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Abstract

The performance of the KT1 and KT2 exchange-correlation functionals is assessed for the determination of GIAO nuclear

magnetic resonance shielding constants and indirect spin–spin coupling constants. For 14 highly correlated molecules containing

light, main group nuclei, the functionals provide isotropic shieldings that are more than twice as accurate as those of BLYP and

B3LYP. For 11 other molecules, they provide spin–spin coupling constants that are of variable quality. The spin–spin results

highlight the sensitivity of the Fermi-contact term to exchange-correlation functional and are consistent with previous observations

using a self-interaction corrected functional.

� 2004 Elsevier B.V. All rights reserved.
1. Introduction

The calculation of nuclear magnetic resonance
(NMR) parameters is an important aspect of theoretical

chemistry. Within Kohn–Sham density functional the-

ory (DFT) [1], shielding constants and chemical shifts

are relatively easy to compute, particularly for general-

ised gradient approximation (GGA) functionals where

an uncoupled formalism is appropriate. For light, main-

group nuclei, shielding constants from conventional

GGAs and hybrid exchange-correlation functionals tend
to be significantly too deshielded [2]. A number of ap-

proaches have been developed to try to improve

shielding accuracy [3–7]. Calculations of indirect spin–

spin coupling constants are somewhat less common. In

part, this can be attributed to the complexity of the

calculations, particularly when all four Ramsey mecha-

nisms (diamagnetic spin–orbit, paramagnetic spin–orbit,

spin–dipole, and Fermi-contact) are included. For
examples, see [4,8–13].

In a recent study [14], we developed two new GGAs,

designed specifically to provide high-quality shielding
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constants for light, main-group nuclei. Both functionals

are linear combinations of Dirac local density exchange

[15], Vosko–Wilk–Nusair (VWN) local correlation [16],
and a simple gradient expansion term, corrected to

prevent asymptotic divergence. The first functional, de-

noted KT1, satisfies the uniform electron gas condition,

whilst the second, denoted KT2, relaxes this condition

through a fit to thermochemical data. The preliminary

study [14] demonstrated that both functionals can pro-

vide isotropic and anisotropic shieldings of light, main-

group nuclei that are 2–3 times more accurate than those
of conventional GGAs and hybrid functionals. The re-

sults approach correlated ab initio quality. The KT2

functional has also been shown [17] to provide high-

quality chemical shifts (shielding constants relative to

reference nuclei).

To date, our investigations of KT1 and KT2 have

used the CADPACADPAC [18] implementation of the localised-

orbital/local-origin (LORG) formalism [19] for the lo-
cation of the gauge origin, which imposes a limit on the

size of system that can be studied when there is an ex-

ternal magnetic field perturbation. To resolve this, we

have implemented the functionals in the DALTONALTON [20]

program, which uses the gauge including atomic orbital

(GIAO) scheme [21,22].
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The aims of the present manuscript are threefold.

First, we validate our implementation by comparing

DALTONALTON GIAO isotropic shieldings with CADPACADPAC

LORG values. Second, we extend our KT1/KT2

shielding constant investigations to a new set of chal-
lenging, highly correlated systems, including charged

species, non-equilibrium geometries, and larger mole-

cules with up to 16 atoms; attention is paid to both

isotropic shieldings and individual tensor components.

And third, we investigate the performance of KT1 and

KT2 for the determination of indirect spin–spin cou-

pling constants. This final aspect is particularly relevant

in light of observations made by Patchkovskii et al. [4].
These authors used a self-interaction corrected (SIC)

exchange-correlation functional, within an optimised

effective potential framework. Like KT1 and KT2, their

SIC functional gave significantly improved shielding

constants. However, their spin–spin couplings were of

variable quality, due to the sensitivity of the Fermi-

contact term. The present study will establish the quality

of spin–spin couplings from KT1 and KT2. Results
and conclusions are presented in Sections 2 and 3,

respectively.
Table 1

LORG and GIAO isotropic shielding constants, in ppm, determined using t

Molecule Nucleus KT1

LORG G

HF F 412.0

H2O O 330.7

CH4 C 196.4

CO C 10.4

O )56.1
N2 N )55.8
F2 F )193.6
O0OO0 O0 )1246.3 )

O )796.9
PN P 46.6

N )358.8
H2S S 741.5

NH3 N 265.9

HCN C 87.2

N )18.6
C2H2 C 120.5

C2H4 C 64.3

H2CO C )3.0
O )383.8

N0NO N0 106.8

N 14.2

O 184.1

CO2 C 65.0

O 224.5

OF2 O )516.7
H2CNN0 C 170.1

N )37.5
N0 )128.3

HCl Cl 961.3

SO2 S )149.5
O )244.6

PH3 P 600.5
2. Results

2.1. Comparison of LORG and GIAO shieldings

Table 1 compares KT1 and KT2 isotropic shiel-
dings determined using the LORG formalism in the

CADPACADPAC program with those obtained using the

GIAO formalism in DALTONALTON. The molecules are

those considered in [14], using the near-experimental

geometries detailed in [6]. All calculations use the

Huzinaga IV basis set [23,24] (denoted HIV) with

Cartesian basis functions. The LORG and GIAO re-

sults are in very good agreement, with the small dis-
crepancies arising due to the different gauge

treatments; we have confirmed that converged elec-

tronic energies from the two codes agree to within

numerical integration grid error (�10�6Eh). Note that

for molecules containing second-row atoms, the

LORG results in Table 1 differ slightly from those in

[14] since, in that investigation (and others [6,25]), we

used a slightly smaller version of the HIV basis for
second-row atoms, as detailed in [5].
he HIV basis set

KT2

IAO LORG GIAO

410.9 412.4 411.4

330.5 329.6 329.5

196.3 195.2 195.1

9.9 7.4 6.9

)55.9 )57.1 )56.9
)56.0 )59.7 )59.9
)193.0 )211.0 )210.4
1246.0 )1278.7 )1278.4
)796.6 )809.1 )808.9

46.9 47.1 47.3

)358.3 )361.5 )361.0
742.4 735.7 736.3

266.1 264.5 264.6

86.9 86.0 85.7

)18.8 )19.4 )19.6
120.3 120.4 120.2

64.1 63.2 63.0

)3.3 )4.7 )4.9
)383.5 )379.6 )379.3
106.4 102.1 101.7

13.5 12.2 11.4

184.3 177.5 177.6

64.0 63.7 62.8

224.4 221.6 221.4

)516.4 )534.0 )533.7
169.9 167.4 167.2

)37.9 )41.7 )42.1
)128.7 )138.4 )138.8
965.2 958.6 962.3

)148.5 )156.8 )155.9
)244.8 )251.8 )251.8
601.6 596.0 596.9
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2.2. Isotropic shielding constants

Having established a valid implementation, we now

extend our investigation of KT1 and KT2 GIAO

shielding constants. We consider the 14 highly corre-
lated systems studied previously by Helgaker et al. [26],

using the same Huzinaga III (HIII) basis set [23,24] with

spherical-harmonic basis functions. Details of the ge-

ometries are given in [26]. Isotropic shieldings are pre-

sented in Table 2. For comparison, DFT shieldings

determined using the Dirac–VWN [15,16] local density

approximation (LDA), the Becke–Lee–Yang–Parr

[33,34] GGA (BLYP) and the hybrid B3LYP [35]
functional are also presented, together with reference ab

initio data and (where available) experimental data from

[26]. Mean absolute errors jdj and mean absolute per-
Table 2

GIAO isotropic shielding constants, in ppm, determined using the HIII basi

Molecule Nucleus LDA BLYP B3LY

CH2 H )62.5 )24.5 )29
C )2003.2 )1135.3 )1252

CF2 C )151.4 )139.3 )145
F )117.6 )92.0 )77

CF4 C 37.3 35.8 44

F 219.2 224.6 236

NO�
2 N )427.4 )420.1 )473

O )492.1 )474.0 )502
Linear-CO2 C 48.7 48.5 48

O 207.9 210.1 211

Cyclic-CO2 C )93.1 )87.9 )93
O )138.4 )130.2 )138

Linear-N2O Nterm 87.5 87.3 81

Ncent )3.0 )5.2 )11
O 179.1 173.4 172

Cyclic-N2O N )171.3 )169.3 )171
O 44.8 37.1 53

cis-N2F2 N )172.9 )175.5 )183
F )6.2 )3.3 14

trans-N2F2 N )256.3 )255.8 )266
F 14.5 18.4 40

C6H6 C 39.9 40.9 43

C2H
þ
3 Ca )165.7 )165.7 )183

Cb 107.2 105.8 108

C7H
þ
9 Ca )64.8 )62.5 )68

Cb 120.8 120.4 124

Cb0 149.7 148.6 155

Cc 125.4 125.3 132

Cc0 128.1 127.0 133

C6H5N
þ
2 Na )8.0 )6.5 )0

Nb )102.4 )97.2 )97
jdj (experimental) 44.5 42.5 46

jdj (ab initio) 91.4 56.7 62

jdj% (experimental) 52.4 51.7 51

jdj% (ab initio) 86.1 61.6 68

a IGLO-MCSCF [27].
bGIAO-MBPT(2) [28].
cGIAO-CCSD [29].
dGIAO-FV CASSCF [30].
eGIAO-CCSD(T) [31].
f LORG-SCF [32] (not included in any error analysis).
g See [26].
centage errors jdj% are presented, relative to both ab

initio and experiment.

All errors reduce in moving from LDA to BLYP,

although the mean absolute errors increase slightly in

moving from BLYP to B3LYP. This is one of the few
properties where hybrids are inferior to GGAs; see [25]

for a detailed investigation of the effect of exact ex-

change on shieldings. LDA, BLYP, and B3LYP all give

shieldings that are significantly too deshielded. In

moving to KT1 and KT2, the shieldings improve sig-

nificantly, with both functionals giving mean absolute

and mean absolute percentage errors that are more than

a factor of two smaller than those of BLYP. The results
support our earlier observations [14] that KT1 and KT2

provide improved quality shieldings for neutral mole-

cules at near-equilibrium geometries. Furthermore, they
s set

P KT1 KT2 ab initio Experimentalg

.8 )19.8 )16.8 )7.8a

.6 )915.7 )868.8 )718a

.8 )91.2 )94.5 )101a

.6 )64.7 )60.5 )34a

.6 53.7 52.2 64.4b 64.5

.2 231.9 231.9

.4 )350.5 )360.8 )360a )368

.1 )396.6 )409.0 )382a )342� 20

.3 63.2 61.9 63.5b 58.8

.4 222.0 218.9 236.4c 243� 17

.3 )52.1 )55.6 )50.6a

.8 )77.3 )89.6 )52.1a

.1 105.6 100.8 100.5c 99.5

.9 12.5 10.4 5.3c 11.3

.7 183.0 176.3 198.8c 200.5

.0 )126.5 )132.3 )87.3a

.4 82.0 68.4 87.4a

.7 )137.1 )143.2 )100.9d )119.8

.5 27.2 21.7 80.7d 52.8

.3 )208.4 )216.9 )165.5d )181.7

.3 47.5 42.9 103.7d 95.1

.0 61.0 59.6 64.0b 57.2

.1 )128.7 )132.5 )143.0e

.6 121.2 120.0 129.2e

.6 )37.1 )39.4 )36.6e

.7 136.0 134.7 145.6e

.4 162.1 160.9 175.2e

.5 139.9 138.5 152.1e

.6 141.9 140.5 156.5e

.8 17.0 14.5 41.8f 15.9

.1 )64.2 )69.5 )62.4f )73.5

.2 17.6 19.3 11.3

.8 23.7 24.3

.1 15.5 16.6 13.7

.0 28.5 28.1
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demonstrate that the functionals can also work well for

charged species and geometries that are far from equi-

librium. To put the results into further context, the

corresponding mean absolute errors for Hartree–Fock

are 64.7 ppm (vs. experiment) and 79.9 ppm (vs. best ab
initio) [26]. We note that KT1 and KT2 are slightly in-

ferior to the B3LYP0:05
GGA method [5], for which the mean

absolute errors are 12.4 ppm (vs. experiment) and 15.0

ppm (vs. best ab initio) [26]. However, B3LYP0:05
GGA is less

theoretically rigorous as it determines uncoupled

shieldings using orbitals from a non-multiplicative

Kohn–Sham operator. For the systems in Table 2 where

experimental data is available, KT1 and KT2 are infe-
rior to the correlated ab initio methods.

Each value in Table 2 is the sum of a diamagnetic and

a paramagnetic contribution. For each nucleus, we have
Table 3

Indirect spin–spin coupling constants, in Hz, determined using the HIII-su3

Molecule LDA BLYP B

HF 1JHF 395.9 390.0 4

CO 1JCO 26.7 22.7
14N15N 1JNN 4.3 3.1

H2O
1JOH )65.7 )72.6 )
2JHH )3.3 )6.4

HC15N 1JCN )8.1 )12.6 )
1JCH 223.9 284.3 2
2JNH )6.3 )5.9

14NH3
1JNH 37.0 44.9
2JHH )5.0 )9.1 )

CH4
1JCH 100.2 133.3 1
2JHH )7.3 )12.5 )

C2H2
1JCC 176.8 201.0 2
1JCH 215.8 277.0 2
2JCH 48.9 57.2
3JHH 6.5 10.3

C2H4
1JCC 51.4 69.5
1JCH 128.0 166.7 1
2JCH 1.4 0.1
2JHH 4.5 4.9
3Jcis 10.0 13.1
3Jtrans 14.7 20.5

C2H6
1JCC 11.4 21.8
1JCH 103.9 137.2 1
2JCH )2.3 )3.9
2JHH )5.0 )9.1 )

C6H6
1JCC 42.6 56.7
2JCC 0.5 )0.3
3JCC 9.8 10.5
1JCH 129.9 167.2 1
2JCH 3.3 3.1
3JCH 6.1 7.9
4JCH )0.3 )0.8
3JHH 6.9 9.0
4JHH 1.2 1.6
5JHH 0.2 0.5

jdj (all) 12.9 10.0

jdjb 9.1 6.0

jdj% (all) 45.7 29.5

aAll experimental values include vibrational corrections, except C2H6. See
bExcluding 1JHF in HF.
examined the variation in these quantities with ex-

change-correlation functional. In all cases, the diamag-

netic contribution varies very little – the average values

are 391.6, 393.2, 393.0, 395.2, and 396.3 ppm for LDA,

BLYP, B3LYP, KT1, and KT2, respectively. The vari-
ation in the total shielding can therefore be attributed

almost entirely to the variation in the paramagnetic

term, whose average values are )486.0, )455.9, )460.6,
)423.1, and )426.4 ppm, respectively. For a GGA

functional, this paramagnetic term has an explicit in-

verse dependence on the occupied-virtual eigenvalue

differences and it is commonly assumed that the excess

deshielding from conventional GGAs arises due to un-
derestimation of these eigenvalue differences. In line

with this argument, we do observe that for all the mol-

ecules in Table 2, the HOMO–LUMO eigenvalue
basis set

3LYP KT1 KT2 Experimentala

39.3 344.7 335.1 538.0

19.4 25.8 27.3 15.7

1.8 3.9 3.9 1.7

76.9 )66.2 )68.1 )86.0
)8.1 )6.3 )10.4 )8.2
18.1 )5.1 )5.5 )20.5
84.4 250.8 279.5 262.2

)7.5 )4.0 )3.0 )8.2
45.4 40.8 43.5 44.1

10.4 )8.2 )12.5 )10.3
32.2 117.1 128.4 120.0

13.3 )10.6 )15.6 )12.1
04.9 175.4 180.9 184.8

74.2 251.6 280.9 243.0

55.9 58.2 58.7 53.1

11.0 10.8 14.9 9.7

73.1 53.0 56.3 66.7

66.1 148.6 164.6 151.2

)1.4 2.7 )0.2 )1.2
3.4 6.3 3.5 2.0

13.1 12.1 14.6 10.5

20.2 20.8 25.0 16.7

24.5 11.4 13.2 34.5

36.4 121.1 133.4 125.2

)4.6 )2.8 )4.8 )4.7
10.0 )7.3 )11.8
60.1 42.1 45.0 56.1

)1.8 0.4 )1.2 )1.7
11.2 8.9 9.6 9.4

66.8 149.6 166.4 153.8

2.0 4.4 2.8 1.4

8.1 7.8 8.6 7.0

)1.3 )0.6 )1.1 )1.0
8.8 8.3 9.5 7.0

1.3 2.0 1.9 1.2

0.8 0.4 0.9 0.6

8.0 10.8 12.6

5.3 5.5 7.0

15.2 49.4 35.8

[12,13].
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differences from KT1 and KT2 are notably larger than

those of LDA and BLYP – see [14] for a quantitative

assessment of KT1/KT2 eigenvalues.

The reduced deshielding is also evident in individual

tensor components. For example, van W€ullen and
Kutzelnigg [27] have highlighted a very strong deshiel-

ding xx component in the C shielding tensor of CH2

(carbene), due to excitation from the lone pair (molecule

in xz plane). Their multiconfigurational self-consistent

field (MCSCF) rxx, ryy , rzz values are )2120, 201, and
�237 ppm, respectively. By comparison, our BLYP

components are )3228, 209, and )387 ppm, demon-

strating that the excess deshielding observed in the iso-
tropic value arises primarily from the xx component.

The corresponding KT2 values of )2494, 216, and )328
ppm, respectively, are notably closer to MCSCF, al-

though there is further room for improvement. The

same authors also considered tensor components for

CF2 and for CO2 and N2O at non-equilibrium cyclic

geometries. We have confirmed that for all these cases,

the MCSCF values reported are better reproduced with
KT1/KT2 than with BLYP.

2.3. Indirect spin–spin coupling constants

Finally, we investigate the performance of KT1 and

KT2 for the calculation of indirect spin–spin coupling

constants. We use the procedure described in [11], in-
Table 4

Diamagnetic spin–orbit (DSO), paramagnetic spin–orbit (PSO), spin–dipole

spin–spin coupling constants

LDA BLYP B3LYP

HF, 1JHF

DSO 0.3 0.3 0.3

PSO 199.7 203.4 201.3

SD 5.3 3.4 1.3

FC 190.6 182.9 236.4

Total 395.9 390.0 439.3

CO, 1JCO
DSO 0.1 0.1 0.1

PSO 15.1 14.5 14.3

SD )4.8 )5.7 )6.1
FC 16.4 13.8 11.1

Total 26.7 22.7 19.4

HC15N, 1JCH
DSO 0.5 0.4 0.4

PSO )0.5 )0.4 )1.0
SD 0.7 0.6 0.5

FC 223.3 283.7 284.4

Total 223.9 284.3 284.4

C2H2,
1JCC

DSO 0.0 0.0 0.0

PSO 6.6 7.1 8.4

SD 8.4 10.8 11.6

FC 161.8 183.2 184.9

Total 176.8 201.0 204.9
cluding all four Ramsey mechanisms, and consider 11

molecules drawn from [12] and [13]. Following [12], all

calculations use the Huzinaga III basis set, augmented

with three tight s functions (HIII-su3) with spherical-

harmonic basis functions. Near-experimental geometries
are taken from [6] (except for C6H6, for which

rCC ¼ 1:392 �A, rCH ¼ 1:086 �A, and C2H6, for which

rCC ¼ 1:526 �A, rCH ¼ 1:088 �A, hCCH ¼ 107:4�, hHCH ¼
111:5�). The results are presented in Table 3, together

with LDA, BLYP, B3LYP, and reference data. The

reference data, which is taken from the earlier refer-

ences, corresponds to the experimental coupling con-

stants, corrected for vibrational contributions
(determined at the B3LYP level). The coupling in HF is

particularly challenging and so mean absolute errors are

presented both including and omitting this quantity.

Mean absolute percentage errors are also presented.

The couplings improve notably from LDA to BLYP

to B3LYP, although the KT1 and KT2 results are of

variable quality. They perform particularly poorly for

systems such as HF and CO, but are relatively accurate
for many of the CC and CH couplings. When HF is

omitted from the error analysis, the KT1 mean absolute

error is close to that of B3LYP, whilst the KT2 error is

slightly inferior to BLYP. Both functionals yield rela-

tively large percentage errors.

Table 4 presents the diamagnetic spin–orbit (DSO),

paramagnetic spin–orbit (PSO), spin–dipole (SD) and
(SD) and Fermi-contact (FC) contributions, in Hz, to selected indirect

KT1 KT2 Experimental

0.4 0.3

198.4 198.0

4.0 1.5

141.9 135.3

344.7 335.1 538.0

0.1 0.1

13.7 14.0

)5.2 )5.7
17.3 18.9

25.8 27.3 15.7

0.4 0.4

)0.4 )0.4
0.6 0.7

250.1 278.8

250.8 279.5 262.2

0.0 0.0

5.9 6.3

8.8 10.5

160.6 164.1

175.4 180.9 184.8
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Fermi-contact (FC) contributions to the following se-

lected couplings: 1JHF in HF, 1JCO in CO, 1JCH in

HC15N, and 1JCC in C2H2. These couplings were chosen

because they exhibit significant variation across the

functionals; KT1 and KT2 perform poorly for the first
two, but are relatively accurate for the latter two. For all

four couplings the DSO contributions are very small

and are almost independent of functional. The magni-

tude of the PSO contributions are smaller with KT1 and

KT2 than with LDA and BLYP. This is to be expected,

since the PSO term has an explicit inverse dependence

on the occupied-virtual eigenvalue differences and so is

somewhat analogous to the paramagnetic contribution
to the shielding constant, which reduces in magnitude

with KT1 and KT2; it has been suggested [4] that such a

reduction in the PSO magnitude is desirable. The vari-

ation in the PSO term with functional is, however, rel-

atively small and does not explain the observed

variation in the total coupling constants. The variation

in the SD term, though significant as a percentage of its

value, is also relatively small in absolute terms. It is clear
from Table 4 that for all four couplings, the variation in

the total coupling constant with exchange-correlation

functional is dominated by the variation in the FC term.

Our spin–spin observations are therefore consistent

with the SIC findings of Patchkovskii et al. [4]. The in-

troduction into a functional of the appropriate charac-

teristics necessary for high quality shielding constants

can lead to significant changes in the Fermi-contact
term, which can affect the quality of the total spin–spin

coupling constants.
3. Conclusion

The KT1 and KT2 GGA exchange-correlation func-

tionals have been implemented in the DALTONALTON pro-
gram. GIAO isotropic shieldings are in good agreement

with LORG values for the HIV basis set. The func-

tionals were used to calculate isotropic shielding con-

stants for 14 highly correlated molecules. In line with

previous observations, KT1 and KT2 give shieldings

that are a significant improvement over those from

conventional functionals. They are successful for both

charged and neutral species, and for equilibrium and
non-equilibrium geometries. The improvement can be

traced almost exclusively to the paramagnetic contri-

bution. The functionals were then used to determine

indirect spin–spin coupling constants for 11 molecules.

The results are of variable quality and do not represent

an improvement over conventional functionals. This can

be traced to the sensitivity of the Fermi-contact term to

exchange-correlation functional, and is consistent with
the SIC findings of Patchkovskii et al. [4].
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