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Abstract

Hydrogen-bond-transmitted indirect nuclear spin–spin coupling constants have been calculated by linear-response

density-functional theory (DFT), coupled-cluster singles-and-doubles (CCSD) theory, and multiconfigurational self-

consistent field (MCSCF) theory so as to benchmark the performance of DFT against the high-level ab initio methods.

The systems under study are (NH3Þ2, (H2OÞ2, and ðHFÞ2 and their charged counterparts N2H
þ
7 , H5O

þ
2 , and FHF�. In

all cases, the 1hJ (XH) coupling through the X–H� � �Y hydrogen bond changes sign in the transition from the neutral to

charged complex. As for intramolecular coupling constants, description of 1hJ (YH) and 2hJ (XY) by DFT deteriorates

with an increasing number of lone pairs on the coupled nuclei.

� 2003 Published by Elsevier Science B.V.

1. Introduction

The detection and characterization of intermo-

lecular interactions – in particular, hydrogen

bonds – are one of the basic goals of physical

chemistry. Consequently, spectroscopic parame-

ters that provide information about hydrogen

bonds are of great interest to theoretical and ex-

perimental chemists. In recent years, a new set of
such parameters – the intermolecular indirect nu-

clear spin–spin coupling constants – have been

measured, providing a unique direct experimental
evidence for hydrogen-bond formation [1–7].

The interest in intermolecular indirect coupling

constants has grown dramatically after substantial

intermolecular indirect spin–spin couplings were

measured between nuclei belonging to comple-

mentary pairs of nucleic bases in RNA [2] and

DNA [6]. The 15N–15N hydrogen-bond-transmit-

ted couplings fall in the range 6–7 Hz [6] – that is,
they are larger than many of the 15N–15N coupling

constants between covalently bound nuclei. Simi-

larly, the 1H–15N hydrogen-bond-transmitted

couplings are substantial: 2–4 Hz [6]. These and

other intermolecular coupling constants are

already being utilized to resolve higher-order
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structures of biomolecules [4,7]. In support of

such structural studies, many theoretical studies

[5,8–14] have been undertaken to correlate the

intermolecular couplings with the hydrogen-bond

geometry and the interaction energy [8–12], or,

qualitatively, with the hydrogen-bond type [13].
In the literature, three computational methods

have been used for the calculation of intermolecular

spin–spin coupling constants [8–14]: coupled-clus-

ter (CC) theory [12,13,15,16], multiconfigurational

self-consistent field (MCSCF) theory [8,9,17], and

density-functional theory (DFT) [5,10,11,18–20].

These methods differ significantly in their con-

struction, in their basis-set requirements, and in
their ability to account for electron correlation.

Thus, although coupled-cluster theory is poten-

tially the most accurate method, its cost scales un-

favorably with the size of the system (at least in the

conventional, canonical formulation) and it has

very high basis-set requirements. The MCSCF

method, on the other hand, is capable of a highly

flexible description of the electronic structure but
suffers from a lack of size-extensivity and its in-

ability to recover dynamical correlation in any but

the smallest systems. Unlike these ab initio meth-

ods, DFT can be applied to large as well as small

molecular systems; unfortunately, it is not hierar-

chical by construction, making it difficult to predict

its performance in a given situation.

In view of these methodological differences, it
becomes important to investigate whether the indi-

rect spin–spin coupling constants calculated by

means of these computational methods are com-

parable. Such investigations have been already

carried out for the intramolecular coupling con-

stants of some simple organic and inorganic mole-

cules [21–23]. These studies are here extended to the

hydrogen-bond-transmitted intermolecular coupling
constants. Noting that the performance of DFT is

the least predictable, we concentrate on the com-

parison of DFT with CCSD and MCSCF theories.

A comparisonofDFTwith the hierarchical ab initio

methods is pertinent since most of the previous

calculations of coupling constants transmitted

through hydrogen bonds have been performed us-

ing DFT [10,11,18–20]. Our goal is primarily to see
whether the conclusions drawn from these studies

would remain the same if conventional ab initio

methods had been used instead. Additionally, the

basis-set requirements for the calculation of the in-

termolecular coupling constants are investigated at

different computational levels.

The systems under study constitute a series of

small dimers with a medium-strength hydrogen
bond [ðHFÞ2, (H2OÞ2, and (NH3Þ2] and their

charged counterparts with a strong hydrogen bond

[FHF�, H5O
þ
2 , and N2H

þ
7 ]. Although some of

these complexes have already been studied by

some of the methods considered here [8,9,12,13,

17,24], the results obtained at the different levels

have not yet been compared.

2. Computational details

The indirect nuclear spin–spin coupling con-

stants have been calculated by linear-response

theory [25] using the following methods: the

CCSD method [26], the MCSCF method [27] and

the DFT method [21].
In the restricted-active space (RAS) MCSCF

calculations, the configuration space has been

constructed from two inactive 1s orbitals, eight

occupied Hartree–Fock orbitals in the RAS1

space, no orbitals in the RAS2 space, and eight

virtual Hartree–Fock orbitals in the RAS3 space;

excitations of up to four electrons are allowed

in the MCSCF expansion. Since all complexes
studied here contain the same number of electrons,

this RAS choice should ensure a uniform quality

of the MCSCF results. In the DFT calculations, we

have used the three-parameter Becke–Lee–Yang–

Parr (B3LYP) hybrid functional [28,29], consid-

ered to be the best one for the calculation of

spin–spin coupling constants [21].

For the coupled-cluster calculations, we used a
modified version of AcesII [30]; for details of the

spin–spin coupling implementation, see [26]. The

DFT calculations were carried out using a devel-

opment version of DALTONALTON [31], while for the

MCSCF calculations DALTONALTON 1.2 was used [31].

Unless otherwise noted, all four contributions to

the coupling constants – that is, the Fermi contact

(FC) contribution, the spin–dipole (SD) contri-
bution, and the dia- and paramagnetic spin–orbit

(DSO and PSO) contributions – were calculated.
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The presented spin–spin coupling constants were

calculated using the aug-cc-pVDZ-su1 basis on the

N, O and F atoms (i.e., aug-cc-pVDZ [32,33] with

decontracted s orbitals and one tight s orbital ad-
ded), combined with aug-cc-pVDZ-su1 (total basis

denoted aD-su1) or cc-pVDZ-su1 (denoted aD-su1/
D-su1) on the H atoms. Some calculations were

repeated with aug-cc-pVTZ-su1 on the N, O and F

atoms and with aug-cc-pVTZ-su1 (basis aT-su1) or

cc-pVTZ-su1 (basis aT-su1/T-su1) on the H atoms.

The aug-cc-pVDZ-su4 basis (aD-su4), with four

tight orbitals added, was also used.

The geometries of the complexes were opti-

mized at the frozen-core MP2 (second-order
Møller–Plesset perturbation theory) level with the

aug-cc-pVTZ [32,33] basis set. For H5O
þ
2 , the

coupling constants for both C2 and Cs structures

are presented since the traditional hydrogen bond

exists for the Cs structure – that is, for a saddle

point of the potential-energy surface rather than

for the global C2 minimum with a proton-shared

structure. For the other complexes, only the results
for the global minimum are presented. For the

geometry optimization, the GAUSSIANAUSSIAN 98 pro-

gram package [34] was used.

3. Results and discussion

3.1. Correlation between the reduced nuclear spin–

spin coupling constants and the hydrogen-bond

length

Before a detailed discussion of the relative

performance of the different computational meth-

ods, we shall consider the dependence of the hy-

drogen-bond-transmitted coupling constant on the

hydrogen-bond length at the different levels of
theory. The relevant data – that is, the reduced

hydrogen-bond-transmitted coupling constants

calculated at the DFT, MCSCF and CCSD levels

of theory – are shown in Fig. 1 as a function of the

distance between the coupled nuclei.

The upper graph shows the reduced coupling

constant 1hK(HY) in the charged complexes

FHF�, H5O
þ
2 , and N2H

þ
7 and in the neutral com-

plexes ðHFÞ2, (H2OÞ2, and (NH3Þ2 as a function of

the H� � �Y distance (Y¼F, O, N). As a general

rule, the reduced coupling constant decreases with

increasing hydrogen-bond length. However, there

is one striking exception to this rule: in FHF�, the

strongest complex, 1hK(HF) is much smaller than
the corresponding constant 1hK(HO) in H5O

þ
2 .

This behaviour of FHF� persists when only the

FC term is considered, although the noncontact

contribution to 1hK(HF) in FHF� is significant

(see below).

In all cases, the 1hK(HY) coupling constant

changes sign when the X–H� � �Y hydrogen bond is

strengthened: it is negative in the neutral com-
plexes and positive in the charged ones, at all levels

of theory. This is to be expected since, when X is

N, O or F nucleus, 1J (XH) transmitted through a

covalent bond has the opposite sign of 1hJ (HY)

transmitted through a weak hydrogen bond – see

Table 1. Our results confirm that this phenome-

Fig. 1. Reduced coupling constants transmitted through

X–H� � �Y hydrogen bond in FHF�, H5O
þ
2 , N2H

þ
7 , ðHFÞ2,

(H2OÞ2 and (NH3Þ2 complexes as a function of the internuclear

distance. Upper graph: 1hK(HY); lower graph: 2hK(XY).
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non, already reported in the literature [8,19], is not

a computational artefact but is observed inde-

pendently of the method of calculation.

The fact that in spite of a rather strong hydro-

gen bond (with a proton–nitrogen distance of

1.578 �AA), 1hJ (NH) in N2H
þ
7 has a small absolute

value has ramifications for the structural applica-

tion of measurements of intermolecular coupling

constants, implying that, contrary to expectation,

a small absolute value of the coupling may be as-

sociated with a short internuclear distance and a

strong interaction. Any conclusions about the in-

ternuclear distance based on standard NMR ex-

periments (where only the absolute value of a
coupling constant is determined) should thus be

treated with caution.

The dependence of the reduced 2hK(XY) cou-

pling constant on the X� � �Y distance in the com-

plexes is depicted in the lower graph of Fig. 1. As

expected, the formation of a strong X–H� � �Y hy-

drogen bond increases the reduced 2hK(XY) cou-

pling significantly, at least when the same nuclei
are compared. However, there is essentially no

correlation between the reduced 2hK(XY) coupling

and the X� � �Y distance. For example, the reduced
2hK(FF) coupling constant in FHF� is fairly small,

in spite of the short F� � �F distance in this anion.

Although Fig. 1 presents total reduced couplings,

we note that no correlation with the internuclear

distance is observed when only the most

distance-dependent FC contribution is taken into

account.

Interestingly, 2hK(FF) changes its sign when

going from the strongly bound FHF� complex

(with an F� � �F distance of 2.287 �AA) to the rela-

tively weakly bound ðHFÞ2 complex (with a F� � �F
distance of 2.746 �AA). In general, therefore there

may exist intermediate internuclear distances at

which 2hK(XY) has a small absolute value, in spite

of the strength of the X–H� � �Y interaction. A

similar caveat as for 1hJ (HY) should therefore be

applied for the 2hJ (XY) coupling constants: a

small absolute value of the coupling is not an ev-

idence neither of the large internuclear distance,
nor of the small interatomic interaction.

Even though the DFT coupling constants in

FHF� and N2H
þ
7 differ substantially from the

MCSCF and CCSD coupling constants, the

overall behaviour of the coupling with hydrogen-

bond length is the same at all computational levels.

In particular, the sign change of 1hK(HY) [and, for

the fluorine coupling, of 2hK(XY)] when going
from neutral to charged complexes is observed at

all computational levels.

3.2. Comparison of the CCSD, MCSCF, and DFT

nuclear spin–spin couplings

The coupling constants between the nuclei en-

gaged in the hydrogen bond X–H� � �Y in the

Table 1

The spin–spin coupling constants transmitted through X–H� � �Y hydrogen bond, calculated by means of the aug-cc-pVDZ-su1 basis set

2hJ (XY) 1hJ (YH) 1J (XH)

CCSD RAS DFT CCSD RAS DFT CCSD RAS DFT

ðNH3Þ2 Total 2.0 2.1 2.4 1.4 1.6 1.5 )59.2 )65.2 )60.9
FC 2.0 2.1 2.5 1.5 1.7 1.6 )57.1 )63.2 )58.5

ðH2OÞ2 Total 1.3 1.9 0.6 4.1 4.4 4.7 )75.7 )84.0 )70.6
FC 1.5 2.1 0.9 4.4 4.7 5.0 )67.6 )76.5 )61.8

ðHFÞ2 Total )33.5 )12.3 )84.9 )26.5 )27.0 )33.7 476.3 520.9 386.4

FC )7.0 11.8 )51.2 )28.7 )29.1 )36.2 336.6 390.2 236.6

N2H
þ
7 Total 12.6 12.9 13.3 )0.8 )0.5 )3.2 )56.5 )62.3 )55.6

FC 12.6 12.8 13.3 )0.6 )0.3 )3.0 )55.9 )61.8 )55.0
H5O

þ
2 C2 Total 32.7 33.5 32.3 )40.5 )44.2 )39.6 )40.5 )44.2 )39.6

FC 33.0 33.8 32.7 )40.1 )43.8 )39.1 )40.1 )43.8 )39.1
H5O

þ
2 Cs Total 36.8 37.1 37.5 )29.7 )31.3 )32.7 )59.9 )65.2 )57.8

FC 37.1 37.4 37.9 )29.6 )31.3 )32.6 )59.1 )64.4 )56.7
FHF� Total 259.4 358.1 24.9 101.3 126.5 38.4 101.3 126.5 38.4

FC 438.6 525.5 234.6 81.6 108.7 15.1 81.6 108.7 15.1
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neutral and charged complexes under study, cal-

culated at the CCSD, RASSCF and DFT levels of

theory, are tabulated in Table 1. The aug-cc-

pVDZ-su1 basis set was used for all atoms except

for hydrogen in the largest complexes [(NH3Þ2 and
N2H

þ
7 ], for which cc-pVDZ-su1 was used. The

dominant FC contributions to the couplings are

also listed in Table 1. In the following, we shall

first discuss the proton coupling constants; next,

we shall proceed to the couplings between first-row

nuclei.

Comparing with MCSCF and CCSD, we see

that the intermolecular 1hJ (NH) and intramolec-

ular 1J (NH) coupling constants in (NH3Þ2 are ac-
curately reproduced by DFT. However, the DFT

performance is poorer for N2H
þ
7 , where the in-

tramolecular 1J (NH) coupling is still close to

CCSD but the error is much larger for the hy-

drogen-bond-transmitted 1hJ (NH) coupling. An

explanation for the difference between 1J (NH) and
1hJ (NH) may be the closeness to the nitrogen–

proton distance where the coupling changes its
sign – positive, like 1hJ (NH) in (NH3Þ2, for weak

interactions but negative, like 1J (NH), for covalent

bonds. In this region, the shortcomings of DFT

may be amplified. We also note that, for the
1H–15N coupling constants, the MCSCF results

are further from the CCSD values than are the

DFT results, with the above-mentioned exception

of 1hJ (NH) in N2H
þ
7 .

For the proton couplings, the performance of

DFT deteriorates with the number of lone pairs on

the heavy atom. Thus, compared with 1H–15N, the
1H–17O coupling constants are less accurately re-

produced by DFT, especially in (H2OÞ2. Also, for

these coupling constants, MCSCF theory is supe-

rior to DFT, at least relative to CCSD. Finally, for

the 1hJ (FH) and 1J (FH) constants in the ðHFÞ2
dimer, the DFT constants differ from the CCSD

ones, as does the MCSCF value for 1J (FH). The

poor performance of DFT for 1H–19F couplings

has been already reported in the literature

[5,21,22,35].

Turning our attention to the coupling of first-

row elements, we note that the 2hJ (XY) couplings

transmitted through the X–H� � �Y hydrogen bond
are less accurately reproduced by DFT than are

the 1hJ (YH) coupling constants. For (NH3Þ2 and

N2H
þ
7 , DFT overestimates the 2hJ (NN) coupling,

while the MCSCF and CCSD results are similar.

For (H2OÞ2, DFT underestimates the 2hJ (OO)

coupling, while the CCSD coupling falls between

the DFT and MCSCF values. By contrast, for
2hJ (OO) in H5O

þ
2 , the CCSD, MCSCF and DFT

results are close to one another (in both the C2 and

Cs configurations), somewhat surprisingly in view

of the large discrepancies for 2hJ (OO) in (H2OÞ2.
Finally, the 2hJ (FF) constants in FHF� and ðHFÞ2
are both poorly reproduced by DFT although we

note that, for 2hJ (FF) in ðHFÞ2, there is also a

significant difference between the CCSD and

MCSCF results.
In all cases where DFT fails, the discrepancy

between the DFT and CCSD (or MCSCF) can be

traced to FC term. For the fluorine couplings in

ðHFÞ2 and FHF�, for example, the DFT FC

contributions are completely at variance with the

CCSD FC contributions, the spin–dipole and

spin–orbit contributions being less sensitive to the

computational level.
To summarize, the performance of DFT for

intermolecular nuclear spin–spin coupling con-

stants deteriorates with an increasing number of

lone pairs on the coupled nuclei, just like for in-

tramolecular coupling constants [21–23,35]. For

hydrogen-bond-transmitted nitrogen couplings,

perhaps the most important ones in biochemistry

[1–4,6,7,18], DFT should be sufficiently accurate,
although some caution should be exercised also in

this case, as demonstrated by 1hJ (NH) in N2H
þ
7 .

Another issue that should be addressed is the

quality of the MCSCF results. The MCSCF results

in Table 1 have been obtained with a relatively

small virtual RAS3 space, probably affecting the

treatment of dynamic correlation. As a conse-

quence, some of the RAS results in Table 1 are
quite far from the CCSD results. To see if an ex-

tension of RAS3 would bring the MCSCF cou-

pling constants closer to the CCSD ones, we have

carried out additional calculations with RAS3

containing up to 18 orbitals. The convergence of

the MCSCF results with the extension of the active

space is not discussed here since it has been ad-

dressed elsewhere for (NH3Þ2, (H2OÞ2, ðHFÞ2, and
FHF� [8,9,17]. We only note that, in all cases, the

extension of RAS3 brings the MCSCF coupling
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constants into better agreement with the CCSD

results although, for 2hJ (FF) in FHF� and ðHFÞ2,
the convergence is slow. In ðHFÞ2, for example, the

sign of 2hJ (FF) remains negative for large MCSCF

active spaces, in disagreement with CCSD.

The only calculated coupling constants that can
be compared with experiment are 1J (FH) and
2hJ (FF) in FHF�, which have been measured at

124� 3 Hz and about 220 Hz, respectively [5].

Since the fluorine nuclei in FHF� are magnetically

equivalent, the latter value has been extrapolated

from the couplings in larger complexes of hydro-

gen fluoride with the fluorine anion.

The calculated coupling constants in Table 1
confirm the previous observations [5,8,15] that

CCSD is the only method which reproduces
2hJ (FF) in an acceptable agreement with experi-

ment, especially when the vibrational corrections

of about �40 Hz [16] are taken into account. For

this particular constant, MCSCF is slowly con-

vergent and DFT is of the wrong order of mag-

nitude. In the case of 1J (FH), MCSCF seemingly
performs better than CCSD. However, the vibra-

tional correction calculated at the B3LYP/aug-cc-

pVDZ-su1 level is 17 Hz, which favours the CCSD

value. Moreover, an improvement of the basis

actually worsens the agreement of the MCSCF

value with experiment, see below. For 1J (FH) in

FHF�, the DFT coupling is one order of magni-

tude too small, as for 2hJ (FF).

3.3. Basis set effects

The FC contributions to the intermolecular

spin–spin coupling constants calculated with the

aug-cc-pVDZ-su1 (aD-su1), aug-cc-pVTZ-su1

(aT-su1), and aug-cc-pVDZ-su4 (aD-su4) basis

sets are summarized in Table 2. We note that,
except for 2hJ (FF) in ðHFÞ2, the FC contribution

dominates the coupling constants studied here and

it also exhibits the strongest basis-set dependence.

For CCSD, the aT-su1 results are given only

for FHF�, ðHFÞ2, (H2OÞ2, and (NH3Þ2, since the

calculations were too expensive for the larger

complexes.

In the calculations of spin–spin coupling con-
stants, the effect of increasing the basis-set from

the double-f aD-su1 basis to the triple-f aT-su1

basis is twofold. First, the triple-f basis contains

more s functions with large exponents, providing a

more flexible description of the inner-core region.

Second, the triple-f basis contains more correlat-

ing functions than does the double-f basis. The

first factor affects the FC contribution to the
coupling constants at all computational levels,

providing a better contact description at the nu-

clei. The second factor, by contrast, is primarily

important for CCSD, increasing the virtual space

into which electrons are excited; also, the corre-

lating functions double as polarization functions,

improving the description of the one-electron

density. For the MCSCF wave function, on the
other hand, the extension of the basis-set from

double- to triple-f is not accompanied by an ex-

tension of the virtual active space. Consequently, it

does not lead to an improved description of cor-

relation, although the one-electron density is im-

proved by increased number of polarization

functions. Finally, in DFT, only the one-electron

density is calculated and the extension from dou-
ble- to triple-f is only important in that it intro-

duces polarization functions for a more flexible

description of the electron density.

In most cases, the extension from aD-su1 to

aT-su1 increases the absolute value of the coupling

constant – at least for MCSCF and DFT. For

CCSD, however, some of the constants decrease –

for example, 1J (FH) in FHF� and 2hJ (OO) in
(H2OÞ2. This difference arises from the above-

mentioned different basis-set requirements of

CCSD on the one hand and of MCSCF and DFT

on the other hand. In short, as for other molecular

properties, we cannot investigate basis-set incom-

pleteness at the DFT level and transfer our con-

clusions to the CCSD level.

The aD-su4 basis differs from aD-su1 only in
the number of tight s functions, whose exponents

form a geometric progression. This particular ex-

tension improves the description of the nuclear

region and consequently the calculated FC inter-

action. However, since no correlating functions are

added, the description of dynamic correlation is

not improved. The effect of this basis-set extension

is therefore the same for all methods – see Table 2.
Thus, whereas the extension from aD-su1 to

aT-su1 has opposite effects at CCSD and DFT/
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MCSCF levels for 2hJ (FF) in FHF� or for 1J (FH)
in ðHFÞ2, the extension from aD-su1 to aD-su4

affects the results in the same direction for all

couplings.

4. Summary and conclusions

The intermolecular hydrogen-bond-transmitted
coupling constants have been evaluated for the

neutral complexes (NH3Þ2, (H2OÞ2, and ðHFÞ2 and
their charged counterparts N2H

þ
7 , H5O

þ
2 , and

FHF�. Three computational methods have been

employed in the calculations: CCSD, MCSCF, and

DFT at the hybrid B3LYP level. The calculations

have been carried out with three different basis sets.

At all levels of theory, the 1hJ (HY) coupling
changes sign as we strengthen the X–H� � �Y hy-

drogen bond by going from the neutral complex to
its charged counterpart. Also, as a general rule, the

reduced coupling 1hK(HY) decreases with in-

creasing hydrogen-bond length X–H� � �Y. How-

ever, the correlation with bond strength is not an

absolute one since, in the strong FHF� complex,
1hK(HF) is much smaller than the corresponding

coupling 1hK(HO) in the weaker H5O
þ
2 complex.

The correlation is even poorer for 2hK(XY), al-
though, for a given pair of nuclei X and Y,
2hJ (XY) increases as the hydrogen bond is

strengthened. Just like 1hK(HF), 2hJ (FF) changes
sign from the weak complex ðHFÞ2 to the strong

complex FHF�.

This sign variation of the intermolecular cou-

pling constants has consequences for structural

investigations. There exists an internuclear dis-
tance intermediate between that corresponding to

Table 2

FC contributions to spin–spin coupling constants transmitted through X–H� � �Y hydrogen bond. A comparison of the aug-cc-pVDZ-

su1, aug-cc-pVTZ-su1 and aug-cc-pVDZ-su4 results

CCSD RAS DFT

aDsu-1 aTsu-1 aDsu-4 aDsu-1 aTsu-1 aDsu-4 aDsu-1 aTsu-1 aDsu-4

2hJ (XY)

ðHFÞ2 )7.0 )12.1 )7.2 11.8 12.1 12.2 )51.2 )51.4 )52.7
ðH2OÞ2 1.5 1.3 1.5 2.1 2.1 2.1 0.9 0.9 0.9

ðNH3Þ2� 2.0 1.9 2.0 2.1 2.1 2.1 2.5 2.5 2.6

FHF� 438.6 434.1 451.6 525.5 540.3 541.1 234.6 242.8 241.5

H5O
þ
2 C2 33.0 – 34.0 33.8 34.2 34.8 32.7 33.2 33.7

H5O
þ
2 Cs 37.1 – 38.2 37.4 37.8 38.4 37.9 38.3 39.0

N2H
þ
7
� 12.6 – 12.9 12.8 12.9 13.2 13.3 13.3 13.7

1hJ (YH)

ðHFÞ2 )28.7 )32.8 )30.7 )29.1 )30.7 )31.1 )36.2 )37.8 )39.1
ðH2OÞ2 4.4 4.4 4.4 4.7 4.9 5.0 5.0 5.2 5.4

ðNH3Þ2� 1.5 1.5 1.6 1.7 1.8 1.7 1.6 1.7 1.8

FHF� 81.6 79.5 86.5 108.7 117.6 115.5 15.1 19.6 15.4

H5O
þ
2 C2 )40.1 – )42.8 )43.8 )45.9 )46.8 )39.1 )41.0 )41.9

H5O
þ
2 Cs )29.6 – )31.6 )31.3 )32.7 )33.4 )32.6 )34.1 )34.9

N2H
þ
7
� )0.6 – )0.7 )0.3 )0.3 )0.3 )3.0 )3.2 )3.3

1J (XH)

ðHFÞ2 336.6 324.0 355.7 390.2 406.1 412.9 236.6 245.2 251.5

ðH2OÞ2 )67.6 )68.5 )67.6 )76.5 )79.3 )81.3 )61.8 )64.0 )65.7
ðNH3Þ2� )57.1 )57.9 )60.9 )63.2 )65.3 )63.2 )58.5 )60.3 )62.5
FHF� 81.6 79.5 86.5 108.7 117.6 115.5 15.1 19.6 15.4

H5O
þ
2 C2 )40.1 – )42.8 )43.8 )45.9 )46.8 )39.1 )41.0 )41.9

H5O
þ
2 Cs )59.1 – )63.1 )64.4 )67.3 )68.8 )56.7 )59.3 )60.7

N2H
þ
7
� )55.9 – )59.7 )61.8 )64.1 )66.1 )55.0 )56.9 )58.8

* cc-pVDZ-su-1 or cc-pVTZ-su-1 on hydrogen atoms, respectively.
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covalent bond and that corresponding to weak

hydrogen bond for which the value of coupling

constant goes through zero, implying that, con-

trary to chemical intuition, a small absolute value

of the coupling may correspond to a short inter-

nuclear distance. Thus, in some cases, a sign de-
termination may be necessary for a proper

derivation of hydrogen-bond length from mea-

surements of hydrogen-bond-transmitted coupling

constants.

As for intramolecular coupling constants, the

description of 2hJ (XY) by DFT deteriorates when

the number of lone pairs on X and Y increases.

Thus, while the 2hJ (NN) coupling in (NH3Þ2 and
N2H

þ
7 is only slightly overestimated at the DFT

level, 2hJ (OO) in H5O
þ
2 is consistent with CCSD

and MCSCF, 2hJ (OO) in (H2OÞ2 is twice too

small, and 2hJ (FF) in FHF� and ðHFÞ2 is of the

wrong order of magnitude. However, DFT per-

forms better for 1hJ (YH) than it does for 2hJ (XY),

agreeing with CCSD and MCSCF except for
1hJ (NH) in N2H

þ
7 and 1hJ (FH) in FHF�. On these

considerations, the conclusions drawn for nitro-

gen–nitrogen and nitrogen–proton couplings from

the DFT calculations [10,11,18–20] should remain

unchanged if high-level ab initio methods were

used.

For the small systems studied here, MCSCF

theory is more reliable than DFT although its

convergence with the number of active orbitals is
slow. For example, a large active space is needed

to bring the intermolecular couplings in ðHFÞ2 into
agreement with CCSD, making MCSCF inappli-

cable to large systems.

Of the methods considered here, the CCSD

method is the most reliable one. However, CCSD

has very high basis-set requirements, as demon-

strated by comparing coupling constants calcu-
lated with double and triple-f basis sets. These

requirements arise from a need to generate a vir-

tual space sufficiently large to recover a substantial

proportion of the dynamical correlation. These

requirements are not shared by DFT, making it

the most practical method for the study of inter-

molecular spin–spin coupling constants in large

systems. We note however, that, for the descrip-
tion of the FC interaction at the nuclei, the basis-

set requirements are the same for all methods – for

accurate calculations of indirect nuclear spin–spin

coupling constants, the basis must contain a large

number of uncontracted, steep s functions.
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