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Abstract

The choice of exchange-correlation functional for the determination of indirect nuclear spin–spin coupling constants in density-func-
tional theory is considered. In an assessment of one-bond 1JCH couplings, the PBE functional was recently shown [S.N. Maximoff, J.E.
Peralta, V. Barone, G.E. Scuseria, J. Chem. Theory Comput. 1 (2005) 541] to perform well, significantly outperforming B3LYP. For
couplings involving N, O, and F atoms in simple molecules, we demonstrate that the opposite is observed; PBE is considerably less accu-
rate than B3LYP. By contrast, the B97-2 and B97-3 semi-empirical functionals provide good, consistent quality couplings for all these
atom types in an extensive assessment.
� 2006 Elsevier B.V. All rights reserved.
1. Introduction

Together with nuclear shielding constants, indirect
nuclear spin–spin coupling constants (SSCCs) represent
the most important source of information that can be
obtained from high-resolution nuclear magnetic resonance
(NMR) spectroscopy, providing not only invaluable infor-
mation about the electronic structure of a molecular sys-
tem, but also information of great value in structure
elucidation. During the last decade, the calculation of
SSCCs by the methods of quantum chemistry has become
routine and widespread, often in connection with experi-
mental work [1]. Such calculations are mostly carried out
using density-functional theory (DFT) [2], following the
initial development of DFT codes for SSCC calculations
between 1994 and 2000 [3–7]. As is often the case, DFT
has greatly expanded the range of systems that can be trea-
ted theoretically. Indeed, it is now possible to carry out reli-
able SSCC calculations on systems containing more than
100 atoms [8].
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A critical decision to be made in DFT calculations of
indirect nuclear SSCCs is the choice of exchange-correla-
tion functional. In a recent study, Maximoff et al. [9] deter-
mined 96 one-bond 1JCH couplings using 20 common,
approximate functionals of varying levels of sophistication,
from the local density approximation (LDA) to generalised
gradient approximations (GGAs), hybrid GGAs, and
meta-GGAs. In particular, they observed no correlation
between SSCC quality and the class of DFT approxima-
tion. For example, the mean absolute errors for the LDA
[10,11], Perdew–Burke–Ernzerhof (PBE) GGA [12], and
Tao–Perdew–Staroverov–Scuseria (TPSS) meta-GGA [13]
functionals, which represent increasingly sophisticated
non-empirical approximations, were 23.1, 3.5, and
25.0 Hz, respectively. The popular semi-empirical hybrid
Becke3–Lee–Yang–Parr (B3LYP) functional [14,15] gave
an error of 15.9 Hz. Other studies have also highlighted
the challenging nature of such calculations. For example,
we have developed functionals that are specifically
designed to yield high-quality nuclear magnetic resonance
(NMR) shielding constants [16], but find that SSCCs are
rather poorly predicted with these functionals, due to a
poor description of the triplet mechanisms responsible for
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Table 1
Error analysis for the one-bond 1JCH indirect spin–spin coupling constants
of assessment A, determined at PBE0/6-31+G(2df,p) geometries using the
aug-cc-pVTZ-J basis set

PBE B3LYP B97-2 B97-3

ME �0.8 16.2 1.5 2.7
MAE 4.0 16.2 4.1 4.6
PMAE 2.2 9.3 2.3 2.5
Max 20.6 39.1 17.9 15.4

All values are in Hz.
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the Fermi-contact and spin-dipole contributions to the
couplings [17]. Patchkovskii et al. [18] made a similar
observation in their studies using a self-interaction cor-
rected functional within an optimised effective potential
framework. For other examples of SSCC studies, see Refs.
[19–22].

The lowest mean absolute error (3.5 Hz) in the study of
Maximoff et al. was obtained with the non-empirical PBE
GGA functional. The observation that this functional,
together with several other GGAs, provides a significant
improvement over the hybrid B3LYP functional for one-
bond 1JCH couplings is important, given the popularity of
B3LYP in general and for spin–spin calculations in partic-
ular. It is therefore important to establish how well PBE
performs for other couplings. We note that Melo et al.
[23] recently highlighted problems with PBE for heavy
atom tetrahydrides and Malkin et al. [4] have highlighted
inadequacies with the earlier PW86 non-empirical GGA
functional [24,25] for electronegative first-row atoms. The
first aim of the present manuscript is to address this issue.
Specifically, we use PBE to determine couplings between H,
C, N, O, and F nuclei in a set of 11 molecules considered
previously in Ref. [17].

A second observation in the study of Maximoff et al.
was that the B97-2 semi-empirical hybrid functional [26]
also performs well for SSCCs, with a mean absolute error
almost identical to that of PBE. Cohen has also previously
highlighted good quality results from this functional [27].
The second aim of this study is to assess the quality of
B97-2 SSCCs for the alternative 11 molecules.

Finally, a new exchange-correlation functional parame-
terisation, denoted B97-3, was recently proposed [28],
which yields comparable quality to B97-2 for shielding con-
stants and magnetisabilities, but improved thermochemis-
try, particularly for classical reaction barriers. Our final
aim is to assess the quality of B97-3 SSCCs for both sets
of molecules.

2. Computational details

The SSCCs were determined following the procedure
described in Ref. [7], including all four Ramsey mecha-
nisms: diamagnetic spin–orbit, paramagnetic spin–orbit,
spin–dipole, and Fermi-contact. All calculations were per-
formed using the DALTON program [29], in a spherical-har-
monic Gaussian basis.

We consider two assessments. The first, denoted A, com-
prises the 96 one-bond 1JCH couplings in the 72 molecules
considered by Maximoff et al. [9], involving 22 aromatic, 28
sp3, 34 sp2, and 12 sp C atoms. We set up the calculations
following Ref. [9]: PBE0/6-31+G(2df,p) geometries were
used and the SSCCs were determined using the aug-cc-
pVTZ-J basis set [30], with an ad hoc correction of 5 Hz
added to the calculated values to take approximate account
of zero-point vibrational contributions.

The second assessment, denoted B, comprises 1JHF,
1JCO, 1JNN, 1JOH, 1JCN, 2JHH, 3JHH, 4JHH, 5JHH, 1JNH,
2JNH, 1JCC, 2JCC, 3JCC, 1JCH, 2JCH, 3JCH, 4JCH, 3Jcis, and
3Jtrans couplings in the 11 molecules of Ref. [17]. Following
this earlier study, calculations were performed using the
Huzinaga III basis set [31,32], augmented with three tight
s functions (HIII-su3 [20]), at near experimental geometries
(see Ref. [17] for details). No ad hoc correction was made
since, for 10 of the 11 molecules, the reference experimental
values include vibrational corrections, determined at the
B3LYP level, and so they would be more appropriately
termed empirical values.

3. Results

Table 1 lists PBE, B3LYP, B97-2, and B97-3 mean
errors (MEs), mean absolute errors (MAEs), percentage
mean absolute errors (PMAEs), and maximum errors
(Max), relative to experimental values [9], for the SSCCs
of assessment A; individual SSCCs are presented in Table
S1 of the supplementary data. Table 2 lists the SSCCs
and associated errors for assessment B, together with
experimental data from Ref. [17]. Selected errors are also
presented omitting the challenging HF molecule from the
analysis.

First consider assessment A in Tables 1 and S1. Our
PBE, B3LYP, and B97-2 results are fully consistent with
those of Maximoff et al. [9]. The small differences in errors
between the two studies reflect different Landé factors (the
present study uses ge = 2 whereas Ref. [9] used
ge = 2.002319304), functional implementations, numerical
integration grids, and convergence criteria. For all four
error measurements, PBE is a notable improvement over
B3LYP; the latter functional uniformly overestimates the
couplings. In moving to B97-2 and B97-3, the MEs, MAEs,
and PMAEs progressively increase slightly compared to
those of PBE, although they remain significantly below
the B3LYP errors. Interestingly, the maximum errors pro-
gressively reduce.

It is informative to consider the number of occasions
that each functional is the most/least accurate in this
assessment. PBE gives the most accurate results for 51 cou-
plings and is least accurate for six, reflecting its impressive
performance. By contrast, B3LYP is most accurate for only
three couplings and is least accurate for 90 (out of 96). B97-
2 is most accurate for 17 couplings, whereas B97-3 is most
accurate for 28. Unlike PBE, neither B97-2 nor B97-3 are



Table 2
Indirect spin–spin coupling constants for assessment B, determined using
the Huzinaga III-su3 basis set at near-experimental geometries

Molecule PBE B3LYP B97-2 B97-3 Expt.a

HF
1JHF 369.0 439.3 444.7 458.0 538.0

CO
1JCO 25.4 19.4 18.4 17.8 15.7

14N15N
1JNN 3.8 1.8 2.0 1.1 1.7

H2O
1JOH �67.1 �76.9 �74.5 �75.5 �86.0
2JHH �5.5 �8.1 �8.3 �7.4 �8.2

HC15N
1JCN �9.8 �18.1 �17.7 �20.9 �20.5
1JCH 256.6 284.4 257.7 263.9 262.2
2JNH �5.5 �7.5 �6.2 �7.8 �8.2

14NH3
1JNH 40.8 45.4 42.3 43.5 44.1
2JHH �8.3 �10.4 �9.5 �9.4 �10.3

CH4
1JCH 119.7 132.2 120.5 123.2 120.0
2JHH �12.0 �13.3 �11.4 �11.5 �12.1

C2H2
1JCC 189.7 204.9 201.9 199.6 184.8
1JCH 252.2 274.2 251.5 254.7 243.0
2JCH 54.0 55.9 50.6 54.3 53.1
3JHH 10.3 11.0 10.3 10.0 9.7

C2H4
1JCC 63.4 73.1 71.8 70.6 66.7
1JCH 151.1 166.1 152.8 155.3 151.2
2JCH �0.6 �1.4 �2.1 �1.0 �1.2
2JHH 3.4 3.4 2.3 3.4 2.0
3Jcis 12.0 13.1 11.4 11.7 10.5
3Jtrans 18.9 20.2 18.0 18.3 16.7

C2H6
1JCC 18.5 24.5 23.5 23.6 34.5
1JCH 123.9 136.4 124.5 127.5 125.2
2JCH �4.1 �4.6 �4.4 �4.3 �4.7
2JHH �9.0 �10.0 �8.9 �8.7

C6H6
1JCC 51.9 60.1 58.3 58.5 56.1
2JCC �0.7 �1.8 �2.7 �1.6 �1.7
3JCC 10.5 11.2 11.6 10.5 9.4
1JCH 152.6 166.8 153.3 156.4 153.8
2JCH 2.4 2.0 1.2 2.0 1.4
3JCH 7.4 8.1 7.7 7.6 7.0
4JCH �0.8 �1.3 �1.5 �1.2 �1.0
3JHH 8.1 8.8 7.7 7.9 7.0
4JHH 1.5 1.3 1.1 1.3 1.2
5JHH 0.6 0.8 0.7 0.6 0.6

ME (all) �3.7 1.7 �1.5 �0.6
MAE (all) 8.0 8.0 5.1 4.7
PMAE (all) 23.7 15.2 14.3 11.3
Max (all) 169.0 98.7 93.3 80.0
MEb 1.2 4.6 1.2 1.7
MAEb 3.3 5.3 2.5 2.5
Maxb 18.9 31.2 17.1 14.8

All values are in Hz.
a All experimental values include vibrational corrections (calculated at

the B3LYP level), except C2H6. See Refs. [20,21].
b Excluding 1JHF in HF.
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least accurate for any of the couplings considered, as
reflected in the maximum errors.

Next, consider assessment B in Table 2. When all mole-
cules are included, the MAE from PBE is the same as that
of B3LYP, but the other three error measurements are lar-
ger. All four errors progressively reduce in moving from
B3LYP to B97-2 to B97-3. For all the functionals, the max-
imum error is for the 1JHF coupling in the HF molecule.
This error correlates with the percentage of exact orbital
exchange in the functional: errors reduce from PBE (0%
exact exchange) to B3LYP (20%) to B97-2 (21%) to B97-
3 (27%). Omission of this coupling from the error analysis
reduces the MAE and maximum errors (PMAEs are barely
affected), such that the PBE errors drop below those of
B3LYP. The B97-2 and B97-3 functionals are still an
improvement over PBE, with the latter again providing
the smallest maximum error.

Although assessment B is too limited to draw firm con-
clusions about functional quality for specific coupling
types, the results do highlight some important observations
regarding functional performance. PBE is the most accu-
rate for 10 of the 36 couplings—always for hydrocarbons,
which is consistent with the observations of Maximoff et al.
However, PBE is also the least accurate functional for 16
couplings, with particularly large errors for couplings
involving N, O, and F in the non-hydrocarbon species
HF, CO, N2, H2O, HCN, and NH3. For these couplings,
PBE is notably less accurate than B3LYP—in direct con-
trast to the observations in Table 1.

The B3LYP functional is most accurate for nine cou-
plings and least accurate for 17, performing particularly
poorly for the hydrocarbons, again consistent with the
study of Maximoff et al. B97-2 represents a notable
improvement (most accurate for 11 couplings and least
accurate for four) and B97-3 is better again, being most
accurate for 13 couplings and least accurate for just a single
coupling (jointly with PBE and B3LYP for the 2JHH cou-
pling in C2H4).

4. Conclusions

Indirect nuclear spin–spin coupling constants are chal-
lenging quantities for density-functional approximations.
It has previously been demonstrated [9] that PBE provides
high-quality 1JCH couplings, significantly outperforming
the popular B3LYP functional. Despite the limited sample
size, assessment B demonstrates that this performance is
not maintained for couplings involving N, O, and F atoms
in simple molecules; PBE is considerably less accurate than
B3LYP. By contrast, assessments A and B demonstrate
that the B97-2 and B97-3 functionals provide good, consis-
tent quality couplings for all these atom types and so
should be favoured for spin–spin calculations on such sys-
tems. Given their semi-empirical nature, however, they
should be applied with caution to molecules that differ sig-
nificantly from those used in their development. Further
investigation is essential.
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