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Abstract: Nuclear spin-spin coupling constants 1J(Hg-Hg) in the systems Hg2
2+ and Hg3

2+ represent the
largest coupling constants so far observed in NMR experiments. We have performed a computational study
on these ions, on Hg2

2+ complexes with 18-crown-6 and 15-crown-5, and on Hg3
2+ with solvent molecules

and counterions. The results obtained with our recently developed program for the density functional
computation of heavy nucleus spin-spin coupling constants are in good agreement with experiments. The
data reveal that the bare ions Hg2

2+ and Hg3
2+ would afford much larger coupling constants than those

experimentally observed, with an upper limit of approximately 0.9 MHz for Hg2
2+. This limit is much larger

than that previously estimated by Hückel theory. It is demonstrated that in solution or due to complexation
the experimentally determined values are much smaller than the free ion’s coupling constants. With the
help of intuitive MO arguments, it is illustrated how the environment strongly reduces the coupling constants
in Hg2

2+ and Hg3
2+. The two-bond coupling constant 2J(Hg-Hg) in Hg3

2+ is also examined.

1. Introduction

Scalar nuclear spin-spin coupling constants between mercury
atoms represent the largest experimentally known coupling
constants. A well-known example is the one-bond coupling
1J(Hg-Hg) in [Hg-Hg-Hg]2+ of 139.6 kHz in ref 1 which
was the first Hg-Hg coupling ever reported and the largest
known coupling constant of that time (1984). Currently the Hg-
Hg coupling of 284.1 kHz of a complex of [Hg-Hg]2+ with
the crown ethers 18-crown-6 and 15-crown-5 reported in 2001
is the largest experimentally observed coupling constant.2 [All
values here and in the following refer to the199Hg nucleus.]
The “world records” for the coupling constants between different
nuclei are currently held by [(NC)5Pt-Tl] (71.1 kHz) and the
related complexes [(NC)5Pt-Tl(CN)n]n- (for 205Tl and195Pt).3,4

A relativistic density functional approach to calculate spin-
spin coupling constants involving heavy nuclei has emerged only
recently.5,6 Previously reported semiempirical or ab initio
methodology is currently not applicabale to the rather large
heavy atom systems under consideration in this work and/or
not able to achieve a comparable accuracy which is necessary

in order to make numerical predictions with sufficient confi-
dence (such as four-component Hartree-Fock,7 scaling of
hyperfine integrals in semiempirical8 or DFT calculations,9 or
relativistic extended Hu¨ckel theory10). It is of great benefit to
theoretically study NMR parameters of systems with metal-
metal bonds because the experimentally observed values are
determined by assometimes very sensitives interplay between
features of the metal-metal bond, relativistic effects, the
influence of the ligands, and the influence of the solvent. For
instance, we have been able to explain very unintuitive features
of the Tl-C coupling constants and the large Pt-Tl coupling
of 57 kHz (experimental value) in [(NC)5Pt-Tl(CN)]- as the
result of an interplay between solvent effects, relativity, and
the multicenter character of the bonds along the C-Pt-Tl-C
axis.11 Another example is the case of Pt-Pt coupling constants.
They can differ by a factor of 10 for chemically closely related
dinuclear Pt complexes. We have recently explained this
unintuitive fact by the interplay between relativistic effects on
the Pt-Pt bond and the strength of the ligand’sσ-interaction
with the Pt centers.12 We shall here extend previous studies of
spin-spin coupling in compounds containing heavy nuclei to
mercury-mercury couplings. We shall in particular show how
relativistic effects13,14can serve as a “magnifying glass” for the
study of subtle effects on metal-metal bonds.
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Because of the difficulties with a theoretical description of
heavy atoms in general and their very sensitive NMR parameters
in particular, no first-principles theoretical study of the largest
known spin-spin coupling constants has so far been carried
out. We will show that these quantities for the Hg2

2+ and Hg32+

ions can be reproduced by computations that take environmental
effects into considerations. It is further our aim to report that
the mechanisms that are responsible for the large differences
in the metal-metal coupling constants for different complexes,
and compared to computations on the free ions, can be
rationalized with the help of simple MO models. On this basis,
we suggest possible candidates to afford a Hg-Hg spin-spin
coupling constant that could exceed the 284.1 kHz of ref 2 with
a large margin.

Some of the systems that are studied here are depicted in
Figures 1 and 2. In addition to the ions Hg2

2+ and Hg32+ in the
gas phase, we have studied Hg3

2+ with varying numbers of
solvent molecules (SO2, 7-12and others) and with counterions
(AsF6

-, 5, 6), as well as Hg22+-crown ether complexes with
15-crown-5 and 18-crown-6 (1-4). In section 2 we outline the
details regarding the computations. In section 3 the results are
interpreted and compared to experimental data. The findings
are summarized in section 4.

2. Computational Details

The computations have been carried out with the Amsterdam density
functional (ADF) program package.15-17 It incorporates our recently

developed code for the two-component relativistic computation of
nuclear spin-spin coupling constants,5,18 based on the zeroth-order
regular approximation (ZORA) Hamiltonian.19,20 The computational
settings that were applied here as well as details on the basis sets are
described in refs 6 and 5 and are briefly sketched here for convenience.
All computations employed the Vosko-Wilk-Nusair21 local density
functional (LDA) for the ground-state calculations and geometry
optimizations. In addition, some systems have been calculated using
the BP22-24 gradient-corrected (GGA) density functional in order to
demonstrate that the results are not very sensitive to the particular choice
of the approximate density functional for the ground-state computation.
Triple-ú Slater-type basis sets with one polarization function for the
valence shell have been applied in the computations. We have confirmed
by a number of test calculations on the samples of this work, and
previously published data on methylmercury halides, that the results
would not be significantly improved by adding more polarization
functions to the basis set. The geometries have been optimized using
frozen core basis sets (1s frozen for C, N, O; 1s-2p frozen for S, 1s-
4f frozen for Hg), whereas the computations of the spin-spin coupling
constants have employed all electron basis sets that were augmented
with 1s functions with exponents up to∼104 for Hg in order to obtain
a reasonably accurate description of the Fermi-contact term. We refer
the reader to refs 5 and 18 for details. Unless explicitly stated otherwise,
the computations of spin-spin coupling constants have been based on
ZORA-optimized geometries.
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Figure 1. Hg2
2+-crown ether complexes studied in this work. Hg2

2+(15-
crown-5)(18-crown-6)‚H2O 1 (crystal structure), Hg22+(18-crown-6)2 2,
Hg2

2+(15-crown-5)2 3, Hg2
2+(18-crown-6)4. Hydrogens are not displayed

for clarity.

Figure 2. Hg3
2+ complexes with solvent molecules or counterions. Hg3

(AsF6)2 5 and6, Hg3
2+ with various numbers of solvent molecules (SO2)

7-12.
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The spin-spin coupling constant within the relativistic ZORA
formalism consists of four terms that we denote by Fermi-contact (FC),
spin-dipole (SD), and the paramagnetic and diamagnetic orbital terms
(OP and OD). We have chosen the well-known nonrelativistic
nomenclature25 for the four terms because, first, they yield the respective
FC, SD, OP, and OD terms of Ramsey’s nonrelativistic theory in the
nonrelativistic limit (speed of lightc f ∞) and, second, they can be
interpreted in a similar way.5,26 Corrections to the spin-spin coupling
constants arising from the electronic spin-orbit coupling have been
evaluated as well for Hg22+ and Hg32+ and for two linear Hg22+

complexes. Because of their expense and a rather small effect in terms
of their relative magnitute as compared to the scalar relativistic results,
these corrections have been neglected for the larger systems. For the
same reason, the expensive but often negligible SD term has been
neglected in the scalar relativistic ZORA computations (it is, however,
included in the spin-orbit calculations in which it hardly adds to the
computational expense). All the calculated coupling constants are
“classic” 27,28 in the sense that they are almost completely determined
by the FC term. Therefore, the qualitative analysis has been restricted
to this contribution. For instance, for the coupling constants listed in
Table 3 below the OP contribution does not exceed 0.1 kHz in
magnitude and is typically negative. The same is true for the bare ions
(Table 1). For counter examples in which the OP term dominates the
coupling constant, see, for example, ref 29. Examples for which the
spin-orbit corrections yield the dominant contribution to the spin-
spin coupling constants are also known.6,18

3. Results and Discussion

The Bare Ions.The results for our calculations on the bare
ions Hg2

2+ and Hg32+ are listed in Table 1, together with
experimental values for the Hg2

2+-18-crown-6-15-crown-5
complex in MeOH and for Hg3(AsF6)2 in liquid SO2. Other
available theoretical data for Hg3

2+ were obtained in 1993 with
the relativistic extended Hu¨ckel (REX) model,30 or in 1984 with
a simple Hu¨ckel model employing a “relativistic value” for the
Hg 6s density at the nucleus and an experimental estimate for
the σg - σg

/ orbital energy difference.1 It can be seen from

Table 1 that our density functional calculations on Hg3
2+ are in

worse agreement with the experimental data than the simple
LCAO estimate by Gillespie et al.1 or the REX values.28 The
results for Hg22+ based on computations for the bare ion are
even more unsatisfactory since they overestimate the experi-
mental value for the crown ether complex by more than a factor
of 3. Again, the Hu¨ckel calculations for the bare Hg2

2+ are much
closer to experiment. Fortunately, we can now (and must) go
beyond computing the bare ions. We will show in the following
that the ZORA DFT computations are likely to predict the
correct magnitude of the coupling constants for the bare ions.

Regarding the influence of the approximations to the density
functional in the ground-state computations, Table 1 lists results
obtained with the local density approximation (LDA, in form
of the VWN functional) and with a generalized gradient
approximations (GGA, in form of the BP functional). At the
nonrelativistic level for light atomic molecules, it is known that
the quality of the functional has severe consequences for the
accuracy of the final results.31-34 However, we5 have previously
found that this is much less the case for the NMR properties of
a heavy nucleus (except for “problematic cases”). It is known
that for heavy atoms such as Hg simple functionals derived from
the electron gas approximation already perform rather satisfac-
tory, which is in contrast to light elements. The choice of a
particular flavor of a (nonhybrid) GGA has been found to affect
the results only marginally in the case of199Hg chemical
shifts.26,35 For spin-spin coupling constants the results were
found to be comparatively insenitive to the approximations
(LDA versus GGA) to the density functional in case the coupling
constant is dominated by the FC term,5,18 as is the case for the
systems studied in the present work. This is also illustrated by
the data of Table 1. Due to the sensitivity of spin-spin coupling
constants in general, the results are of course somewhat affected,
but to an extent that is insignificant for the follwing discussion.

The results are also dependent on whether spin-orbit
coupling is included in the computations or not.1J(Hg-Hg) in
Hg2

2+ is affected by as much as 0.1 MHz (see footnote a in
Table 1), a 14% correction that is certainly not negligible. On
the other hand, previous experience and also additional com-
putations on Hg2Cl2 and Hg2(CN)2 indicate that the spin-orbit
corrections contribute a certain fraction of the FC term to the
final result rather than an absolute amount of 0.1 MHz in the
case of Hg22+ and its complexes (Table 2). From the data in
Table 2 it can be seen that the spin-orbit corrections only
amount to 3% at most for these systems. The differences in the
results for the LDA and the GGA functional, respectively, are
6% and smaller, in line with the argument of the preceding
paragraph. For that reason we regard it as sufficient to treat the
larger systems in the following sections at the scalar relativistic
LDA level. (For complexes2 and3, footnotes e and h of Table
3 list also scalar relativistic GGA values for comparison, with
differences of only 3% and 5%, respectively, to the LDA
results.) Thus for the systems studied in this work the conclu-
sions, trends, and semiquantitative agreement with the experi-
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Table 1. 199Hg-199Hg Spin-Spin Coupling Constants in Hg2
2+

and Hg3
2+ (in kHz)

Hg2
2+ Hg3

2+

ZORA LDA scalar 941.5a 242.9b,c/464.1b,d

ZORA LDA SO 824.8a 229.5b,c/397.8b,d

ZORA GGA scalar 935.8a 241.8b,c/460.4b,d

ZORA GGA SO 819.8a 241.0b,c/452.6b,d

Hückele 80.00c

REXf 274.5 101.6c

experiment 284.1(9)g 139.7(3)c,h/i

a This work. Scalar ZORA including the FC, OP, and OD term. Spin-
orbit (SO) value additionally includes the SD term and spin-orbit cross
termsR(Hg-Hg) ) 2.638 Å.b This work. See also footnotea. R(Hg-Hg)
) 2.665 Å.c One-bond coupling1J(Hg-Hg). d Two-bond coupling2J(Hg-
Hg). e Estimate based on Hu¨ckel MOs and relativistically corrected hyperfine
integrals for Hg 6s, ref 1. An alternative value of 142.4 kHz is also quoted
in this reference, but the origin is unclear.f Relativistic EXtended Hu¨ckel
theory (REX))with 6s+ 6p basis, quoted in ref 28.g Crown ether complex
1 with one MeOH coordinating to Hg through the 18-crown-6 ring, in
MeOH, ref 2.h Hg3(AsF6)2 in liquid SO2, ref 1. i 2J(Hg-Hg) not yet
measured.
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mental data would not be significantly affected by the compu-
tationally expensive inclusion of spin-orbit coupling or the
choice of a different LDA or GGA functional of the same
quality. “Significant” refers here to the accuracy of the
computations when compared to experimental data.

[Hg-Hg]2+ Crown Ether Complexes.From our previous
work,6,11,12it has become clear that ligands and solvent effects
must be explicitly considered when attempting to understand
and reproduce experimental NMR data for heavy metals by
theoretical methods. This becomes strikingly obvious when
computing1J(Hg-Hg) for the 18-crown-6-15-crown-5 com-
plex of Hg2

2+ (1), employing the experimentally determined
crystal structure of ref 2 (see Table 3). The scalar ZORA LDA
result of 278.4 kHz based on this structure is in almost perfect
agreement with the experimental value of 284.1 kHz for the
Hg-Hg coupling. With the discussion of the previous section
in mind, we assume that the spin-orbit corrections constitute
a comparable fraction of the total value as in the free ion
(approximately 15%) or less. This would still lead to very good
agreement with the experimental value, taking into consideration
the sensitivity of the coupling constant and the fact that small
geometry changes due to molecular vibrations at finite temper-
ature, or solvent effects, can easily lead to corrections of this
magnitude. From the crystal structure of1, it can be seen that
the 18-crown-6 ring is large enough in diameter in order to allow
for an oxygen atom closely coordinating to one of the mercuries.
In the crystal structure, this oxygen belongs to a water molecule.

For the computations we have thus decided to saturate the
oxygen with hydrogen. In solution, the oxygen atom of a MeOH
can also coordinate to the Hg through the large 18-crown-6 ring
(note that the crystal structure exhibits two distinct subunits of
the form1, one with a coordinating water molecule and one in
which the coordinating oxygen belongs to a DMSO molecule;
the experimental1J(Hg-Hg) for 1 has been attributed to the
corresponding complex with MeOH by the authors of ref 2).
To investigate why1J(Hg-Hg) is so strongly reduced for1
compared to the free ion, we have carried out computations for
this and other crown ether complexes,2, 3, and4, including or
excluding some water molecules. The results are also listed in
Table 3. The data reveal that a strong reduction of1J(Hg-Hg)
with respect to the free Hg2

2+ ion occurs in all cases, but in
particular if the [Hg-Hg]2+ fragment is coordinated in a more
axial position (i.e., along the Hg-Hg axis). From the structures
1, 2 and 3, it can be seen that the smaller crown ether, 15-
crown-5, adopts a more axial coordination to Hg, i.e., trans to
the other Hg, whereas 18-crown-6 almost completely surrounds
each Hg and therefore leads to a more equatorial coordination.
The Hg-Hg-O angles are 103° and 118° for 2 and 3,
respectively. For1, the angles with respect to 18-crown-6 range
between 90° and 109°, and with respect to 15-crown-5 between
107° and 153°. Accordingly,1J(Hg-Hg) is much larger in2 as
compared to3 or 1, though still substantially smaller than for
the free ion. When coordinating oxygen atoms (H2O) are added
to 2 in the axial position, the coupling constant drops signifi-
cantly. Still, on the basis of the computational data, we estimate
the coupling constant for2 in MeOH to be larger than the
currently largest1J(Hg-Hg) of complex 1 even if such a
coordination of Hg through the 18-crown-6 rings occurs.
Because 15-crown-5 coordinates in a more axial position as
compared to 18-crown-6, the computed Hg-Hg coupling
constant of3 is “only” of the same size as for1 (see Table 3).
For the latter,1J(Hg-Hg) can be expected to increase if
coordination of the Hg through the 18-crown-6 ring could be
prevented (see Table 3).

A surprising case is4 because1J(Hg-Hg) is much smaller
than for any of the other systems, even though the Hg-Hg-O
angles are only 103° and the lesser coordination of the Hg2

2+

fragment could potentially be expected to lead to an increased
Hg-Hg coupling constant. If this complex is coordinated at
the free Hg by a number of water molecules in the computations,
1J(Hg-Hg) becomes larger again, thereby approaching or
possibly even exceeding the one for2 with 2H2O. This is in
apparent contradiction to the findings of the previous paragraph
for the complexes with two crown ethers.

For a qualitative discussion of1J(Hg-Hg), it is useful to
employ the Hu¨ckel molecular orbital model. There are two
distinct effects that need to be described in order to explain the
features of the coupling constant:coordinationby ligands or
solvent molecules andpolarization of the electron density of
Hg2

2+ by an unsymmetric arrangement of the environment. We
first note that in orbital-based approaches the dominant Fermi-
contact contribution to the coupling constant between nucleus
A and B can, for a homonuclear system with only one atomic
s orbital (Hg 6s here) per atom considered, be written as

Table 2. 199Hg-199Hg Spin-Spin Coupling Constants in Hg2Cl2
and Hg2(CN)2 (in kHz), from DFT Computations

Hg2Cl2a Hg2(CN)2
b

ZORA LDA scalar 65.91 46.73
ZORA LDA SO 64.89 45.35
ZORA GGA scalar 68.44 48.52
ZORA GGA SO 66.67 47.95

a This work. Scalar ZORA including the FC, OP, and OD terms. Spin-
orbit (SO) values additionally including the SD term and spin-orbit cross
terms. Linear geometry,R(Hg-Hg) ) 2.557 Å,R(Hg-Cl) ) 2.300 Å.b This
work. See also footnotea. Linear geometry,R(Hg-Hg) ) 2.572 Å,R(Hg-
C) ) 2.046 Å,R(C-N) ) 1.161 Å.

Table 3. 199Hg-199Hg Spin-Spin Coupling Constants in Hg2
2+

Crown Ether Complexes (in kHz)a

structure 1J(Hg−Hg) structure 1J(Hg−Hg)

1 expt. 284.1(9)b 2‚2H2O 322.0g

1 278.4c 3 236.4h

1 (no H2O) 359.7d 4 164.1i

2 594.9e 4‚2H2O 199.5j

2‚H2O 444.8f 4‚4H2O 368.1k

a Scalar ZORA LDA values for computational data, including the FC,
OP, and OD terms.b Experimental value, see footnoteg in Table 1.
c Computation based on crystal structure from ref 2.R(Hg-Hg) ) 2.520
Å. d Same structure as inc but without oxygen coordinating Hg through
18-crown-6 ring.e Optimized structure,D6 symmetry.R(Hg-Hg) ) 2.585
Å. The scalar ZORA GGA result is 610.2 kHz.f Optimized structure ofe
with one H2O added. Oxygen coordinating Hg through one of the
18-crown-6 rings. Hg-O distance of 2.220 Å of crystal structurec used
without reoptimizing the whole system.g Same asf but with a coordinating
oxygen in each ring.h Optimized structure,D5 symmetry.R(Hg-Hg) )
2.580 Å. The scalar ZORA GGA result is 249.0 kHz.i Optimized structure,
C6 symmetry.R(Hg-Hg) ) 2.731 Å.1J(Hg-Hg) ) 191.7 kHz if structure
of e is used and one of the 18-crown-6 rings is removed (no reoptimization).
j Optimized structure ofi with two H2O added in axial positions (one on
each side of the Hg22+ fragment). Experimental Hg-O distance used as in
f without reoptimizing the whole system.k Same asj but with three H2O
added at the free Hg to result in tetrahedral coordination. Experimental
Hg-O distance of used without reoptimizing the whole system.

JFC(A-B) ) const.·∑
i

occ

∑
a

unoccCi(A)Ca(A)·Ci(B)Ca(B)

εa - εi

(1)
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Here, theC(X)’s are the coefficient for the 6s AO of atom X in
the occupied (i) or unoccupied (a) MOs, with theε’s being the
orbital energies. For the system Hg2

2+, an orthonormal set of
two orbitalsæ (one occ, one unocc) built from the two 6s AOs
(sA and sB) is given as

with x ranging from 0 to π/2. æ1 shall be the occupied
MO. The Hückel MOs of Hg22+ are given by lettingx ) π/4,
sin(π/4) ) cos(π/4) ) 1/x2, leading to symmetry-adaptedσ
and σ* orbitals. If we assume to a first approximation that a
polarization of the molecule due to the environment will not
change the orbital energy difference (ε2 - ε1) very much, the
coupling constant in this basis of MOs is from eq 1 seen to be
proportional to sin(x)cos(x), i.e., proportional to sin(2x). Within
the allowed range forx, the maximum is obtained for the
unperturbed symmetric Hu¨ckel orbitals,x ) π/4. An increasing
orbital energy gap due to a more unsymmetric environment,
which needs to be considered next, further leads to a decreased
coupling constant as can be seen from eq 1. Consequently a
polarization of the Hg22+fragment can be expected to yield a
smaller coupling constant, which appears to be the case for4.
Note that we obtain 6s populations of 0.7 and 1.6 for the two
Hg atoms in4, as compared to 0.9/1.1 for the mixed crown
ether1, 0.8/1.2 for4 with two water molecules added, and 1.0/
1.0 for2. Adding additional coordinating solvent molecules on
the “bare” side of the complex reduces the imbalance between
the two Hg atoms and increases the coupling constant again.

The effect of a coordinating ligand in axial position has been
previously analyzed by us12 for the case of Pt-Pt bonds and
can be qualitatively transferred to the case of Hg2

2+ without
modifications. We summarize the results here for convenience.
On the basis of a simple MO model, the fact that a ligand binds
to the metal-metal fragment means to a first approximation
that the antibondingσ* mixes with the occupied ligand orbitals.
This reduces the s character of the Hg-Hg bond and conse-
quently leads also to a reduction of the spin-spin coupling
constant that is more pronounced the stronger theσ-interaction
between the metal and the ligand is. The analysis of the
computational data in the case of the Pt-Pt systems has shown
that this effect is particularly strong if the coordinating ligand
is opposite to the other metal, a feature which is also emerging
from the data for the mercury complexes studied in this work.
In a very “pure” form it is also visible from a comparison of
the free ions with Hg2Cl2 and Hg2(CN)2, Table 2.

We conclude for the case of Hg crown ether complexes that
a very large coupling constant might be obtained for a preferably
only weakly polarized system based on 18-crown-6 in which
the positions trans to the respective other heavy metal are not
accessible by coordinating solvent molecules due to steric bulk.
This could perhaps be achieved by using a suitably substituted
crown ether. However, the theoretical requirement of a sym-
metric system for a large coupling constant would also make it
more difficult to detect. According to the computational data, a
system similar to1 but without the possibility of a solvent
molecule coordinating Hg through the 18-crown-6 ring would
also be a promising candidate for a large coupling constant in
the range of 350 kHz. Again, introducing some steric bulk in

the crown ether could perhaps achieve this. Another candidate
could be a system with only one crown ether for which a weakly
nucleophilic solvent could reduce the polarization of the Hg2

2+

fragment through coordination to the free mercury.
The [Hg-Hg-Hg]2+ System: One-Bond and Two-Bond

Coupling, Solvent Effects, and Counterions.The two-bond
coupling constant2J(Hg-Hg) in Hg3

2+ has so far not been
observed experimentally. From our calculations for the bare ion,
Table 1, with 464.1 kHz the coupling constant turns out to be
substantially larger than1J(Hg-Hg) (242.9 kHz) by a factor of
about 1.9. Spin-orbit effects are more pronounced for2J(Hg-
Hg) than for1J(Hg-Hg) and lead to a reduction of2J(Hg-Hg)
to approximately 400 kHz and a ratio of 1.7. Nevertheless,
2J(Hg-Hg) is still strongly dominated by the scalar relativistic
FC term. To rationalize the relative magnitudes of2J(Hg-Hg)
and 1J(Hg-Hg), we again apply eg 1 together with Hu¨ckel
theory. The Hu¨ckel MOs for this system (basis functions sA,
sB, sC for the three mercuries) are

with orbital energiesR + x2â, R, andR - x2â, for ε1, ε2 and
ε3, respectively.æ1 andæ2 are occupied. From this, and eq 1,
one can directly equate the ratio2J(Hg-Hg)/1J(Hg-Hg) to 3/2,
without the need of knowing the particular values for the Hu¨ckel
parametersR and â or the hyperfine integral for the Hg 6s
orbital. Taking the very approximate character of this approach
into consideration, this result is in fair agreement with the ratio
obtained from the ZORA DFT computations. The electronic
density due to the Hg 6s orbitals for the Hg3

2+ system is
according to this model predominantly located at the terminal
mercuries, with a pronounced three-center character of the Hg-
Hg bonds. This rationalizes the large magnitude of2J(Hg-Hg).

Regarding the accuracy of the computational results, when
compared to experiment, once more the necessity of modeling
environmental effects becomes obvious. The system Hg3

2+ has
been experimentally studied in liquid SO2. If we include a few
of these solvent molecules into the computation of the spin-
spin coupling constants,1J(Hg-Hg) decreases drastically by
about 50%. The data obtained for the structures5-12of Figure
2 are listed in Table 4. The interaction between Hg3

2+ and the
SO2 molecules is very weak; therefore it is not reasonable to
expect that any of the optimized structures displayed in Figure
2 represent a dominant structure with high abundance in the
solution at the experimental temperature of 203 K. They have
rather to be considered as snapshots during the time evolution
of the system. Nevertheless, they illustrate the influence of the
solvent on the Hg-Hg coupling constants in this system.
Consideration of the counterions (AsF6) has essentially the same,
if somewhat stronger, effect, viz. a strong reduction of1J(Hg-
Hg). Here, both an optimized structure and a known crystal
structure could be employed for the computations, with very
similar results. Because of the more qualitative aspect of the
computations on Hg32+ in this section, we are not able to
comment on the fact that models only including SO2 seem to

æ1 ) sin(x)sA + cos(x)sB (2a)

æ2 ) cos(x)sA - sin(x)sB (2b)

æ1 ) 1
2
sA + 1

x2
sB + 1

2
sC (3a)

æ2 ) 1
x2

sA - 1
x2

sC (3b)

æ3 ) 1
2
sA - 1

x2
sB + 1

2
sC (3c)
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perform better in comparison with experiment than the ones
including the counterion. The reason for the strong reduction
of 1J(Hg-Hg) in the presence of solvent molecules or the
counterions has again to be attributed to the mixing of the Hg-
Hg antibondingσ* orbitalæ3 of eq 3c into the ground state when
these molecules form weak bonds in particular to the terminal
Hg’s of Hg3

2+, and the concomitant reduction of the s character
of the Hg-Hg bond. The same analysis as in ref 12 holds in
this case. The essence of the situation can already be described
at the crude level of Hu¨ckel theory.

The two-bond coupling constant in Hg3
2+ is also strongly

reduced in the presence of solvent molecules or counterions.
The ratio between2J(Hg-Hg) and1J(Hg-Hg) remains>1 for
all of the optimized structures and generally appears to stay
close to the ratio for the free ion. Therefore we predict an
experiment in which this quantity could be measured for a not
strongly polarized system to yield a value for2J(Hg-Hg) that
is considerably larger than1J(Hg-Hg), with an upper limit for
the free ion in the range of 400 kHz.

Generally, we have not been able to converge geometry
optimizations in which the starting geometry involved close
coordination of the central Hg by solvent molecules, except (to
some extent) for two cases,10 and12. The latter was forced
into a C2h symmetric structure. In other cases the solvent
molecules initially coordinating the central atom started to
migrate to one of the terminal atoms during the course of the
optimization. A number of geometry optimizations with solvent
molecules coordinating to the terminal mercuries were successful
instead. As already mentioned, the optimized structures that have
been obtained from various starting geometries are displayed
in Figure 2, with the resulting coupling constants being listed
in Table 4. To qualitatively study the effect of coordination of
a varying number of solvent molecules to either the central or
the terminal metal atoms, we have carried out additional
computations based on unoptimized geometries. The Hg-Hg
distances have been adjusted to a mean value obtained for the
respective optimized structures in Figure 2, as well as the Hg-O
distance and the Hg-O-S and O-S-O angles. The general

tendency of the results (not shown) is that1J(Hg-Hg) becomes
strongly reduced as compared to the free ion upon coordination
of the terminal mercuries, with2J(Hg-Hg) ranging between 2
and 3 times the one-bond coupling, depending on the number
of coordinating solvent molecules. The most extreme case was
obtained for octahedral coordination of the terminal mercuries
(i.e., for 10 solvent molecules in total) with1J(Hg-Hg) ) 98
kHz and2J(Hg-Hg) ) 309 kHz. In case only the central atom
is coordinated,1J(Hg-Hg) tends to be close to or even larger
than the corresponding value for the free ion, whereas2J(Hg-
Hg) is very strongly reduced (down to2J(Hg-Hg) ) 75 kHz
for a four-coordinated central atom, with 245 kHz for1J(Hg-
Hg)). Intermediate cases (both central and terminal atoms
coordinated) lead to intermediate results, as expected. The
structures10 and12 also belong to this category. On the basis
of the experience during the geometry optimizations, and the
results from the systematic study on the unoptimized systems,
it can be expected that coordination of the terminal mercuries
will dominate in solution, with some minor coordination of the
central atom on average due to the dynamics of the system.
This can further be expected to reduce1J(Hg-Hg) to range
between 100 and 150 kHz (expt. 140) with2J(Hg-Hg) being
roughly twice as large. Because most of our calculations on
the optimized systems do not exhibit coordination of the central
Hg, it is obvious why the calculated values on average tend to
be somewhat too small in comparison to experiment.

4. Summary

We have demonstrated in this work that even subtle effects
on the Hg-Hg bond due to the environment of the metal-
metal(-metal) fragments can result in drastic changes of1J(Hg-
Hg) and2J(Hg-Hg). For this reason the upper limit for Hg-
Hg spin-spin coupling constants has not yet been reached by
experiments. Two effects have to be considered when estimating
the magnitude of1J(Hg-Hg): coordination, i.e., the formation
of more or less strong bond between the metal atoms and
surrounding ligands, solvent molecules, or counterions, and
polarization of the metal-metal fragment due to different
coordinating ligands. Both effects tend to reduce1J(Hg-Hg)
in Hg2

2+. For Hg3
2+, we have shown that surrounding solvent

molecules decrease both1J(Hg-Hg) and2J(Hg-Hg) consider-
ably, through a preferred coordination of the terminal mercuries.
It can be expected that2J(Hg-Hg) is substantially larger than
1J(Hg-Hg) for this system.

On the basis of the analysis it appears that systems with Hg-
Hg bonds remain promising candidates for the measurement of
extremely large nuclear spin-spin coupling constants. A weakly
polarized, not axially coordinated system based on Hg2

2+ could
potentially exhibit a value of 500 kHz or higher.
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Table 4. 199Hg-199Hg Spin-Spin Coupling Constants in Hg3
2+

Coordinated by SO2 (solvent) or the Counterion AsF6
- (in kHz) a),

Based on Optimized Structures

structure 1J(Hg−Hg)b 2J(Hg−Hg)

5c 103.3 190.8
6d 101.1 191.1
7d 109.3 201.4
8d 110.6 193.4
9d 118.0 242.6
10d 135.9 183.0
11d 115.6 243.3
12d,e 142.3 153.8
expt.f 139.7(3) g

a Scalar ZORA DFT values for computational data, including the FC,
OP, and OD terms.b Mean value of both one-bond coupling constants.
c Based on crystal structure, Reference 36.d Optimized structure.e Opti-
mization constrained toC2V symmetry.f Hg3(AsF6)2 in SO2, 203 K.
g Experimental value for2J(Hg-Hg) not available.
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