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This paper addresses the question of whether spin-spin coupling between X and Y across an X-H-Y
hydrogen bond is proof that the hydrogen bond is covalent. The results of ab initio equation-of-motion coupled
cluster singles and doubles (EOM-CCSD) calculations are used to compare coupling constants (2hJX-Y) for
hydrogen-bonded complexes and related complexes that have the same X-Y distance but no hydrogen bond.
The results show that even in the absence of a hydrogen bond, X-Y coupling can occur. The magnitude of
this coupling constant may be greater or less than it is in the hydrogen-bonded complex. Thus, these data
suggest that X-Y spin-spin coupling is not a proof of covalency. The role of the hydrogen bond is to allow
X and Y to approach each other close enough to form a stable complex, for which an X-Y coupling constant
can be measured experimentally. The presence of the proton does influence the magnitude of the coupling
constant by altering the s-electron densities on X and Y.

Introduction

In their landmark paper, Dingley and Grzesiek reported the
first experimental measurements of two-bond spin-spin cou-
pling constants across N-H‚‚‚N hydrogen bonds in the AU and
GC pairs.1 In this and a subsequent review article,2 these authors
stated that the experimental verification of the existence of such
two-bond couplings proves that the hydrogen bond is covalent.
Others have addressed this question, and support can be found
both pro and con.3-11 Those who do not support this claim noted
that through-space couplings can occur between atoms in a
repulsive orientation, an example being19F-19F coupling incis-
1,2-difluorothene.12 Pecul has computed a coupling constant
between two3He atoms, noting that coupling can occur in such
a complex, which is stabilized by a very weak van der Waals
interaction.6 In a recent review, Contreras et. al. have argued
that coupling can be transmitted between two atoms as long as
there is an overlap of their electron clouds.11

It is not the purpose of this paper to debate whether the
hydrogen bond is covalent or not.13-15 Certainly, there is a
contribution to the stabilization energy of a hydrogen-bonded
complex due to covalency. Perhaps the most convincing
evidence of this comes from the structures of hydrogen-bonded
complexes. In neutral complexes, for example, the hydrogen
bond tends to form in one of the lone pair directions relative to
the proton-acceptor atom, that is, in the same direction in which
protonation occurs. The hydrogen bond does not form in the
direction that coincides with the molecular dipole moment vector
of the base, the direction in which a cation such as Li+ interacts
with a simple base. Excellent illustrative examples are the gas-
phase structures of the water16 and hydrogen fluoride17 dimers.

In this paper two questions will be addressed: (1) Is the
existence of a spin-spin coupling constant between a pair of
hydrogen-bonded atoms proof that the hydrogen bond is

covalent? (2) What role does the proton play in spin-spin
coupling across a hydrogen bond?

To answer these questions, a direct comparison will be made
of two-bond X-Y coupling constants in hydrogen-bonded
complexes computed in the presence and absence of the
hydrogen-bonded proton.

Methods

Ab initio equation-of-motion coupled cluster singles and
doubles (EOM-CCSD) calculations in the CI-like approxima-
tion18-21 have been carried out on selected hydrogen-bonded
complexes, and on some related non-hydrogen-bonded structures
derived from them. The hydrogen-bonded complexes were
optimized at second-order Møller-Plesset perturbation theory
(MP2)22-25 with the 6-31+G(d,p) basis set.26-29 The EOM-
CCSD calculations were performed with use of the Ahlrichs
qzp basis on non-hydrogen atoms and qz2p on the hydrogen-
bonded hydrogen.30 The Dunning cc-pVDZ basis set31,32was
used for all other hydrogens. For consistency and comparison
purposes, the calculations on the water dimer and related
structures employed the qz2p basis set on all hydrogen atoms.
This level of theory has been found to give good agreement
with experimental two-, three-, and four-bond coupling constants
across hydrogen bonds when these are available.33-37 The EOM-
CCSD calculations were carried out with the ACES II program38

on the Cray SV1 computer or the Itanium cluster at the Ohio
Supercomputer Center.

Results and Discussion

Table 1 reports data for five systems that are stabilized by
X-H-Y hydrogen bonds. These include two hydrogen-bonded
cations, O2H5

+ and N2H7
+, that are stabilized by symmetric

O‚‚‚H‚‚‚O and N‚‚‚H‚‚‚N hydrogen bonds, respectively; two
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neutral complexes, (H2O)2 and FH:NH3, which are stabilized
by traditional O-H‚‚‚O and F-H‚‚‚N hydrogen bonds, respec-
tively; and one molecule, malonaldehyde, which is stabilized
by an intramolecular O-H‚‚‚O hydrogen bond. The equilibrium
X-Y distances and the coupling constants (2hJX-Y) for the
equilibrium structures are reported in Table 1, columns 2 and
3, respectively. Since it has been shown that the Fermi-contact
(FC) term is an excellent approximation to the total coupling
constant (2hJX-Y) for O-H-O, N-H-N, and F-H-N hydro-
gen bonds,35,39-41 only values of the FC terms are reported.
Column 4 reports complexes that do not have hydrogen bonds,
but which will be used for comparison with the corresponding
complexes in column 1. Columns 5 and 6 report the X-Y
distances and the computed X-Y spin-spin coupling constants
for the related complexes.

The first complex in Table 1 is the cationic complex O2H5
+,

which hasC2 symmetry and is stabilized by a symmetric proton-
shared O‚‚‚H‚‚‚O hydrogen bond. The O-O distance in this
complex is 2.386 Å and2hJO-O is 39.9 Hz. For comparison,
two related complexes with the formula O2H4 are also reported
in Table 1.10 These two contain two H2O molecules in the same
orientation and therefore with the same O-O distance as the
two H2O molecules in O2H5

+, but with the hydrogen-bonded
proton (H+) removed. In this orientation, the two water
molecules are not bound, but are repulsive relative to two
isolated molecules. In the first example, the hydrogen-bonded
proton has been removed, but its basis functions have been
retained. The O-O coupling constant is less than it is in O2H5

+,
but it is still substantial at 25.6 Hz. In the second example, the
proton basis functions have also been removed, and the coupling
constant drops only slightly to 25.0 Hz. The fact that the
coupling constant decreases when the proton is removed
suggests that the presence of the proton that forms the hydrogen
bond has an effect on the magnitude of the coupling constant.
The fact that the coupling constant is appreciable even though
there is no hydrogen bond indicates that the measurement of
such a coupling constant does not constitute proof that the
hydrogen bond is covalent. Moreover, since the coupling
constant changes little whether the proton basis functions are
present or not indicates that there is no significant basis-set
superposition effect on coupling constants.

The second example is similar, this time involving the cation
N2H7

+ in its nonequilibrium D3d orientation in which the

hydrogen bond is symmetric, and a related system in which the
two NH3 molecules are in the same orientation as the two NH3

molecules in the cationic complex, with the same N-N distance
of 2.598 Å. Once again, removing the hydrogen-bonded proton
reduces the coupling constant from 17.2 to 13.5 Hz. However,
the N-N coupling constant is still significant, despite the fact
that there is no hydrogen bond and the interaction between the
two NH3 molecules is repulsive.

The next complex, FH:NH3, is compared to a system in which
the hydrogen-bonded proton has been removed to give the
anion-molecule, F-:NH3, with the F-N distance fixed at 2.637
Å in both. The hydrogen-bonded FH:NH3 complex has a
computed F-N coupling constant of-45.2 Hz. However, when
the proton is removed, the F-N coupling constant increases
(in an absolute sense) to-51.7 Hz, even though there is no
hydrogen bond and the interaction of F- with NH3 is repulsive.

The first three examples involve the removal of H+, so that
the charge on the complex changes, either from+1 to 0, or
from 0 to -1. In the next two examples, the charge is
unchanged. The equilibrium water dimer, which hasCs sym-
metry, has a very small coupling constant of 1.5 Hz at an O-O
distance of 2.914 Å, as reported in Table 1. The species given
for comparison is an arrangement of two neutral water molecules
that has planarD2h symmetry, and an O-O distance of
2.914 Å. The two water molecules are arranged such that the
two oxygen atoms are adjacent, and the four hydrogen atoms
lie outside of the two oxygens. In this arrangement there is no
hydrogen bond, and the interaction of the pair of H2O molecules
is repulsive. Yet, the O-O coupling constant increases relative
to the water dimer, to 5.8 Hz at the same O-O distance. Thus,
despite the fact that there is no hydrogen bond, the value of
JO-O in this arrangement of two water molecules is even greater
than that in the water dimer itself.

The final example listed in Table 1 is malonaldehyde in two
different conformations. The first is the equilibrium structure
that is stabilized by an asymmetric O-H‚‚‚O hydrogen bond.
It has an O-O coupling constant of 3.5 Hz at an O-O distance
of 2.600 Å. For comparison, the same molecule with the O-H
bond rotated by 180° about the C-O bond has an O-O coupling
constant of 5.1 Hz. In this conformation there is no hydrogen
bond.

The examples presented above provide convincing evidence
that the existence of a two-bond spin-spin coupling constant
across a hydrogen bond does not prove that the hydrogen bond
is covalent. What then is the role of the hydrogen bond and the
hydrogen-bonded proton in spin-spin coupling? The presence
of the proton is not necessary to have X-Y coupling across an
X-H-Y hydrogen bond, that is, the mechanism of coupling
between X and Y does not directly involve H. However, the
formation of the X-H-Y hydrogen bond is necessary to enable
the proton donor and proton acceptor molecules to form a stable
complex in which X and Y are close enough to couple. In this
stable arrangement, spin-spin coupling between X and Y gives
rise to a signal that can be measured experimentally. The
presence of the proton and the formation of the hydrogen bond
do influence the magnitude of X-Y spin-spin coupling
constants, since hydrogen-bond formation alters the electron
densities on both X and Y in ground and excited triplet states.
In the sum-over-states expression for the Fermi-contact term,42

the FC term arises from a sum of contributions which involve
coupling between excited triplet states and the ground state. This
coupling involves only states that have s-electron densities on
X and Y.

TABLE 1: Two-Bond Spin-Spin Coupling Constants
(2hJX-Y, Hz) and X-Y Distances (Å) for Hydrogen-Bonded
Complexes and Related Structures

complex RX-Y
2hJX-Y related structure RX-Y JX-Y

O2H5
+ (C2) 2.386 39.9 O2H4 (C2)a 2.386 25.6

O2H4 (C2)b 2.386 25.0
N2H7

+ (D3d) 2.598 17.2 N2H6 (D3d) 2.598 13.5
FH:NH3 2.637 -45.2 F-:NH3 2.637 -51.7
HOH:OH2 (Cs) 2.914 1.5 H2O:OH2 (D2h)c 2.914 5.8
C3H4O2 (Cs)d 2.600 3.5 C3H 4O2 (Cs)e 2.600 5.1

a The two H2O molecules have the same orientation as in the
equilibrium protonated dimer O2H5

+ with the hydrogen-bonded proton
removed, but with the basis functions on this proton remaining.b The
two H2O molecules have the same orientation as in the equilibrium
protonated dimer O2H5

+ with the hydrogen-bonded proton and its basis
functions removed.c A planar arrangement of two optimized H2O
molecules withD2h symmetry and no hydrogen bond. The two O atoms
are adjacent, and the H atoms are on the outside of the two oxygens.
d The optimized equilibrium structure of malonaldehyde with an
asymmetric O-H‚‚‚O hydrogen bond.e A conformer of malonaldehyde
derived from the optimized structure by rotating the O-H bond of the
C-O-H group by 180° about the C-O bond, thereby destroying the
O-H‚‚‚O hydrogen bond.

Two-Bond Spin-Spin Coupling across a Hydrogen Bond J. Phys. Chem. A, Vol. 108, No. 33, 20046821



Acknowledgment. This work was supported by the National
Science Foundation through grant CHE-9873815 and by the
Ohio Supercomputer Center. This support is gratefully acknowl-
edged. It is a pleasure to acknowledge many insightful discus-
sions with Dr. Jose´ Elguero.

References and Notes

(1) Dingley, A. J.; Grzesiek, S. J.J. Am. Chem. Soc.1998, 120, 8293.
(2) Grzesiek, S. J.; Cordier, F.; Dingley, A.J. Biol. Magn. Reson.2003,

20, 255.
(3) Benedict, H.; Shenderovich, I. G.; Malkina, O. L.; Malkin, V. G.;

Denisov, G. S.; Golubev, N. S.; Limbach, H.-H.J. Am. Chem. Soc.2000,
122, 1979.

(4) Arnold, W. D.; Oldfield, E.J. Am. Chem. Soc.2000, 122, 12835.
(5) Arnold, W. D.; Mao, J.; Sun, H.; Oldfield, E.J. Am. Chem. Soc.

2000, 122, 12164.
(6) Pecul, M.J. Chem. Phys.2000, 113, 10835.
(7) Pecul, M.; Sadlej, J.; Leszczynski, J.J. Chem. Phys.2001, 115,

5498.
(8) Grzesiek, S. J.; Cordier, F.; Dingley, A. J. InMethods of

Enzymology; Academic Press: London, UK, 2001; Vol. 338.
(9) Bryce, D. L.; Wasylishen, R. E.J. Mol. Struct.2002, 602-603,

463.
(10) Bartlett, R. J.; Del Bene, J. E.; Perera, S. A. InStructures and

Mechanisms: From Ashes to Enzymes; Eaton, G. R., Wiley, D. C., Jardetzky,
O., Eds.; ACS Symp. Ser. No. 827; Oxford University Press: New York,
2002; pp 150-164.

(11) Contreras, R. H.; Barone, V.; Facelli, J. C.; Peralta, J. E. InAnnual
Reports on NMR Spectroscopy; Webb, G. A., Ed.; Elsevier Academic
Press: Amsterdam, The Netherlands, 2003; Vol. 51, pp 167-260.

(12) Flynn, G. W.; Matsushima, M.; Baldeschwieler, J. D.; Craig, N.
C. J. Chem. Phys.1963, 38, 2995.

(13) Isaacs, E. D.; Shukla, A.; Platzman, P. M.; Hamann, D. R.;
Barbiellini, B.; Tulk, C. A.Phys. ReV. Lett. 1999, 82, 600.

(14) Ghanty, T. K.; Staroverov, V. N.; Koren, P. R.; Davidson, E. R.J.
Am. Chem. Soc.2000, 122, 1210.

(15) Neuefiend, J.; Benmore, C. J.; Tomberli, B.; Egelstaff, P. A.J.
Phys.: Condens. Matter2002, 14, L429.

(16) Dyke, T. R.; Mack, K. M.; Muenter, J. S.J. Chem. Phys.1977,
66, 498. Odutola, J. A.; Viswanathan, R.; Dyke, T. R.J. Am. Chem. Soc.
1979, 101, 4787. Dyke, T. R.; Muenter, J. S.J. Chem. Phys.1973, 59,
3125.

(17) Dyke, T. R.; Howard, B. J.; Klemperer, W.J. Chem. Phys.1969,
56, 2442.

(18) Perera, S. A.; Sekino, H.; Bartlett, R. J.J. Chem. Phys.1994, 101,
2186.

(19) Perera, S. A.; Nooijen, M.; Bartlett, R.J. Chem. Phys.1996, 104,
3290.

(20) Perera, S. A.; Bartlett, R. J.J. Am. Chem. Soc.1995, 117, 8476.
(21) Perera, S. A.; Bartlett, R. J.J. Am. Chem. Soc.1996, 118, 7849.
(22) Pople, J. A.; Binkley, J. S.; Seeger, R.Int. J. Quantum Chem.

Quantum Chem. Symp.1976, 10, 1.
(23) Krishnan, R.; Pople, J. A.Int. J. Quantum Chem.1978, 14, 91.
(24) Bartlett, R. J.; Silver, D. M.J. Chem. Phys.1975, 62, 3258.
(25) Bartlett, R. J.; Purvis, G. D.Int. J. Quantum Chem.1978, 14, 561.
(26) Hehre, W. J.; Ditchfield, R.; Pople, J. A.J. Chem. Phys.1982, 56,

2257.
(27) Hariharan, P. C.; Pople, J. A.Theor. Chim. Acta1973, 238, 213.
(28) Spitznagel, G. W.; Clark, T.; Chandrasekhar, J.; Schleyer, P. v. R.

J. Comput. Chem.1982, 3, 3633.
(29) Clark, T.; Chandrasekhar, J.; Spitznagel, G. W.; Schleyer, P. v. R.

J. Comput. Chem.1983, 4, 294.
(30) Scha¨fer, A.; Horn, H.; Ahlrichs, R.J. Chem. Phys.1992, 97, 2571.
(31) Dunning, T. H., Jr.J. Chem. Phys.1989, 90, 1007.
(32) Woon, D. E.; Dunning, T. H., Jr.J. Chem. Phys.1995, 103, 4572.
(33) Del Bene, J. E.; Perera, S. A.; Bartlett, R. J.; Alkorta, I.; Elguero,

J. J. Phys. Chem. A2000, 104, 7165.
(34) Del Bene, J. E.; Jordan, M. J. T.; Perera, S. A.; Bartlett, R. J.J.

Phys. Chem. A2001, 105, 8399.
(35) Del Bene, J. E.; Perera, S. A.; Bartlett, R.J. Magn. Reson. Chem.

2001, 39, S109.
(36) Del Bene, J. E.; Perera, S. A.; Bartlett, R. J.; Elguero, J.; Alkorta,
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Elguero, J.; Alkorta, I.J. Phys. Chem. A2003, 107, 3126.

(42) Kirpekar, S.; Jensen, H. J. Aa.; Oddershede, J.Chem. Phys.1994,
188, 171.

6822 J. Phys. Chem. A, Vol. 108, No. 33, 2004 Del Bene


