -0.31
Ge +0.32 +0.03 +0.17 +0.11 +0.07 +0.07
As +0.56 +0.17 +0.28 -0.01 +0.14 -0.12
Se +0.44 +0.23 +0.20 +0.13 +0.09 +0.04
Br +0.38 +0.18 +0.15 +0.15 +0.09 +0.11
In +0.30 -0.57 +0.19 -0.33 +0.12 -0.30
Sn +0.19 -0.07 +0.13 +0.12 +0.05 +0.18
Sb +0.38 +0.27 +0.26 +0.17 +0.21 +0.01
Te +0.38 +0.34 +0.26 +0.39 +0.16 +0.26
I +0.30 +0.31 +0.21 +0.42 +0.18 +0.39
Tl +0.33 -0.12 +0.46 +0.22 +0.24 +0.34
Pb +0.20 +0.32 +0.35 +0.64 +0.15 +0.82
Bi +0.36 +0.70 +0.62 +0.65 +0.32 +0.51
Po +0.25 +0.67 +0.43 +0.84 +0.21 +0.77
At +0.19 +0.49 +0.36 +0.83 +0.18 +0.83

ARTICLE pubs.aip.org/aipl/jcp

EA are of roughly the same magnitude; hence, the addition of higher
angular momentum diffuse functions is of the same importance as
accounting for the correlation of (m — 1)d electrons.

Focusing momentarily on the convergence of Ad with respect
to basis set size, it can be seen in Table VII that convergence appears
to be rapid, with the TZ results close to those from QZ. As expected,
there is a larger, although still relatively small, difference between Ad
at the DZ level and the same quantity evaluated with the TZ basis.
In some cases, namely As, Sn, and T1, the Ad contribution changes
sign between DZ and TZ, indicating that Ad should be evaluated
at the TZ level or better. It is also noted that the QZ Ad contri-
bution of Table VII is very close to the ACV values reported by
Finney and Peterson,” with a mean absolute deviation of 0.06 kcal
mol™" and a maximum deviation of 0.12 kcal mol™'. The ACV
values are based on extrapolations to the CCSD(T)/CBS limit using
aug-cc-pwCVnZ-PP (n= Q, 5) basis sets with all electrons not
replaced by the PP correlated; hence, these also correlate the
(m — 1)sp electrons along with (m — 1)d. Overall, the rapid conver-
gence of Ad and the excellent agreement with ACV reinforce the
finding that F12 methods with the (aug-)cc-pVnZ-PP-F12 family
of basis sets are an efficient way of recovering this important
correlation effect.”®

V. CONCLUSIONS

New higher angular momentum diffuse functions have been
developed for augmenting the cc-pVnZ-PP-F12 (n = D, T, Q) basis
sets for the heavy p-block elements Ga-Kr, In-Xe, and TI1-Rn, to
be used in explicitly correlated electronic structure calculations.
Following the established correlation consistent basis naming
convention, these new sets are denoted aug-cc-pVnZ-PP-F12. In
addition to orbital basis sets, matching auxiliary basis sets for use
in the density fitting of two-electron repulsion integrals (MP2Fit)
and complementary auxiliary basis sets for the RI in F12 methods
(OptRI) have also been developed. Benchmark calculations of
electron affinities at the CCSD(T)-F12b level of theory with the
new basis sets demonstrates the importance of the additional diffuse
functions, leading to an improvement in convergence toward the
complete basis set limit. To produce revised CBS estimates of the
EA, a minor modification of the HF two-point extrapolation of
Karton and Martin is proposed, which takes account of the
additional s-, p-, and d-type functions in the F12 specific basis
sets for these elements.”””” When combined with a Schwenke-type
extrapolation of correlation energy, this leads to slightly greater CBS
estimates of the frozen-core CCSD(T) electron affinities compared
to those from previously published conventional CCSD(T) results.
These new CBS estimates were then combined with the composite
AFPD contribution of Finney and Peterson to produce revised
theoretical “best-estimates” of the EAs. It was found that the new
higher angular momentum diffuse functions are approximately as
important to the EA as the correlation of outer-core electrons, which
is the biggest post-frozen-core CCSD(T) contribution outside of
spin-orbit coupling effects.”®

All of the basis sets developed in this work are provided in
machine readable format in the supplementary material. They will
also be made available for download from the online repository of
correlation consistent basis sets (ccRepo)’® and incorporated into
the Molpro basis set library.
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SUPPLEMENTARY MATERIAL

See the supplementary material for the exponents of the basis
sets developed in this work, both orbital and auxiliary, in Molpro
format. Also included are the absolute energies of the neutral atoms
and anions used in the calculation of the electron affinities and
details on the interpolation formulae, and the resulting exponents
for the noble gas elements, along with further data used to determine
the process to augment the MP2Fit auxiliary sets with additional
diffuse functions. The final composition of the OptRI auxiliary sets
and the violin plots demonstrating their performance at the TZ and
QZ levels are also provided in the supplementary material.
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