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Introduction

Mercury(II) ions often form bonds with a high degree of co-
valency, which favors low coordination numbers. The config-

uration of monodentate ligands around mercury(II) is
mostly dominated by linear, trigonal, and tetrahedral ar-
rangements; six-coordinated complexes are few and often
distorted.[1] The first apparently regular six-coordinated
complex was reported for the solid hexakis(pyridine 1-oxi-
de)mercury(II) perchlorate, [HgACHTUNGTRENNUNG(ONC5H5)6] ACHTUNGTRENNUNG(ClO4)2, with six
equidistant Hg�O bonds at 2.35(2) ., which was determined
crystallographically.[2] Subsequently, the crystal structures of
other oxygen-donor ligands, that is, hexaaquamercury(II)
perchlorate and hexakis(dimethyl sulfoxide)mercury(II) tri-
fluoromethanesulfonate, also displayed solvated mercury(II)
ions in sites with six equidistant Hg�O bonds at 2.341(6)
and 2.347(5) ., respectively.[3,4] For hexakis(dimethyl sulfox-
ide)mercury(II) perchlorate the octahedral coordination is
slightly distorted with the two axial Hg�O bonds somewhat
longer, 222.376(6) ., than the four equatorial ones, 22
2.317(6) and 222.320(6) ..[5] The tetragonal elongation of
the octahedral configuration becomes more pronounced
with the somewhat softer electron-pair donor pyridine[6] in
hexakis ACHTUNGTRENNUNG(pyridine)mercury(II) trifluoromethanesulfonate,
with the equatorial and axial Hg�N distances within the
ranges 2.402–2.442 and 2.497–2.499 ., respectively.[7] Very
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soft electron-pair donors promote high covalency in the
bonds and reduce the coordination number. In liquid ammo-
nia and concentrated aqueous ammonia solutions the mer-
cury(II) ion coordinates four ammonia ligands in a distorted
tetrahedral configuration, as well as in the solid state.[8] The
mercury(II) ion is four-coordinated in the sulfur-donor sol-
vent N,N-dimethylthioformamide, but it was only possible to
crystallize a disolvate with linear S�Hg�S coordination.[9,10]

Di- and tridentate sulfur-donor ligands are required to form
six-coordinated mercury(II) complexes.[11–13] The destabiliza-
tion of regular six-coordinated mercury(II) complexes, in-
cluding small monodentate ligands, such as ammonia, is
often attributed to a contribution of the mercury(II) 5dz2

atomic orbital to the bonding molecular orbitals by vibronic
coupling of pseudo-degenerate electronic states in a so-
called pseudo-Jahn–Teller effect (PJTE).[14–18] Another ex-
planation for the strong preference for linear two-coordina-
tion with a strong covalent contribution by the heavy d10

ions mercury(II) and gold(I) has also been suggested: rela-
tivistic spin–orbit coupling splits the three 6p orbitals and in-
duces a lower energy for one 6p1=2

orbital in relation to two
degenerate 6p3=2

orbitals, and the increased closeness of the
6s and 6p valence states thus promotes sp hybridization.[19]

However, although relativistic effects certainly contribute to
the special properties of the heaviest atoms, this suggestion
is not consistent with the similar, albeit weaker, tendency to-
wards the linear two-coordination exhibited by the lighter
d10 ions silver(I) and copper(I), also with close valence shell
states, although no similar tendency of linear coordination is
found for cadmium(II).

Theoretical self-consistent field (SCF) calculations of the
structures of the hexasolvated divalent ions of Group 12,
zinc, cadmium, and mercury, show that the vibronic coupling
mode shifts towards lower frequency and increases in ampli-
tude for increasing bond covalency of hexasolvated mercu-
ry(II) ions.[18] In addition, the IR spectra display an anoma-
lously broad distribution for the decoupled O�D stretching
vibrations of the water molecules in the first hydration
sphere around partly deuterated hydrated mercury(II) ions,
consistent with dynamic distortions of the Hg�O bonds.[20]

Molecular dynamics simulations with a two-body pair po-
tential for mercury(II) ions in water lead to strongly deviat-
ing results, for example, a hydration number of nine. The in-
clusion of three-body corrections combined with ab initio
quantum mechanics/molecular mechanics molecular dynam-
ics (QM/MM-MD) simulations corrected some, but not all,
discrepancies, as determined by Kritayakomupong and
Rode.[21] Their study using the QM/MM-MD method with
three-body correction reported a distorted octahedral first
hydration sphere with an average Hg�O distance of 2.42 .,
and a second sphere with 22 water molecules at a mean
Hg�O distance of 4.6 ..[21]

In a recent study that combined X-ray absorption spectro-
scopic (extended X-ray absorption fine structure (EXAFS)
and extended adsorption near edge structure (XANES))
and QM/MD calculations using two-body pair potentials, a
flexible seven-coordinated structure with C2 symmetry was

advocated instead of the generally accepted six-coordina-
tion.[22] The EXAFS analysis could not distinguish between
six-, seven-, or eight-coordination and resulted in an ex-
tremely asymmetric distribution of Hg�O distances with a
peak maximum at 2.32 ., independent of the coordination
number (CN), and with very large values for the width (s2)
and asymmetry (C3) of the bond-distance distribution,
0.025 .2 and 0.0065 .3, respectively, for CN=6 (even some-
what larger for CN=7 and 8). For six-coordination, our
evaluation shows that the reported parameters would corre-
spond to an Hg�O centroid value of 2.46 ., assuming that
the reported Hg�O distance is the peak maximum of the
distribution. The QM/MD simulations were interpreted as
favoring a seven-hydrated ion, even though the energy dif-
ferences between six-, seven-, and eight-coordination were
very small. XANES calculations were performed and a
seven-coordinated configuration with two short Hg�O dis-
tances was reported to reproduce the experimental XANES
better than regular octahedral or Jahn–Teller-distorted octa-
hedral configurations, in particular, the shoulder on the
rising edge in the XANES spectrum. However, we show in
this study that similar shoulders appear for all of the studied
six-coordinated mercury(II) solvates in the solid state and in
solution. This shoulder is especially pronounced for diaqua-
mercury(II) trifluoromethanesulfonate, which has two very
short Hg�O distances of 2.11 . in an almost linear Hg-
ACHTUNGTRENNUNG(OH2)2

2+ entity and four longer distances to the oxygen
atoms of the trifluoromethanesulfonate ions at 2.5 ., which
complete the distorted octahedral configuration (see Fig-
ure S1 in the Supporting Information).[23]

The structural parameters of the hydrated mercury(II) ion
in heavy water were very recently obtained from a neutron-
scattering study by using the isotopic substitution tech-
nique.[24] The Hg�O and Hg···D distances were found to be
2.48(5) and 3.08(5) . for 6�1 hydrating water molecules.
However, the difference between the diffraction patterns of
solutions with different isotopic mercury(II) composition is
small and the accuracy of the structural parameters is low.

The distortions induced by the subtle symmetry-reducing
PJTE on structures can often more easily be ascertained in
solution studies in the absence of competing packing or lat-
tice forces. In this study, six-coordinated mercury(II) com-
plexes in the solid state are found to be distorted even when
the configuration appears to be regular. For the correspond-
ing solvated mercury(II) ions in water and dimethyl sulfox-
ide, the high disorder (Debye–Waller) parameters have pre-
viously been found to reflect much larger variations in the
bond lengths than is normally found in solvates of divalent
metal ions.[25] The high lability of the ligands is also a char-
acteristic feature of the mercury(II) ion, even in complexes
with two strong linear Hg�S bonds with thiol groups.[26,27]

Recently, EXAFS studies showed that hexaaquacopper-
(II) bromate and hexakis(pyridine 1-oxide)copper(II) per-
chlorate, reported in crystallographic studies to have six
equidistant Cu�O bonds in space groups of high symme-
try,[28,29] in reality contained Jahn–Teller-distorted, tetrago-
nally elongated CuO6 octahedra.[30] Hence, in such cases,
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when the crystallographic
space-group symmetry appears
higher than the actual site sym-
metry of the individual com-
plexes, the results become de-
ceptive. Structural studies
should then be complemented
with a lattice-independent,
structure-sensitive method, such
as EXAFS.

With this knowledge, the reg-
ular Hg�O six-coordination in
hexasolvated mercury(II) ions seen in crystal structures was
carefully appraised in this study. Hexaaquamercury(II) per-
chlorate, hexakis(dimethyl sulfoxide)mercury(II) trifluoro-
methanesulfonate, and hexakis(pyridine 1-oxide)mercury(II)
perchlorate all crystallize in high-symmetry space groups,
trigonal or hexagonal,[2,4,5] with a site symmetry that would
seem to exclude distortions of the complexes. The aims of
this study were to evaluate possible dynamic or static struc-
tural distortions in oxygen-coordinated solvated mercury(II)
ions and to ascertain reliable mean Hg�O distances both in
solution and in the solid state, especially for the hydrated
mercury(II) ion. Two parallel strategies were employed:
1) solution studies without perturbing lattice effects and
2) structure studies for the solids by the lattice-independent
EXAFS method as a complement to crystallographic inves-
tigations. The measurements were performed at ambient
temperature for the aqueous and dimethyl sulfoxide solu-
tions of mercury(II), at room temperature for the crystalline
hexaaquamercury(II) and hexakis(pyridine 1-oxide)merc-
ury(II) perchlorates, and at 298 and 10 K for the hexakis(di-
methyl sulfoxide)mercury(II) perchlorate and trifluorome-
thanesulfonate compounds, respectively. The previous crys-
tallographic study of hexakis(pyridine 1-oxide)mercury(II)
perchlorate was undertaken with photographic intensity
data at room temperature.[4] This structure has been re-ex-
amined at both 100 and 298 K (there is no phase transition
between 298 and 100 K); we report only the low-tempera-
ture structure herein. The structures of the hydrated and di-
methyl sulfoxide solvated mercury(II) ions in solution have
also been re-examined with large-angle X-ray scattering
(LAXS) and with improved experimental data quality and
description of the hydrated perchlorate ion.[31] For the
LAXS data, careful modeling of the contribution from the
intramolecular O···O distances in the perchlorate ion is es-
sential for reliable evaluation of the Hg�O distance because
of their severe overlap.

Results and Discussion

The hydrated mercury(II) ion : The EXAFS oscillations of
the hydrated mercury(II) ion show both for the 0.5 moldm�3

solution (D, Table 1) and the hexahydrated perchlorate salt
1 a clear damping of the amplitude and also a significant
phase shift at high k values, k>9 .�1 (Figure 1), which indi-

cates a wide and asymmetric distribution of the Hg�O dis-
tances.[32] This observation is in contrast with the high ampli-
tude of the EXAFS oscillation at high k values reported by
Chillemi et al.[22] (cf. Figure 1), which is probably an artifact
caused by the very large and unrealistic C3 value reported
for the model refinement using the program package
GNXAS, and/or the presence of a substantial amount of the
hydrolysis complex [Hg(OH)2] with short linear O�Hg�O
bonds.[44] The very large C3 cumulant value causes a very
steep slope on the short distance side of the Hg�O distribu-
tion, which corresponds to a small disorder (Debye–Waller)
parameter and that part of the distribution thereby provides
an artificially large contribution to the EXAFS function, in
particular at high k values. However, for our two samples,
by a careful choice of starting parameters in GNXAS, the
EXAFS splines and envelopes became almost identical to
those obtained by the program packages EXAFSPAK[33]

and WinXAS[34] (the complete data treatment is not present-
ed herein because the results are in very close agreement
with those obtained by GNXAS). The data treatment was
performed in three different ways:

1) The full EXAFS raw data range was modeled assuming
an asymmetric bond distribution (GNXAS), resulting in
large, but reasonable, C3 cumulant parameters (Table 2).
The mean Hg�O distance obtained for the hexahydrated
ion in the solid compound [Hg ACHTUNGTRENNUNG(H2O)6] ACHTUNGTRENNUNG(ClO4)2 is Rc =

2.36(1) ., whereas the peak maximum appears at Rm =

2.33(1) .. The corresponding values in solution are Rc =

Table 1. Solutions studied by LAXS and EXAFS.

Solution ACHTUNGTRENNUNG[Hg2+]
[moldm�3]

ACHTUNGTRENNUNG[ClO4
�]

[moldm�3]
[H+]
[moldm�3]

ACHTUNGTRENNUNG[Solvent] 1[a]

[g�1 cm�3]
m[b]

[cm�1]
Solvent Method

A 2.00 4.70 0.70 45.32 1.686 50.22 water LAXS
B 3.041 6.518 0.436 42.67 2.027 75.48 water LAXS
C 0.911 1.821 13.07 1.385 26.77 Me2SO LAXS
D 0.500 1.100 0.100 water EXAFS
E 0.500 1.000 Me2SO EXAFS

[a] Density at ambient temperature. [b] Linear absorption coefficient at ambient temperature for MoKa

radiation.

Figure 1. Fit of k2-weighted EXAFS data for solid [HgACHTUNGTRENNUNG(H2O)6] ACHTUNGTRENNUNG(ClO4)2

(upper) and 0.5 moldm�3 mercury(II) perchlorate in acidic aqueous solu-
tion ACHTUNGTRENNUNG(lower) at room temperature with Gaussian (sym) and asymmetric
distributed (asym) Hg�O distances. The dotted regions of the experimen-
tal data have been excluded in the refinements.
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2.38(1) . and Rm =2.33(1) .. The Debye–Waller coeffi-
cients are large, s2 =0.019(1) and 0.022(1) .2, respective-
ly. The fitting of the model to the EXAFS data is shown
in Figure 1, and in Figure S2 of the Supporting Informa-
tion the separate contributions are displayed. The multi-
ple scattering within the HgO6 core is very small in solu-
tion and cannot be discerned in the solid state. No signif-
icant contribution from the Hg···H interactions was
found, probably due to the large distribution of the Hg�
O bonds, see above.

2) The entire range of raw EXAFS data was fitted with a
model in which Gaussian distributions of the distances
were assumed (GNXAS and EXAFSPAK). A model de-
scribing the Hg�O distances as a single Gaussian distri-
bution resulted in a mean value of 2.34(1) . with
Debye–Waller coefficients similar to those obtained for
the asymmetric models. A summary of the refined pa-
rameters is given in Table S1 of the Supporting Informa-
tion.

3) A wide Fourier filter (r�Dr�1–3 .) was applied and the
back-Fourier-transformed oscillation was analyzed within
restricted k ranges by fitting a Gaussian Hg�O distance
distribution (EXAFSPAK) to evaluate how the contribu-
tion shifts in different k ranges (Figure S3 of the Sup-
porting Information). For low k values, all Hg�O distan-
ces contribute significantly to the EXAFS oscillations,
whereas a fit in the high k range discriminates against
weaker bonds with high Debye–Waller parameters. The
mean Hg�O distance contribution to the k range 6–
10 .�1, dominated by the more strongly bound water
molecules in the hydrated mercury(II) ion, is 2.31(1) .,
whereas for the k range 2–6 .�1 the contribution corre-
sponds to a mean Hg�O distance of 2.34(1) ..

The three data treatment procedures are all consistent
with a wide distribution of Hg�O distances around a peak
maximum at 2.34 ., which corresponds to a large C3 asym-
metry factor, and with a fraction of short and strong Hg�O
bonds with a smaller Debye–Waller factor.

From the LAXS data obtained for the two aqueous mer-
cury(II) perchlorate solutions (A and B, Table 1), the radial
distribution functions (RDFs) have three peaks at 1.4, 2.3,
and 4.2 . (see Figures 2 and S3). The peak at 1.4 . corre-
sponds to the Cl�O bond length of the perchlorate ion. The
peak at 2.3 . has two contributions: the main part is in the
first hydration shell from the Hg�O distances, together with
a contribution from the intramolecular O···O distance of the
tetrahedral perchlorate ion (Figure 3). The peak at 4.2 .
corresponds to the second hydration shell, Hg···OII. The
shoulder at around 3 . corresponds to O···O distances
within the aqueous bulk, Ow···Ow, between the water mole-
cules in the first and second hydration sphere, OI···OII, and
to O···O distances between water molecules hydrogen-
bonded to perchlorate oxygen atoms. The range of the scat-
tering variable, s= (4p/l)sinV is, for a fixed wavelength (l)
by geometry, restricted to a max value, smax�16 .�1, which
corresponds to k�8 .�1 in the backscattering for pair inter-

actions in EXAFS. This restriction, and also the overlapping
interactions from all pairs of distances in solution, does not
allow asymmetric distributions to be introduced. All analy-
ses of the LAXS data are therefore performed with Gaussi-
an distributions of distances. However, for long distances,
such as to the second hydration sphere, the contribution to
the LAXS intensities makes the LAXS data much more in-
formative than the more highly damped backscattering in
the EXAFS measurements.[35]

The Gaussian distributions of the Hg�O distances could
for the two LAXS solutions be refined to 2.339(4) and
2.342(4) . with large displacement factors of s=0.082 and
0.088 ., respectively; s is the half-width at half-height of
the Gaussian distributed bond length distribution. These
values are significantly larger than those normally obtained
and imply that the OI�(H)···OII distribution of the Hg�O
bonds in the hydrated mercury(II) ion is at least 0.05 .
wider than that expected for regular octahedral hydrated di-

Figure 2. LAXS radial distribution curves for a 3.0 moldm�3 acidic aque-
ous solution of mercury(II) perchlorate. Top: separate model contribu-
tions: the mercury(II) ion with the first and second hydration spheres
(c), the hydrated perchlorate ion (c), and hydrogen-bonded
Ow···Ow in the aqueous bulk (g). Middle: experimental RDF:
D(r)�4pr21o (c), sum of the model contributions (c, upper), and
the difference (c, lower). Bottom: structure-dependent LAXS intensi-
ty functions: siexp(s) (c) and model sicalcd(s) (c).
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valent transition-metal ions.[35] This result is consistent with
the EXAFS results and indicates wide and asymmetric dis-
tributions of the hydrated mercury(II) ion in both aqueous
solution and in the solid state (see above).

A second hydration sphere is clearly indicated with a
wide distribution around 4.2 . (Figure 2), and the mean
Hg···OII distance was refined to 4.20(2) and 4.20(1) . for
the 3.0 and 2.0 moldm�3 aqueous solutions, respectively. By
assuming 12 water molecules in the second hydration
sphere, reasonable values for the disorder parameter (s) of
about 0.2 . were obtained (Table 2). However, the correla-
tion with the hydration number is strong and the number of
water molecules present in the second sphere is uncertain.

The previous infrared absorption difference study of iso-
topically isolated O�D stretching vibrations resulted in a
higher hydrogen-bond strength from the first to the second
shell water molecules around the mercury(II) ion than for
the hydrated zinc(II) and cadmium(II) ions in aqueous solu-
tion, that is, the water molecules bound to the mercury(II)
ion are more polarized. Furthermore, the distribution, as es-
timated from the hydrogen-bond strength of the aqua li-
gands, is about 0.2 . broader. The IR study, which was per-

formed for a 0.24 moldm�3 solution of mercury(II) perchlo-
rate, also resulted in about 12 hydrogen-bonded water mole-
cules in the second shell.[20] However, in the concentrated
solutions studied in this work, the number of water mole-
cules is not sufficient for an unperturbed second hydration
shell (Table 1).

The previous IR study also examined in a similar way the
isotopically isolated O�D stretching frequencies of the solid
hydrated perchlorates, [M ACHTUNGTRENNUNG(OH2)6]ACHTUNGTRENNUNG(ClO4)2 (M=Zn, Cd, or
Hg).[20] The hydrogen-bond strength of the aqua ligands of
the hydrated complexes [M ACHTUNGTRENNUNG(OH2)6]

2+ was found to be signif-
icantly weaker in the solids in which the perchlorate oxygen
atoms are acceptors. Otherwise, a similar picture emerged
with slightly stronger average hydrogen-bond strengths
(average OI···OII distance estimated to be �2.93 . for mer-
cury, �2.96 . for cadmium) with a wider distribution
(�0.2 . larger) for the hydrated mercury(II) ion. It was
concluded that the pseudo-Jahn–Teller effect affects the
Hg�O bonding to a similar extent in the solid structure and
in the aqueous solution.[20]

The structure of the hydrated perchlorate ion in the
2.0 moldm�3 mercury(II) perchlorate solution, in which free
(bulk) water molecules are present, was found to be identi-
cal to that previously reported with a Cl�O bond length of
1.453(2) ..[31] However, for the 3.0 moldm�3 mercury(II)
perchlorate solution, in which stoichiometrically most water
molecules are expected to hydrate mercury(II) or be in con-
tact with perchlorate ions, a somewhat shorter Cl�O bond
length was obtained, 1.434(2) ., possibly due to weaker hy-
drogen bonding in the perturbed water structure.

To summarize, the hydrated mercury(II) ion in aqueous
solution is six-coordinated with a broad asymmetric distribu-
tion of the Hg�O distances around 2.34(1) ., a centroid
value of 2.38(1) ., and with a second hydration sphere
around 4.20(2) .. The apparent regular octahedral symme-
try of the hexahydrated mercury(II) ions in the solid com-
pound [Hg ACHTUNGTRENNUNG(OH2)6]ACHTUNGTRENNUNG(ClO4)2 (1), as given by the high crystal
symmetry in the P3̄m1 space group, is evidently an average
of randomly oriented PJTE distorted complexes with lower
site symmetry, similar to that found for some hexahydrated
copper(II) compounds (see the Introduction). However, the
structural distortion of the PJTE operating in the hydrated
mercury(II) ion is much smaller than the Jahn–Teller distor-
tion described for the hydrated copper(II) ions.[27]

The dimethyl sulfoxide solvated mercury(II) ion : The di-
methyl sulfoxide solvated mercury(II) ion in solution (E,
Table 1) and in the solid perchlorate compound [Hg{OS-
ACHTUNGTRENNUNG(CH3)2}6]ACHTUNGTRENNUNG(ClO4)2 (2) revealed large and asymmetric Hg�O
distance distributions in the model fitting of the EXAFS
data (Table 2). The mean Hg�O distances 2.380(6) and
2.367(6) . were obtained with somewhat smaller Debye–
Waller coefficients than those for the aqueous systems. The
analysis of the EXAFS data for 2, collected at 10 K, gave,
within error limits, the same result as the data collected at
room temperature (Table 2). The S�O distance has been re-
fined to 1.54(1) . and the Hg�O�S angle to 121.6 ACHTUNGTRENNUNG(1.2)8 for

Figure 3. Upper: k3-weighted raw EXAFS data for solid [Hg{OS-
ACHTUNGTRENNUNG(CH3)2}6] ACHTUNGTRENNUNG(ClO4)2 at room temperature (c) and at 10 K (a), and for
0.5 moldm�3 mercury(II) perchlorate in dimethyl sulfoxide (c) with
Gaussian (sym) and asymmetric distributed (asym) Hg�O distances.
Lower: k3-weighted raw EXAFS data for solid [Hg{OS ACHTUNGTRENNUNG(CH3)2}6] ACHTUNGTRENNUNG(ClO4)2

(c) and [Hg{OS ACHTUNGTRENNUNG(CH3)2}6] ACHTUNGTRENNUNG(CF3SO3)2 (c) at 10 K.
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the mercury(II) ion in dimethyl sulfoxide and to 1.54(1) .
and 121.5 ACHTUNGTRENNUNG(1.0)8 for 2, respectively, at both room temperature
and 10 K, which is consistent with the results from the crys-
tallographic determination.[5] The raw EXAFS spectra of 2
at 10 and 298 K, and of the mercury(II) ion in solution are
given in Figure 3a.

The EXAFS spectrum of the solid trifluoromethanesulfo-
nate compound [Hg{OS ACHTUNGTRENNUNG(CH3)2}6] ACHTUNGTRENNUNG(CF3SO3)2 (6) looks some-
what different to that of 2 at 10 K (Figure 3b). Refinement
of 6 gave a mean Hg�O distance of 2.353(6) .. The Debye–
Waller coefficient is about 50% smaller than in the solid
perchlorate salt (Table 2) with much less asymmetry in the
Hg�O bonds. The data collected at 10 K gave an asymmetry
twice that found at room temperature, with a mean Hg�O
distance of 2.367(6) .. The S�O distance has been refined
to 1.540(8) . and the Hg�O�S angle 115(1)8 for 6 at both
room temperature and 10 K, (Table 2) in agreement with
the results from the crystallographic determination, 1.542 .
and 116.48, respectively.[4] The fit of the EXAFS data and
the contributions of the individual scattering pathways are
shown in Figure S4 of the Supporting Information.

The RDF derived from the LAXS study of the dimethyl
sulfoxide mercury(II) perchlorate solution (C) displays
three peaks at 1.4, 2.3, and 3.4 . (see Figure 4). The Cl�O
bond length in the perchlorate ion corresponds to the peak
at 1.4 ., and its shoulder to intramolecular distances in the
dimethyl sulfoxide molecule. The peaks at 2.3 and 3.4 .
originate from the Hg�O and Hg···S distances, respectively,
in the dimethyl sulfoxide solvated mercury(II) ion with a
contribution from the O···O distance in the tetrahedral per-
chlorate ion at 2.33(1) .. Six Hg�O and Hg···S distances
have been refined to 2.348(2) and 3.414(3) ., respectively,
which gives a mean Hg�O�S angle of 122.58.

The solvated mercury(II) ion in dimethyl sulfoxide and 2
has an asymmetric Hg�O distance distribution similar to
that of the hydrated mercury(II) ion. Also the solid tri-
ACHTUNGTRENNUNGfluoro ACHTUNGTRENNUNGmethanesulfonate compound 6, in which the six Hg�
O bonds appear to be equidistant by crystallography, shows
an asymmetric distribution of the Hg�O distances, although
they are not as wide as for the corresponding perchlorate
salt.

Structure of hexakis(pyridine 1-oxide)mercury(II) perchlo-
rate (4): The previously reported cell and atomic parameters
of 4 have been confirmed with higher precision (see
Table 3). Single-crystal X-ray data were obtained at 298 and
100 K and showed that no phase transition occurred within
this temperature range; the crystal data obtained at 100 K
are given in Table 3. The overall coordination geometry of
the hexakis(pyridine 1-oxide)mercury(II) ion can, in accord-
ance with the crystal structure, be described as a near-regu-
lar octahedron with S6 symmetry. The structure shows six
equidistant Hg�O distances at 2.3416(7) ., with trans and
cis O-Hg-O angles of 180.00(4) and 88.79(3)8, respectively.
Figure 5 shows the arrangement of the ligands around mer-
cury(II) in the [Hg ACHTUNGTRENNUNG(C5H5NO)6]

2+ ion, viewed along the
three-fold symmetry axis. No evidence of disordering or

large vibrational movements was found for the perchlorate
ions in spite of the absence of hydrogen bonds. The perchlo-
rate ion is located on the three-fold axis, with one Cl�O
bond along the axis, 1.4366(13) ., and three equivalent sym-
metry related Cl�O bonds of 1.4447(9) .. The average Cl�
O distance of 1.442 . does not vary significantly from the
values found in weakly hydrogen-bonded perchlorates, 1.41–
1.44 ., as observed for a large number of compounds.[35]

The N�O distance (1.334 .) and the mean N�C and C�C
distances (1.350 and 1.382 .) in the pyridine ring differ
from those reported in the previous study (1.323, 1.355, and
1.41 ., respectively).[2] The mean N�O, N�C, and C�C

Figure 4. LAXS radial distribution curves for a 1.0 moldm�3 solution of
mercury(II) perchlorate in dimethyl sulfoxide. Top: separate model con-
tributions: the dimethyl sulfoxide solvated mercury(II) ion (c), the
perchlorate ion (c), and the dimethyl sulfoxide molecule (b).
Middle: experimental RDF: D(r)�4pr21o (c), sum of the model con-
tributions (c, upper), and difference (c, lower). Bottom: structure-
dependent LAXS intensity functions: si(s) (c) and model sicalcd(s)
(c).
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bond lengths in the perchlorate salts of the hexakis(pyridine
1-oxide)zinc(II) and copper(II) complexes (1.324, 1.340, and
1.364 ., and 1.330, 1.341, and 1.374 ., respectively[2,26])
agree well with the values obtained for the hexakis(pyridine
1-oxide)mercury(II) complex reported herein (see Table S2
of the Supporting Information). The trans-pyridine rings are
coplanar and the angle between the trans- and cis-pyridine
ligands is 62.46(4)8.

The fitting of the room-temperature EXAFS data of 4 re-
sulted in a very similar pattern to that found for the PJTE
distorted hydrated and dimethyl sulfoxide solvated mercu-
ry(II) ions (see above). The refinements gave a mean Hg�O
distance of 2.399(6) ., a peak maximum at 2.342 ., a large
displacement factor of s=0.125(6) ., and a significant
asymmetry of C3 =0.00141(12) .3. The Hg�O�N bond angle
was refined to 112.7 ACHTUNGTRENNUNG(1.0)8, which is in good agreement with

the crystallographic value of 112.21(5)8. The fit of the
EXAFS data is given in Figure S5 of the Supporting Infor-
mation.

Conclusion

The similar wide and asymmetric distributions of distances
shown by EXAFS studies for the distorted hexasolvated
mercury(II) ions in solid compounds and in the correspond-
ing aqueous and dimethyl sulfoxide solutions show that the
mercury(II) ion maintains six-coordination in solution. An
appreciably longer mean Hg�O distance would be expected
for a seven-coordinated mercury(II) ion, as proposed by
Chillemi et al. ,[22] compared with that observed for hexasol-
vated mercury(II) ions in the solid state. In a comparable
case, for cadmium(II), the mean Cd�O distance in hexasol-
vated cadmium complexes in the solid state is significantly
shorter than those observed in water and dimethyl sulfoxide,
which supports the partial (ca. 35%) presence of a seven-co-
ordinated complex.[36]

The distorted configuration of the six Hg�O distances in
solvated mercury(II) complexes in water and dimethyl sulf-
oxide is consistent with a contribution of the mercury(II)
5dz2 atomic orbital to the bonding molecular orbitals in a vi-
bronic PJTE coupling of close-lying electronic states of Eg

symmetry. This is also the case for the three crystal struc-
tures in which the site symmetry is consistent with six equi-
distant Hg�O bonds, but for which the EXAFS studies
reveal wide and asymmetric Hg�O bond distributions. The
XANES regions for all the six-coordinated complexes stud-
ied in this work are very similar with a shoulder on the
rising edge for all solids and solutions. In particular, the
compressed octahedral HgO6 coordination with a linear
entity in the solid dihydrate [Hg ACHTUNGTRENNUNG(H2O)2ACHTUNGTRENNUNG(CF3SO3)2]1 displays
a marked peak (Figure S1 of the Supporting Information).
When the softness of the ligand and the covalency of the
bonds increases, for example, for the sulfur-donor solvent
N,N-dimethylthioformamide and for liquid ammonia, the
amplitude of the vibrational asymmetric stretching frequen-
cy increases[18] and evidently promotes a decrease in the co-
ordination number of mercury(II) to distorted tetrahedral
complexes, or ultimately, as in the solid state, to linear two-
coordination.

Experimental Section

Preparation of solids : Hexaaquamercury(II) perchlorate, [Hg ACHTUNGTRENNUNG(OH2)6]-
ACHTUNGTRENNUNG(ClO4)2 (1),[3] hexakis(dimethyl sulfoxide)mercury(II) perchlorate,
[Hg{OS ACHTUNGTRENNUNG(CH3)2}6] ACHTUNGTRENNUNG(ClO4)2 (2),[5] octakis(dimethyl sulfoxide)dimercury(II)
perchlorate, [Hg2{OSACHTUNGTRENNUNG(CH3)2}8] ACHTUNGTRENNUNG(ClO4)4 (3),[5a] hexakis(pyridine 1-oxide)-
mercury(II) perchlorate, [Hg ACHTUNGTRENNUNG(ONC5H5)6] ACHTUNGTRENNUNG(ClO4)2 (4),[2] anhydrous mercu-
ry(II) trifluoromethanesulfonate, Hg ACHTUNGTRENNUNG(CF3SO3)2 (5),[37] and hexakis(di-
methyl sulfoxide)mercury(II) trifluoromethanesulfonate, [Hg{OS-
ACHTUNGTRENNUNG(CH3)2}6] ACHTUNGTRENNUNG(CF3SO3)2 (6),[4] were prepared as described previously.

Preparation of solutions : The aqueous solutions were prepared by dis-
solving weighed amounts of mercury(II) oxide (Merck) in perchloric acid

Table 3. Selected crystallographic data and refinement parameters for 4.

chemical formula [Hg ACHTUNGTRENNUNG(ONC5H5)6] ACHTUNGTRENNUNG(ClO4)2

empirical formula C30H30Cl2HgN6O14

formula weight 970.09
temperature [K] 100
wavelength [.] 0.71069
crystal system trigonal/rhombohedral axes
space group R3̄ (No. 148)
unit cell dimensions
a [.] 9.6034(4)
a [8] 80.838(4)
volume [.3] 855.04(6)
Z 1
1calcd [gcm�3] 1.884
m [cm�1] 47.36
transmission factor 0.63–0.83
crystal size [mm] 0.1020.0820.04
GOF, S 1.091
final R indices [I>2s(I)]
R1 0.0199[a]

wR2 0.0362[b]

D1min/D1max [e.�3] �1.592/0.770

[a] R1 =� j jFo j� jFc j j /� jFo j . [b] wR2 =�[w ACHTUNGTRENNUNG(Fo
2�Fc

2)2]/� ACHTUNGTRENNUNG(Fo
2)2, S=�[w-

wACHTUNGTRENNUNG(Fo
2�Fc

2)2]/ ACHTUNGTRENNUNG(n�p)0.5 w�1 = [s2
ACHTUNGTRENNUNG(Fo

2)+ (0.0180P)2] and P= (Fo
2)+ (2Fc

2)/3.

Figure 5. The hexakis(pyridine 1-oxide)mercury(II) ion viewed along the
three-fold symmetry axis.
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(BDH) at 80 8C. The solutions were filtered before analysis. The solutions
in dimethyl sulfoxide were prepared by dissolving weighed amounts of 3
in freshly distilled dimethyl sulfoxide. The concentration of mercury(II)
was determined by ethylenediaminetetraacetic acid (EDTA) titration;[38]

the solutions in dimethyl sulfoxide were diluted with water. The anion
concentration in solution was determined by titrating the eluent from a
cation exchange resin with a standard sodium hydroxide solution
(Table 1). The densities of the solutions were measured with an Anton
Paar DMA 35 densitometer.

Crystallography : Data collection for the crystal structure of 4 was carried
out with an Xcalibur KM4 diffractometer equipped with a sapphire-III
CCD[39] using MoKa radiation (l=0.71073 .) at 100 K. Details of the
structure determination can be found in Table 3. The structures were
solved by direct methods using SHELXS97[40] for which the majority of
the non-hydrogen atoms could be found in the initial electron density
map. The models were refined by least-squares methods using the
SHELXL97[40] program for which the remaining atoms could be found
from difference density maps. The hydrogen atoms were positioned geo-
metrically to ride on the parent carbon atoms in the least-squares refine-
ments. All non-hydrogen atoms were refined with anisotropic displace-
ment parameters. Geometrical information was also obtained by using
PLATON,[41] and Figure 5 was drawn with DIAMOND.[42]

EXAFS data collection : Mercury LIII-edge X-ray absorption data were
measured at the Stanford Synchrotron Radiation Laboratory (SSRL)
using the wiggler beam line 4-1, which was equipped with a Si ACHTUNGTRENNUNG[220]
double-crystal monochromator. The storage ring was operated at
3.0 GeV and a maximum current of 100 mA. Data collection was per-
formed in transmission mode at ambient temperature, and higher-order
harmonics were rejected by detuning the second monochromator crystal
to 50% of maximum intensity at the end of the scans. The solids were di-
luted with boron nitride to give an approximate edge step of about one
unit in the logarithmic intensity ratio. The solutions were kept in cells
with 6 mm polyethylene film windows and 1–5 mm Teflon spacers. The X-
ray absorption spectra were energy calibrated by means of a simultane-
ously measured amalgamated tin foil as internal standard; the first inflec-
tion point of the mercury metal LIII-edge was assigned an energy of
12284 eV.[43] The EXAFSPAK program package was used for averaging
3–5 spectra for each sample after energy calibration.[33]

EXAFS data analysis : For further data treatment two independent soft-
ware packages were used: GNXAS,[44] with options to model an asym-
metric distribution of the Hg�O distances, and EXAFSPAK,[33] with all
distances in Gaussian distributions. The EXAFS oscillations were ob-
tained after pre-edge subtraction, normalization, and spline removal.[45]

Model refinements in EXAFSPAK use ab initio calculated phase and
amplitude parameters obtained from the FEFF7 program for single and
multiple scattering pathways.[46] The input files to FEFF7 were compiled
from the corresponding crystal structures to contain the Cartesian coordi-
nates of all atoms within a 5 . radius from the mercury center.

The GNXAS code models the EXAFS signal with subsequent refinement
of the structural parameters.[44] The GNXAS method accounts for multi-
ple-scattering (MS) pathways and calculates the configurational average
of all the MS signals to allow fitting of correlated distances and bond
length variances (Debye–Waller coefficients). A detailed description of
the first coordination sphere of any hydrated/solvated metal complex
should, in principle, take some asymmetry into account in the distribution
of the ion–solvent bond lengths.[47,48] For the distribution of the Hg�O
distances, the asymmetry was very pronounced and was modeled in r
space with a G-like distribution function that depends on four parame-
ters,: the coordination number (N), the average distance (R), the mean-
square variation (s), and the skewness (b). Curve fitting was performed
by describing an asymmetric distribution of the Hg�O distances by
means of cumulant expansion of the pair-distribution function. The b pa-
rameter is related to the third cumulant (C3) in a cumulant expansion
through the relationship C3 =s3b. R is the first moment of the function
4psg(r)2dr, in which r is the average (centroid) distance and not the posi-
tion of the maximum of the distribution (Rm).

A special feature of the EXAFS investigations of the solvated mercu-
ry(II) ions, both in solution and the solid solvates, is that the rapidly de-

creasing amplitude of the oscillations makes the splining procedure for
background removal especially problematic. The spline refinement em-
ployed in the GNXAS program, in which the entire EXAFS spectrum is
modeled, turned out to be easy to apply and reliable, provided the start-
ing model is close to the final one.

Large-angle X-ray scattering (LAXS): The scattering of MoKa X-ray radi-
ation (l =0.7107 .) from the free surface of aqueous and dimethyl sulf-
oxide solutions of mercury(II) perchlorate (Table 1) was measured by
means of a large-angle V-V diffractometer at discrete points in the range
1<V<658 ; the scattering angle was 2V.[20,49] The solutions were con-
tained in a Teflon cup inside an air-tight radiation shield with beryllium
windows. The scattered radiation was monochromatized in a focusing LiF
crystal monochromator. At each pre-set angle 100000 counts were accu-
mulated and the entire angular range was scanned twice, which corre-
sponds to a statistical error of about 0.3%. The divergence of the pri-
mary X-ray beam was limited by 1, 1=4, or 1=128 slits for different V re-
gions, with overlapping data for scaling purposes. The experimental setup
and the theory of the data treatment and modeling have been described
elsewhere.[10] All of the data treatment was carried out by using the
KURVLR program.[50] The experimental intensities were normalized to a
stoichiometric unit of volume that contains one mercury atom by using
the scattering factors f for neutral atoms, including corrections for anom-
alous dispersion,[51] Df’ and Df’’, and for Compton scattering.[52] Least-
squares refinements of the model parameters were carried out by means
of the STEPLR program[53] in which the expression U=

� ACHTUNGTRENNUNG[siexp(s)�sicalcd(s)]
2 (i(s) is the reduced intensity and s is the scattering

variable, s= (4p/l)sinq) is minimized and the scattering variable is s=

(4p/l)sinq. The model parameters were refined for data in the high s
region, for which the intensity contribution from the long-range distances
can be neglected.[54] A Fourier back-transformation procedure was used
to improve the alignment of the experimental structure-dependent inten-
sity function iexp(s) before the refinements by removing spurious non-
physical peaks below 1.2 . in the radial distribution function.[49]
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