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ABSTRACT
A series of basis sets optimized for the calculation of the hyperfine coupling constant is proposed. The pcH-n basis sets are defined in qualities
from double-ζ to pentuple-ζ for the elements H to Ar. They are derived from the polarization consistent basis sets by addition of two tight
s-functions and one tight p-, d-, and f -function and are shown to provide an exponential convergence toward the complete basis set limit, and
they have significantly lower basis set errors than other commonly used basis sets for a given ζ quality. The pcH basis sets display very similar
basis set convergence with a range of density functional theory methods and may also be suitable for wave function based methods.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5128286., s

INTRODUCTION

Electron spin resonance (ESR) is the electronic analog to
nuclear magnetic resonance (NMR) and can similarly be used for
probing molecular structures. While NMR can be used for any sys-
tem containing nuclei with nonzero spins, ESR requires that the
molecule has at least one unpaired electron and a sufficiently long
lifetime, and such systems are less common. The main exceptions are
systems involving transition metals1 or nitrogen-based molecules
acting as spin traps.2 The latter can be used for generating sta-
ble adducts of transient radicals, with the structure of the adduct
providing structural information on the primary radical species.3

An NMR spectrum is determined by two key parameters, the
nuclear magnetic shielding and indirect spin-spin coupling con-
stants. The nuclear magnetic shielding constant determines the
position in the spectrum where a given nucleus resonates, while
the spin-spin coupling constant determines the number of peaks
by coupling to other nuclei. Both the nuclear magnetic shielding
and spin-spin coupling constants are sensitive to the local elec-
tronic structure of the nuclei and thus provide information regard-
ing the functional group and the bonding environment. The ESR
equivalent of the nuclear magnetic shielding tensor is the elec-
tronic g-tensor, while the interaction between the electron and
nuclear magnetic moments is provided by the hyperfine coupling
tensor.4,5 If the system has multiple unpaired electrons, there will,
in addition, be electron spin-spin interactions that can be quantified

in terms of zero-field splitting parameters.6 The g-tensor and hyper-
fine coupling tensor are in analogy with NMR sensitive to the molec-
ular structure and thus carry structural information. The use of this
information for deducing the molecular structure has traditionally
been by empirical correlation models, but it is increasingly being
provided by direct calculation of the spectroscopic constants for a
given molecular structure.7

The electronic g-tensor can with a nonrelativistic wave func-
tion be calculated as the mixed second derivative of the molecular
energy with respect to an external magnetic field and the electron
spin; the hyperfine coupling tensor is the mixed second deriva-
tive with respect to a nuclear and an electron spin, while zero-field
parameters are obtained from the second derivative with respect to
two different electronic spins.4 These second derivatives are analo-
gous to their NMR quantity tensors and can be decomposed into
isotropic and anisotropic components. Only the isotropic part is
visible in the spectra under solution phase conditions and is often
referred to as a (scalar) constant, being 1/3 of the trace of the 3 × 3
tensor. The anisotropic component is visible in spectra performed
on samples in the solid state and is important for relaxation pro-
cesses in solution phase experiments. The hyperfine coupling tensor
provides information about the interaction of the unpaired elec-
tron(s) and different (magnetic) nuclei and can be used for probing
the molecular structure.5 These quantities can be calculated with
wave function or density functional methods at different degrees of
sophistication.4,8
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Standard basis sets often provide a slow basis set convergence
for molecular properties, and basis sets optimized for specific prop-
erties can significantly improve the computational efficiency for a
given target accuracy.9 In previous work, we have developed hierar-
chies of basis sets (pcSseg-n and pcJ-n) that provide a fast and stable
convergence toward the complete basis set (CBS) limit for NMR
nuclear magnetic shielding and spin-spin coupling constants.10–15 In
the present work, we propose a family of basis sets that in a system-
atic fashion can approach the basis set limit for calculating hyperfine
coupling constants (HFCs) for molecules composed of atoms from
the first three rows in the periodic table (up to Ar). These polariza-
tion consistent basis sets for hyperfine coupling constants (pcH-n)
can be considered as the ESR equivalent of the pcJ-n basis sets for
NMR spin-spin coupling constants. The similarity of the equations
for calculating NMR spin-spin coupling and ESR hyperfine coupling
tensors suggests that these will have similar basis set requirements,
and the present work confirms this, although the conclusion is that
the optimum contraction of the pcH basis sets is different from the
pcJ basis sets.

THEORY

In a nonrelativistic perturbation approach, the hyperfine cou-
pling tensor to nucleusK can be written as a sum of isotropic (Fermi-
Contact, FC) and anisotropic (Spin-Dipole, SD) components,4,5,16

AK = AFC
K I3 + ASD

K . (1)

The two components can be calculated as expectation values of the
operators in the following equations:

HFC = 8π
3
α2gegKμBμN∑

i
δ(riK)si ⋅ IK , (2)

HSD = α2gegKμBμN∑
i
si ⋅ (3riKrtiK − r2

iKI3

r5
iK

) ⋅ IK . (3)

Here, α is the fine structure constant, ge/K are the electron and
nuclear g-factors, μB/N are the Bohr and nuclear magneton constants,
riK is the electron-nucleus distance, and si and IK denote the elec-
tron and nuclear spin operators, respectively. The FC contribution is
determined by the electron spin density at the nuclear position, while
the SD contribution is sensitive to the quality of the wave function
at short distances to the nucleus due to the presence of the effective
r−3

iK factor. This suggests that standard basis sets may need modifi-
cations in order to provide a fast and stable convergence toward the
CBS.

The anisotropic SD part averages to zero for molecules in the
gas or solution phase, and only the isotropic FC contribution is
here observable, but the anisotropy is important for the relaxation
phenomenon and for spectra in solid state phases. Previous stud-
ies have indicated that the FC contribution is more sensitive to the
basis set quality than the SD contribution.17–19 Standard basis sets
are, in general, inadequate for a reliable calculation of the hyper-
fine coupling tensor,20 and augmentation with several tight (large
exponent) basis functions and employing a reduced contraction are
necessary to avoid large basis set errors.17,21 Munzarova and Kaupp
have investigated the basis set convergence and density functional
theory (DFT) dependence for transition metal systems.22 Barone and
co-workers have proposed the N07D23 and EPR-II/III24 basis sets for

calculating HFCs. The N07D basis set is of double-ζ quality and is
based on the 6-31G basis set with added core-valence s-type func-
tions, and a set of polarization and diffuse p- and d-type functions
optimized for HFCs with the B3LYP functional. The EPR-II and
EPR-III basis sets are of double-ζ and triple-ζ quality, respectively,
and are based on the Huzinaga-Dunning basis sets with added tight
s-type functions and augmented with polarizing functions with the
inner-core region uncontracted. Investigations on HFCs in nitrox-
ide radicals by Hermosilla et al. found that the 6-31G(d) and N07D
basis sets give values closer to experiment than the larger TZVP and
EPR-III basis sets, which were previously reported to provide accu-
rate HFCs.25 Schattenberg et al. have recently investigated HFCs
for transition metal complexes for a range of DFT functionals and
used a contracted 9s7p4d basis set for the metals and the IGLO-III
basis set for ligand atoms.26 Fernandez and co-workers have used
the Dunning cc-pVTZ basis set in their uncontracted form and
augmented them with one set of diffuse and four sets of tight
functions.17–19 Chipman has proposed a 9s5p basis set augmented
with a set of diffuse functions, contracted to 7s4p, and one addi-
tional d-function for second row atoms.27 Datta and Gauss reported
highly accurate HFCs using coupled-cluster based methods and fully
uncontracted aug-cc-pCVXZ (X = T, Q, 5) augmented with five tight
s-type functions.28

The two operators in Eqs. (2) and (3) are also involved in the
calculation of the indirect nuclear spin-spin coupling constant where
it was found that the addition of two tight s-type functions to the
pc-n series of basis sets was optimal for converging the FC contri-
bution, while the addition of tight p-, d-, and f -type functions was
necessary for converging the SD contribution.12 As will be shown in
the remaining part of this paper, these requirements carry over to
the calculation of HFCs.

We note that Hiller, Sucher, and Feinberg,29 and Harriman30

have shown that the FC operator can be rewritten as a global oper-
ator and Rassolov and Chipman have investigated this,31–33 and this
approach is likely to have different basis set requirements.

COMPUTATIONAL DETAILS

All calculations have been done using the Dalton program
package34 and the B3LYP functional35,36 within the restricted/
unrestricted formalism37 for calculating the HFC. The B3LYP func-
tional has in other work been found to be a suitable functional for
calculating HFCs,25 but the basis set requirements are insensitive to
the specific exchange-correlation functional, as shown in Table IV.
Molecular geometries for the first and second row atoms were taken
as the experimental ones38 in order to facilitate comparison with
previous work, while the third row molecules were optimized at the
UB3LYP/pc-2 level of theory. Only the basis set convergence of the
HFC is considered in the present work, and no attempt is made to
compare with experimental values, as this requires attention to the
molecular geometry, the exchange-correlation functional, and vibra-
tional and solvent effects. The CBS estimates have been obtained
by adding 3s1p1d1f tight (large exponents) basis functions to the
uncontracted pc-4 basis set with exponents corresponding to a suc-
cessive scaling of the innermost exponent with factors of 9, 12.5, and
25 for s-type functions and scaling factors for the p-, d-, and f -type
functions taken from Table 6 in Ref. 12. Table I shows the employed

J. Chem. Phys. 151, 174107 (2019); doi: 10.1063/1.5128286 151, 174107-2

Published under license by AIP Publishing

https://scitation.org/journal/jcp


The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp

TABLE I. Molecules used for optimizing and testing the pcH-n basis sets, with estimated B3LYP complete basis set isotropic
and anisotropic components of the hyperfine coupling constants (MHz) and isotropic experimental values for comparison (no
sign information).39–44 Atom1 and Atom2 refer to the atomic left to right order in the Molecule column.

Isotropic component Anisotropic component

Experimental B3LYP-CBS

Molecule Bond length (Å) Atom1 Atom2 Atom1 Atom2 Atom1 Atom2

2BO 1.204 5 1024.9 14.0 1087.411 −10.553 −9.788 7.409
2CH 1.119 9 47.1 57.7 56.334 −47.693
2CN 1.171 8 588.0 13 572.039 −18.838 −20.786 −7.522
2CO+ 1.115 1 1573.0 18.5 1596.619 31.477 −17.823 13.767
2FO 1.320 0 205.5 168.836 −48.665
3NH 1.036 2 20 70 19.732 −56.135 7.947 −10.143
2NO 1.150 77 22 19.030 −27.223
3O2 1.207 52 55 −40.262 −16.130
2OH 0.969 66 51.3 71.5 −66.458 −45.399
2AlO 1.621 4 766 506.997 8.653 −20.283 22.464
2Cl2− 2.716 6 109.0 75.708 −29.902
2SH 1.347 3 65.0 −40.559 16.691
2SiN 1.565 2 58.376 148.601 −10.944 25.00

geometries and B3LYP CBS estimates of the HFCs, as well as the
experimental results. The latter are provided to give a measure of
the nonbasis set errors, primarily from the employed functional and
neglect of vibrational effects.

DEFINING THE pcH-n BASIS SETS

Our approach for probing HFC basis set requirements follows
the procedure used for similar investigations for other molecular
properties.10,12,45 We first establish CBS estimates of the molec-
ular property for a selection of test systems and then probe for
basis set deficiencies in the uncontracted pc-n basis sets.46 Identi-
fied deficiencies are patched by adding augmenting functions with
exponents determined by maximizing the change in the property.
The optimum number of augmenting functions at a given ζ quality
level is determined by the criterion that the change in the prop-
erty by addition of one additional function is less than the inher-
ent basis set error, defined as the error relative to the CBS limit.
The uncontracted pc-n basis sets augmented with property specific
basis functions are subsequently contracted, again using the inher-
ent basis set error as the maximum allowed contraction error as a
criterion.

Focusing first on the isotropic contribution arising from the
FC operator and using the molecules in Table I as our test systems,
the basis set deficiencies relative to the uncontracted pc-n basis sets
were found to be only the lack of s-functions with sufficiently large
exponents. This is as expected since the FC operator depends on the
spin density at the nuclear position, and higher angular momen-
tum basis functions located at the nucleus cannot make a direct
contribution to this, although all types of basis functions located
on other nuclei can contribute. Figure 1 shows the change in the
isotropic HFC for C in CH at the upc-1, -2, -3, and -4 levels by

the addition of s-type basis functions with exponents determined by
maximizing the effect of the added functions. Addition of up to two
s-type functions gives a significant improvement, but further addi-
tions lead to changes less than the remaining error in the basis set at
a given ζ level. This behavior is a representative for all the isotropic
HFC in Table I and thus suggests augmentation with two additional
s-functions at the upc-1,-2, -3, and -4 levels. The optimum exponent
values display sufficient regularity across the molecular systems and
basis sets that standard values can be assigned based on scaling the
largest exponent in the regular pc-n basis sets with successive factors
of 12.5 and 25. These findings are the same as for the FC contribution
to the NMR spin-spin coupling constants.12

The anisotropic contribution arising from the SD operator was
probed for the systems in Table I having wave functions of Σ sym-
metry (BO, CN, CO+, NH, O2, AlO, Cl2−, and SiN), where the
anisotropy is defined as (A||-A�)/3. The basis set deficiencies rela-
tive to the uncontracted pc-n basis sets were identified as the lack of
tight p-, d-, and f -type function, again in agreement with the findings
for NMR spin-spin coupling constants.12 We thus define the uncon-
tracted pcH-n basis sets by augmenting the pc-n basis sets with two
tight s-functions and one tight p-, d-, and f -type function (no f -type
for pcH-1), with the exponent ratios given in Ref. 12. The composi-
tion in terms of s- and p-functions is given in Tables II and III, and
the polarization functions for the pcH-1, -2, -3, and -4 are 2d, 3d2f,
5d3f 1g, and 7d4f 2g1h, respectively.

Basis set contraction is always a balance between accuracy and
computational efficiency, with contraction improving the computa-
tional efficiency but also degrading the quality of the results. The
maximum contraction is determined by the condition that the con-
traction error should be smaller than the inherent error of the
uncontracted basis set relative to the basis set limit. The upcH-n
basis sets are contracted using a segmented contraction scheme
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FIG. 1. Basis set convergence of the
calculated isotropic hyperfine coupling
constant for C in CH as a function of
number of added s-functions with large
exponents at the upc-1, -2, -3, and -4
levels using the B3LYP functional.

using coefficients from atomic B3LYP calculations. While the
contraction coefficients depend on the chosen exchange-correlation
functional, the variation is sufficiently small that the resulting con-
tracted basis sets are suitable for DFT methods in general, as shown
in Table IV. An accurate calculation of the FC contribution requires
a high degree of basis set flexibility near the nuclear positions, and
only a low degree of contraction is therefore expected.14,15 Table II
shows contraction errors for different contraction schemes for each

of the four pcH-n levels for the second row atoms, with the isotropic
and anisotropic inherent errors relative to the estimated CBS limit
in parentheses and square bracket, respectively, and recommended
contraction levels marked in bold. The values for the s-contraction
are with an uncontracted set of p-functions, and the values for the
p-contraction are with the s-functions uncontracted. The isotropic
part of the HFC is, in general, more sensitive to contraction than
the anisotropic part. The s-type functions can, as expected, only be

TABLE II. Contraction schemes for the second row elements with inherent and contraction rms deviations in MHz for systems in Table I, with recommended contractions indicated
in bold. Inherent errors for the isotropic part are given in parentheses in the Uncontracted columns, while the corresponding anisotropic part is given in square brackets.

Basis Uncontracted Contracted Contraction Contraction error Uncontracted Contracted Contraction Contraction error

pcH-1 9s (5.55) [0.31] 7s 3 1 1. . . 0.49 [0.00] 5p (5.55) [0.31] 4p 2 1 1. . . 0.05 [0.008]
6s 4 1 1. . . 1.97 [0.00] 3p 3 1 1 0.23 [0.05]
6s 3 2 1. . . 0.40 [0.00] 3p 2 2 1 1.19 [0.19]
5s 4 2 1. . . 3.13 [0.02] 2p 4 1 0.83 [0.38]

pcH-2 12s (1.74) [0.07] 9s 4 1 1. . . 0.54 [0.00] 7p (1.74) [0.07] 6p 2 1 1. . . 0.00 [0.001]
9s 3 2 1. . . 0.07 [0.00] 5p 3 1 1. . . 0.03 [0.009]
8s 5 1 1. . . 1.07 [0.00] 5p 2 2 1. . . 0.06 [0.01]
8s 4 2 1. . . 0.79 [0.00] 4p 4 1 1 0.05 [0.02]
7s 5 2 1. . . 9.29 [0.00] 4p 3 2 1 17.6 [0.57]

pcH-3 16s (0.38) [0.02] 14s 3 1 1. . . 0.08 [0.00] 10p (0.38) [0.02] 8p 3 1 1. . . 0.00 [0.000]
13s 4 1 1. . . 2.13 [0.00] 7p 4 1 1 0.004 [0.000]
13s 3 2 1. . . 0.82 [0.00] 7p 3 2 1. . . 0.04 [0.000]

6p 5 1 1. . . 0.07 [0.009]

pcH-4 20s (0.12) [0.00] 19s 2 1 1. . . 0.08 [0.00] 12p (0.12) [0.00] 11p 2 1 1. . . 0.05 [0.000]
18s 3 1 1. . . 0.16 [0.00] 10p 3 1 1. . . 0.05 [0.000]
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TABLE III. Contraction schemes for third row elements with inherent and contraction rms deviations in MHz for systems in Table I, with recommended contractions indicated in
bold. Inherent errors for the isotropic part are given in parentheses in the Uncontracted columns, while the corresponding anisotropic part is given in square brackets.

Basis Uncontracted Contracted Contraction Contraction error Uncontracted Contracted Contraction Contraction error

pcH-1 13s (9.26) [0.29] 7s 7 1 1. . . 11.1 [0.00] 9p (9.26) [0.29] 7p 3 1 1. . . 0.03 [0.02]
7s 6 2 1. . . 1.6 [0.03] 6p 4 1 1 .. 0.10 [0.11]
6s 7 2 1 .. 11.7 [0.01] 5p 4 2 1 .. 0.53 [0.09]
6s 6 3 1 28.9 [0.21] 5p 5 1 1 .. 0.25 [0.32]

pcH-2 15s (1.78) [0.28] 12s 4 1 1. . . 0.26 [0.00] 11p (1.78) [0.28] 9p 3 1 1. . . 0.00 [0.00]
11s 5 1 1. . . 0.39 [0.00] 8p 4 1 1. . . 0.01 [0.00]
11s 4 2 1. . . 0.24 [0.00] 7p 5 1 1 .. 0.01 [0.06]
10s 5 2 1. . . 0.39 [0.00] 6p 6 1 1. . . 0.37 [0.32]
9s 6 2 1. . . 1.34 [0.00] 6p 5 2 1. . . 0.01 [0.07]

pcH-3 19s (0.19) [0.14] 14s 6 1 1. . . 0.05 [0.00] 14p (0.19) [0.14] 9p 5 1 1 .. 0.00 [0.00]
14s 5 2 1. . . 0.01 [0.00] 8p 6 1 1. . . 0.03 [0.02]
13s 7 1 1. . . 0.11 [0.00] 7p 7 1 1. . . 0.04 [0.11]
13s 6 2 1. . . 0.08 [0.00] 6p 8 1 1. . . 0.41 [0.39]
12s 7 2 1. . . 0.14 [0.00]

pcH-4 23s (0.033) [0.00] 22s 2 1 1. . . 0.002 [0.00] 17p (0.033) [0.00] 16p 2 1 1. . . 0.00 [0.04]
21s 3 1 1 .. 0.006 [0.00] 15p 3 1 1 .. 0.00 [0.04]
20s 4 1 1 .. 0.018 [0.00] 14p 3 2 1 .. 0.00 [0.04]

slightly contracted, and the HFC is also sensitive to contraction of
the p-type functions. It should be noted that the isotropic HFCs in
Table I display a large variation, ranging from ∼20 MHz for N in NH
to ∼1600 MHz for C in CO. Contraction errors of several MHz might
be acceptable for large coupling constants but not for small coupling
constants. Defining the contraction error in terms of percentage,
on the other hand, will bias the results toward isotropic HFCs with
small absolute values. The contraction errors in Tables II and III are
given as root mean squared (rms) deviations relative to the corre-
sponding uncontracted basis sets and with the inherent error being
the rms deviation of the uncontracted basis set relative to the CBS
estimate. The recommended contractions are selected such that the
combined contraction error from the s- and p-contractions is below
the inherent errors.

The pcH-4 basis set provides results very close to the estimated
CBS limit, and almost any contraction destroys the inherent accu-
racy. Since the computational savings by a low degree of s- and
p-contraction will be very marginal for this large polarized basis set,
the recommendation is to keep the pcH-4 basis set uncontracted for
all elements.

As mentioned in the Introduction, the pcH basis sets can be
considered as the ESR equivalent of the pcJ basis set for NMR spin-
spin coupling constants. The above analyses of the basis set defi-
ciencies lead to the definition of the uncontracted pcJ and pcH basis
sets being identical, which is not unexpected given that the FC and
SD operators are involved in both properties, and the only differ-
ence is thus in the contraction scheme. Compared to the contraction
scheme for the pcJ-n basis sets, the pcH-n basis sets are less con-
tracted, especially at the quadruple and pentuple ζ levels. The pcH-3
for the second row atoms, for example, has 16 s-functions contracted
to 14s, while the corresponding pcJ-3 can be contracted to 9s. At the

pcH-4 level, we recommend no contraction (20s), while the pcJ-4
can be contracted to 11s.

Diffuse functions may improve the general basis set conver-
gence for the selected systems, for example, anions, and we define
the corresponding aug-pcH-n basis sets by addition of the diffuse
functions from the aug-pc-n basis sets.47

RESULTS AND DISCUSSION

Figure 2 shows the rms deviations relative to the CBS over the
17 isotropic HFCs for molecules containing the second row atoms in
Table I for the pcH-n, pcJ-n, pc-n, and other basis sets that have been
commonly used. Systems containing the third row atoms have been
excluded as some of the basis sets are not defined for these atoms.
The basis function axis indicates the number of contracted functions
for a second row atom.

Figure 2 shows that the proposed pcH-n basis sets display a
smooth exponential basis set convergence toward the CBS limit, and
at a given ζ level, they have significantly lower basis set errors than
other commonly used basis sets, including the EPR and N07D basis
sets optimized for HFCs. The pc-n results have been included to
show that standard basis sets are not suitable for calculating HFCs.
The pcJ-n basis sets display a similar performance as pcH-n, but
the basis set convergence is less regular, and this reflects that HFCs
are somewhat more sensitive to basis set contraction errors than
nuclear spin-spin coupling constants. The comparison between the
B3LYP-CBS and experimental results in Table I serves as a reminder
that attention must also be given to the selection of the exchange-
correlation functional or wave function, the reference geometry, and
solvent and vibrational effects in order to make connections with
experimental results.22,48 Figure 3 shows the corresponding results
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FIG. 2. B3LYP root mean square devia-
tions relative to the complete basis set
limit for the 17 isotropic hyperfine cou-
pling constants for the systems in Table I
with second row atoms for a selection
of basis sets used as a function of the
number of contracted basis functions for
a second row atom.

for the anisotropic part of the HFC, with similar conclusions as for
the isotropic part. The anisotropic part is less sensitive to basis set
contraction errors (Tables II and III), and the pcH and pcJ basis sets
consequently display almost identical performance. The apparent
better performance of pcJ-4 than pcH-4 is a reflection of the accuracy
of the CBS estimate.

Table IV shows the rms deviation relative to the CBS limit for
nine different exchange-correlation functionals over the 24 isotropic
and 9 anisotropic HFCs in Table I. The CBS estimate for each
functional is taken as the upc-4 basis set augmented with 3s1p1d1f

tight functions. The rms deviation decreases in a consistent manner
toward the CBS estimate, which indicates that the pcH-n basis sets
should be suitable for DFT methods in general. The B97-D displays a
pathological behavior for the pcH-3 basis set for the anisotropic HFC
for several of the species in Table I, which persists when using the
uncontracted pcH basis sets and increasing the grid for calculating
the exchange-correlation contribution, and we have no explanation
for this behavior. Given that the basis set optimization reflects the
requirements of the FC and SD operators, it is possible that the pcH-
n basis sets may also be suitable for calculating HFCs using wave

FIG. 3. B3LYP root mean square devia-
tions relative to the complete basis set
limit for the 9 anisotropic hyperfine cou-
pling constants for the systems in Table I
with second row atoms for a selection
of basis sets used as a function of the
number of contracted basis functions for
a second row atom.

J. Chem. Phys. 151, 174107 (2019); doi: 10.1063/1.5128286 151, 174107-6

Published under license by AIP Publishing

https://scitation.org/journal/jcp


The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp

TABLE IV. RMS deviations (MHz) of the 24 isotropic and 9 anisotropic hyperfine coupling constants (Table I) relative to the
complete basis set limit for nine different functionals.

Isotropic part Anisotropic part

Functional pcH-1 pcH-2 pcH-3 pcH-4 pcH-1 pcH-2 pcH-3 pcH-4

LDA 5.97 1.79 0.43 0.09 0.36 0.16 0.028 0.018
B3LYP 7.48 2.36 0.47 0.11 0.35 0.18 0.028 0.025
BLYP 5.50 2.33 0.45 0.11 0.37 0.18 0.029 0.020
CAMB3LYP 13.0 3.87 0.54 0.14 0.39 0.20 0.030 0.035
BP86 6.87 2.10 0.44 0.11 0.42 0.16 0.017 0.025
B97-D 12.7 5.38 0.98 0.31 0.42 0.11 0.237 0.060
PBE 6.60 2.62 0.48 0.11 0.41 0.20 0.059 0.028
PBE0 7.68 2.49 0.44 0.35 0.40 0.21 0.049 0.029
revPBE 7.61 2.69 0.53 0.12 0.43 0.21 0.040 0.034

function methods, analogous to the observation of the pcS-n basis
sets for nuclear magnetic shielding constants,49 but this will require
a separate testing.

CONCLUSION

We show that the polarization consistent basis sets can be tai-
lored to provide a fast and stable basis set convergence of the hyper-
fine coupling constant. The pcH-n basis sets are defined by the addi-
tion of two tight s-functions, one tight p-, d-, and f -type function,
and a careful contraction. These basis sets have a significantly lower
basis set error than other alternatives for a given number of basis
functions, and the basis set errors are very similar for a range of
exchange-correlation functionals. If only the isotropic part of the
hyperfine coupling constant is of interest, the tight p-, d-, and f -type
functions can be removed to increase the computational efficiency
without degrading the performance. The pcH basis sets are opti-
mized using density functional theory, but in analogy with the pcS
and pcJ basis sets for NMR nuclear magnetic shielding and spin-spin
coupling constants, respectively, they are also likely to be suitable for
wave function methods49 and for use as locally dense basis sets.50

SUPPLEMENTARY MATERIAL

See the supplementary material for tables containing raw
results and pcH-n basis sets. This information is available free of
charge via the Internet at http://pubs.acs.org/.
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