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Complexation of Mercury(I) and Mercury(II) by 18-Crown-6: Hydrothermal
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A dimercury(I) 18-crown-6 complex is isolated, and its possible role in the hydrothermal preparation of the mercuric
nitrite complex is discussed. The reported structures are of [Hg2(18-crown-6)2(H2O)2](ClO4)2 (1), monoclinic, C2/c, a
= 21.0345(9), b = 12.1565(5), c = 16.8010(7) Å, β = 113.2000(10)�, V = 3948.7(3) Å3, Z = 16, R = 0.0230; [Hg(18-
crown-6)](NO2)2 (2), monoclinic, P21/c, a = 8.027(5), b = 14.437(9), c = 7.827(5) Å, β = 95.165(11)�, V = 905.6(10)
Å3, Z = 2, R = 0.0175. The complex cation in compound 1 consists of a mercurous dimer exhibiting a Hg-Hg bond
length of 2.524(2) Å. Non-bonding interactions between adjacent crown ether macrocycles across the Hg-Hg bond
result in large variations in mercury to oxygen distances within equatorial coordination sites. At low pH compound 1 is
proposed to be preferentially formed under hydrothermal conditions affording compound 2 upon disproportionation.
Nitrite ions ligate via a unidentate nitrito (cis to metal) coordination mode as interpreted using vibrational (infrared)
spectroscopy. The conformation adopted by 18-crown-6 in compounds 1 and 2 is closely related to a D3d conformation
as evidenced by X-ray crystallography. Band splitting readily observed in vibrational spectra of the metal free crown
ether, attributed to vibrational modes of oxyethylene fragments, is absent in spectra of 1 and 2 confirming a regularD3d

macrocyclic orientation. Short Hg-O bonds observed for axially coordinated water molecules in 1 and coordinated
nitrite ligands in 2, illustrate the prevalence of relativistic effects commonly observed in mercury complexes.

Introduction

Sensing mercury species in aqueous solution is almost
exclusively centered upon recognition of the mercuric ion,
interpreted as total analyte concentration. Although the
mercurous ion enjoys relative stability in aqueous solution,
especially at low pH where metal ion solubility and mobility
is enhanced, mercurous complexes and their influence upon
the sensing of mercury species is largely unrecognized. The
serendipitous formation of a mercurous complex in neutral
water, because of unanticipated reduction of a mercuric
counterpart, emphasizes the significance of the mercurous
ion in the detection of mercury species in aqueous solution.1

Early literature reports difficulties in determining the com-
position of dimercury(I) complexes, [L2Hg2]

2þ, as the dimeric
mercurous ion, Hg2

2þ, forms relatively few complexes.2-4 A
logical synthetic approach for [L2Hg2]

2þ complexes involves
the addition of a solution of a mercurous salt to a ligand

solution, with appropriate solvent choice affording the com-
plex as a precipitate. Complexes synthesized in this manner
are inevitably of low purity, contaminated by analogous
complexes of the mercuric ion. More basic ligands show
enhanced complex stability for themercuric ion and promote
disproportionation. Complexation studies5,6 using hetero-
cyclic nitrogen donor ligands indicate disproportionation
impedes isolation of the complexed mercurous dimer. Intro-
duction of electron withdrawing substitutents6-8 or steric
interactions5 between metal ion and complexing ligand
effectively decreases the basicity of the nitrogen donor atom
facilitating the isolation of [L2Hg2]

2þ complexes. Predictably,
[L2Hg2]

2þ complexes of oxygen donor ligands are more
readily synthesized but are relatively few in number.
Dimercury(I) complexes have, however, been syn-

thesized and isolated from other oxidation states of mercury.
Metallocryptands of zerovalent Platinum and Palladium are
reported to successfully complex the mercurous dimer.9
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Synthesis of these complexes requires the refluxing of the
metallocryptand ligand solution in dichloromethane over
elemental mercury under inert conditions. The source of
the mercurous dimer is explained using a two-step redox
process: an oxidative addition reaction between solvent and
the zerovalent platinum or palladium, followed by further
reaction with elemental mercury to generate the mercurous
ion. Mercuric salts have also been utilized in syntheses of
[L2Hg2]

2þ complexes. In syntheses using mercuric salts the
formation of themercurous ion is attributed to the role of the
solvent10 or ligand11 as a feasible reducing agent. The
solubility of sulfur-containing anthraquinone macrocycles
is enhanced in dimethylformamide that is reported to reduce
the mercuric ion affording a [L2Hg2]

2þ complex.10 NMR
studies suggest a tetradentate tripodal nitrogen ligand, tris-
[(2-(6-methylpyridyl))methyl]amine, acts as a reducing agent
in the synthesis of a [L2Hg2]

2þ complex using mercuric
perchlorate in acetonitrile.11 Mercury complexes12-18 of 18-
crown-6 reported in the Cambridge Crystallographic Data-
base are inevitably of the higher oxidation state suggesting a
preference for complexation of themercuric ion. Not surpris-
ingly synthesis of the asymmetric [LL0Hg2]

2þ complex using
18-crown-6 and 15-crown-5 is performed over elemental
mercury, curtailing disproportionation.19 Equilibrium con-
stant data for the disproportionation of Hg2

2þ is reported as
1.14 � 10-2 20 and 4.3 � 10-3,21 corresponding to log K
values of 1.94 and 2.37, respectively. Ligands capable of
stable complexation of the mercuric ion, promoting dispro-
portionation, require a formation constant (log K) with the
mercuric ion that is substantially larger than 2.37.
Formation constants for mercuric complexes of 18-crown-6

and 15-crown-5 (Table 1) hardly satisfy this prerequisite. Syn-
thesis of [LHg2]

2þ and [L2Hg2]
2þ complexes of these crown

ethers may be possible from mercurous salts or through

serendipitous reduction of their mercuric counterparts. Larger
formation constants for the mercuric complexes of dicyclo-
hexo-18-crown-6 imply disproportionation of the Hg2

2þ ion is
promoted by this ligand upon complexation. However, forma-
tion constants are reported for [LHg2]

2þ and [L2Hg2]
2þ com-

plexes of the cis-syn-cis and cis-anticis isomers. The Dicyclo-
hexo-18-crown-6 ligand backbone is that of 18-crown-6 with
fused cyclohexenyl bridges across donor atoms. Grafting of
rigid cyclohexenyl bridges across nitrogen donor atoms in a
trans arrangement enhances selectivity formetal ions of smaller
ionic radius22-26 but in crown ethers, the trans cyclohexenyl
bridge across neutral oxygen donors, produces a large decrease
in complex stability.27-29 A cis bridging arrangement, for
dicyclochexo-18-crown-6, imparts additional stability to the
mercuric complexes of the syn and anti conformational
isomers when compared to 18-crown-627,30 (Table 1).
Crystallographic data31 reports the mercuric complex of

dicyclohexo-18-crown-6 to be isostructural with Pb2þ and
Sr2þ analogues. Importantly, lone pair electrons on Pb2þ are
stereochemically inactivewhencomplexed bydicyclohexo-18-
crown-6, and ligand conformations in Pb2þ complexes are
representative of ligand conformations in complexes of Hg2þ

and Hg2
2þ. Conformations, originating from isostructural

Pb2þ complexes, are used to illustrate (Figure 1) relative
orientations adopted by dicyclohexo-18-crown-6 when form-
ing a (L2Hg2

2þ) complex. Steric interactions between adjacent
dicyclohexo-18-crown-6 ligands across a Hg-Hg bond, typi-
cally observed in [L2Hg2]

2þ metal clusters including a quasi-
linear Hg-Hg-O unit, influence complex stability, and the
cis-syn-cis complex is entropically favored.30 Interactions
between bulky cyclohexyl groups cannot be avoided by the
cis-anticis isomer (Figure 1a, 1b) in which the macrocyclic
cavity closely resembles the preferred D3d conformation
associated with 18-crown-6 in mercuric complexes. Face-to-
face orientation of cis-syn-cis dicyclohexo-18-crown-6 ligands
(Figure 1c)minimizes interactions between cycloalkyl groups,
and a distorted macrocyclic ring better accommodates relati-
vistic effects, permitting longer Hg-O contacts with macro-
cyclic oxygen donors, common inmercury complexes. Recent
spectroscopic studies on Hg2þ complexation by a diaza-18-
crown-6 derivative proposed the coordination of two Hg2þ

ions confirmed by a structural analysis to be the Hg2
2þ ion

contained within the macrocyclic cavity.1 In this publication
we report the isolation of a symmetric [L2Hg2]

2þ complex of
18-crown-6 from an Hg2þ alcohol/water solution in the
absence of elemental mercury. The crown ether is an unlikely

Table 1. Formation Constants30 for 18-crown-6; Dicyclohexo-18-crown-6, and
15-crown-5 Complexes of Hg2

2þ and Hg2þ at 25�C and μ = 0.1 M

ligand
log

K (Hg2þ)
log

K (LHg2
2þ)

log
K (L2Hg2

2þ)

15-crown-5 1.68 a a
18-crown-6 2.42 a a
dicyclohexo-18-crown-6
cis-syn-cis 2.75 1.93 0.6-1.8b

cis-anti-cis 2.60 1.57 1.1

aUndetermined. bCorrelated thermodynamic data prevents accurate
determination.
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reducing agent, and the crystallization of the symmetric
dimercury(I) complex of 18-crown-6 from an alcoholic solu-
tion32 requires the serendipitous reduction of the mercuric
salt; potentially significant in sensing of mercury species using
small-molecule fluorescent chemosensors.1,10,33-52

Elevated temperatures promote the reduction of Hg2þ

to Hg, and hydrothermal syntheses of mercury com-
plexes are infrequent. Polymeric mercuric complexes with
phosphorus ylides have been synthesized, using traditional
solution methods under ambient conditions, from a metha-
nolic solution of mercuric nitrate in which chelating nitrate
anions bridge adjacent mercuric complexes to form a one-
dimensional polymeric chain.53 Milder thermal gradient
conditions, employing the branched tube method, are re-
ported to be a useful technique in the synthesis of polymeric
mercury coordination complexes with organic ligands.54,55

Mercury selenoarsenates have, however, been isolated
under hydrothermal conditions in which Hg2þ, in a dis-
torted trigonal planar or tetrahedral geometry,56 is accom-
modated within a one-dimensional framework. The hy-
drothermal synthesis is investigated in this publication
with a view to form polymeric chains of the dimercury(I)
18-crown-6 complex.

Experimental Section

Materials and General Remarks. The 18-crown-6 (99%),
Mercury(II) nitrate monohydrate (>98%) and Mercury(II)
perchlorate hydrate (99.998%) were used as purchased from
Alfa Aesar and Aldrich, respectively. Deionized water and
n-butanol were used for preparation of metal and ligand solu-
tions, respectively. A PTFE-lined Parr autoclave reactor
(23 mL) was used for loading of reactants. Hydrothermal
syntheses were conducted by placing the autoclave reactor into
a temperature controlled drying oven (Fischer Scientific).

Figure 1. Ligand orientations of the cis-anticis (a, b) and cis-syn-cis (c, d, e) isomers of dicyclohexo-18-crown-6 (REFCODES: CUKZENandFILDIN31)
across aHg-Hgbond for a symmetric dimercury(I) complex. Steric interactions represented by arrows.Hydrogen atomsandmetal ion excluded for clarity.
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Preparation of [Hg2(18-crown-6)2(H2O)2](ClO4)2 1. A 0.0033
M solution of 18-crown-6 was prepared by dissolving the
compound (0.0440 g, 0.166 mmol) in 50 mL of n-butanol. A
0.0033 M solution of Hg(ClO4)2.(H2O)3 was prepared at pH 1,
through acidification using 1.0 MHClO4, by dissolving (0.0756
g, 0.166 mmol) of the metal salt in 50mL of deionized water. An
aqueous layer (20 mL) of the 0.0033 M metal solution was
pipetted into a 50mL beaker above which the alcoholic solution
(20mL)was carefully introducedwithminimal turbulence. Slow
evaporation through perforated parafilm afforded off white
crystals at the interface over several weeks. The yield for this
reaction was 0.0714 g (89.1% based on 18-crown-6). Anal.
Calcd (found) for 1, C24H56O24Cl2Hg2: C, 24.01 (23.99), H,
4.70 (4.39). Selected IR data (crystalline solid cm-1): 3554 (w),
3488(w), 2916(w), 2887(w), 1621(w), 1463(w), 1435(m),
1353(m), 1286(w), 1252(m), 1072(s), 957(s), 834(s), 746(br, m),
622(s).

Prepartion of [Hg(18-crown-6)](NO2)2 2. Hg(NO3)2 (0.500 g,
1.54 mmol), 18-crown-6 (0.500 g, 1.89 mmol) and 3mL of 1.0M
HNO3 were loaded into a PTFE-lined Parr autoclave. The Parr
reactor was heated from ambient temperature to 180 �C over a 3
h period and then soaked for an additional 21 h prior to cooling
to ambient conditions. After cooling a transparent pale gray
crystalline product was isolated. The yield for this reaction was
0.1736 g. (20.24%based on total Hg). Anal. Calcd (found) for 2,
C12H24N2O10Hg.Hg(l): C, 19.03 (18.66), H, 3.19 (2.84), N, 3.70
(3.50) Selected IR data (crystalline solid cm-1): 2887(w),
2850(w), 1454(w), 1429(m), 1345(m), 1326(w), 1284(m),
1243(m), 1096(s), 960(s), 834(s), 778(w).

Molecular Structure Determination

Compound 1, [Hg2(18-crown-6)2(H2O)2](ClO4)2. Inten-
sity data were collected on a Bruker APEX II CCD area
detector diffractometer with graphite monochromated
Mo KR radiation (50 kV, 30 mA) using the APEX 257

data collection software. The collection method involved
ω-scans of width 0.5� and 512� 512 bit data frames. Data
reduction was carried out using the program SAINTþ,58

and face indexed absorption corrections were made using
the program XPREP.58

The crystal structure was solved by direct methods
using SHELXTL.59 Non-hydrogen atoms were first re-
fined isotropically followed by anisotropic refinement by
full matrix least-squares calculations based on F2 using
SHELXTL. Hydrogen atoms were first located in the
difference map then positioned geometrically and
allowed to ride on their respective parent atoms. Water
hydrogen atoms, H1WA, H1WB, H2WA, and H2WB, were
placed from the difference map and made to ride on their
respective parent atoms. Diagrams and publication ma-
terial were generated using SHELXTL, PLATON,60 and
ORTEP-3.61

Compound 2, [Hg(18-crown-6)](NO2)2. A Bruker
SMART 1K diffractometer using the omega scan mode,
was employed for crystal screening, unit cell determina-
tion, and data collection at 110(2) K. The structures were
solved by direct methods, and refined to convergence.62 Absorption corrections were made using the SADABS

program.63 All hydrogens were located in difference
Fourier maps (including those at ideal positions).

Results and Discussion

The first example of a symmetric macrocyclic mercurous
complex, [L2Hg2]

2þ, is isolated from an acidic aqueous

Figure 2. ORTEP diagram of the complex [(18-crown-6)2Hg2(H2O)2]-
(ClO4)2, compound 1, showing the numbering scheme. Thermal ellipsoids
are shown at the 50% probability level.

Figure 3. Diagram of hydrogen bonding array in [(18-crown-6)2Hg2-
(H2O)2](ClO4)2, compound 1, viewed along [1 0 1].
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solution. Repeating the synthesis under hydrothermal condi-
tions afforded a mercuric nitrite complex of 18-crown-6,
(Figure 7, Table 2); an unanticipated result considering the
thermal and photochemical instability of mercuric nitrite at
ambient conditions.64,65 A recent NMR study on a dimercury-
(I) asymmetric crown ether complex19 prompted this study,
which reports the isolation of the first symmetric dimercury(I)
complex of 18-crown-6 (Figure 2, Table 2). Slow evaporation
of a dilute acidic aqueous solution gave the complex [(18-
crown-6)2Hg2(H2O)2](ClO4)2 in crystalline form. The resolved
structure illustrates a D3d conformation for the 18-crown-6
macrocycle in the dimercury(I) cation with a Hg-Hg bond
length of 2.524(1) Å, that compares favorably with distances
observed in solid hydrates. However, Hg-O bond lengths
observed for axially coordinated water molecules are larger
when compared to the diaqua ion as a consequence of the
hydrogen bonding arrays of which they form an integral part.
Two short O-H 3 3 3O interactions are defined by the axially
coordinated water molecule, acting as a hydrogen donor via
H1WB to an ethereal oxygen atom (O14) of the macrocycle and
via H1WA to oxygen atom (O2w) of a proximal solvent water
molecule included in the lattice (Figure 3). Oxygen atom (O2w)
further acts as a hydrogen donor to macrocyclic oxygen O12,
extending the hydrogen bonding array. The angle between the
molecular plane of the axially coordinated water molecule and
that defined by the macrocyclic oxygen donor atoms, (86.8�),
suggests that themacrocyclic cavity and the axially coordinated
water molecule are orthogonally related. The Hg1a-Hg1-O1w

angle (167.05�) strongly suggests the above-mentioned
O-H 3 3 3O interactions bend the O-Hg-Hg-O unit, often
observed in salts of mercurous complexes as essentially linear.
Hg-Obond lengths to axially coordinatedwatermolecules,

describing the quasi-linear H2O-Hg-Hg-OH2 unit are no-
tably shorter than distances to macrocyclic oxygen atoms of
18-crown-6 (Table 3). Short bonds to mercury defining
structural linearity, equally common in several mercuric com-
plexes of 18-crown-6, are attributed to relativistic effects66 and
the preferential formation of sp hybrid orbitals for mercury.
The predominance of linear coordination geometries in

macrocyclic and acyclic dimercury(I) complexes comprising

a quasi-linear Hg-Hg-O unit is graphically illustrated by
the inverse relationship between Hg-O contact distance or
bond length and Hg-Hg-O angle (Figure 4). Least-squares
lines have been independently fitted to relationships for
macrocyclic and acyclic complexes using Excel67 which facil-
itates the calculation of coefficients of determination (R2).

Figure 4. Plot of Hg-O distance versus Hg-Hg-O angle for macro-
cyclic and acylic mercury complexes bearing a Hg-Hg-O unit.

Figure 5. Hydrogen bonding motifs described by the O-H 3 3 3O inter-
actions between perchlorate anions and lattice water molecules in com-
pound 1. (a) Bifurcated O2W-H2WB 3 3 3O interaction; O2W interacts as a
hydrogen donor via H2WB to perchlorate oxygens O1 and O2 defining
aR1

2(4)motif. (b) R2
4(12)motif described by the O2W-H 3 3 3O interaction

between O2W as a hydrogen donor to perchlorate oxygen atoms O1 via
H2WB and O4 via H2WA. (c) R2

4(12)motif described by the O2W-H 3 3 3O
interaction between O2W as a hydrogen donor to perchlorate oxygen
atoms, O2 via H2WB and O4 via H2WA.

(64) Ray, P. C. J. Chem. Soc., Trans. 1905, 87, 171–177.
(65) Potts, R. A.; Allred, A. L. Inorg. Chem. 1966, 5, 1066–1071.
(66) Hancock, R. D.; Reibenspies, J. H.;Maumela, H. Inorg. Chem. 2004,

43, 2981–2987. (67) Billo, E. J. Excel for Chemists; Wiley-VCH: New York, 2001.
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The R2 value for the macrocyclic plot is better than 0.9 and
drops substantially to 0.7 for acyclic complexes. Current solid
state data formacrocyclic dimercury(I) complexes consists of
three structures including the structure reported here
(Figure 2). In macrocyclic complexes shorter mercury to
oxygen distances (2.1-2.4 Å) define Hg-O bonds to oxygen
atoms of axially coordinated ligands. Variations in bond
angle for these Hg-O bonds are inevitably associated with
hydrogen bonding to solventmolecules included in the lattice
or counterions in the immediate proximity. Asymmetric
bidentate chelation of acyclic analogues have a similar effect
and result in moderate scatter of plotted points. Longer
mercury to oxygen distances (Hg-O > 2.4 Å), indicative
of van der Waals type interactions, are observed for oxygen
donors in macrocyclic backbones and acyclic multidentate
chelating ligands. Asymmetric and out-of-plane chela-
tion relative to the Hg-Hg bond in acyclic dimercury(I)

complexes leads to substantial variation in Hg-Hg-O
angles resulting in the observed drop in R2 for the least-
squares fit of acyclic complexes. Oxygen donors in macro-
cyclic crown ethers are, however, restricted by a less flexible
macrocyclic backbone, 18-crown-6 tending toward the pre-
ferred D3d conformation adopted for complexation of metal
ions. Hg-Hg-O angles associated with the oxygen donor

Figure 6. Asymmetric dimercury(I) complex showing a highly distorted
conformation of 15-crown-5 as reported by Peringer and co-workers.19

Hydrogen atoms and disordered molecules removed for clarity.

Figure 7. ORTEP diagram of [(18-crown-6)Hg](NO2)2, compound 2,
showing the numbering scheme. Thermal ellipsoids are shown at the 50%
probability level.

Table 2. Crystallographic Details for [Hg2(18-crown-6)2(H2O)2](ClO4)2 (1) and
[Hg(18-crown-6)](NO2)2 (2)

empirical formula
C24 H56 Cl2 Hg2-

O24 (1)
C12 H24 Hg
N2 O10 (2)

formula weight 1200.77 556.92
temperature (K) 173(2) 110(2) K
wavelength (Å) 0.71073 0.71073
crystal system monoclinic monoclinic
space group C2/c P2(1)/c
a (Å) 21.0345(9) 8.027(5)
b (Å) 12.1565(5) 14.473(9)
c (Å) 16.8010(7) 7.827(5)
β (deg) 113.2000(10) 95.165(11)
volume (Å)3 3948.7(3) 905.6(10)
Z 4 2
density (calculated)

(Mg m-3)
2.020 2.042

Absorption
coefficient (mm-1)

7.987 8.550

F(000) 2344 540
crystal size (mm) 0.32 � 0.29

� 0.22
0.20 � 0.20
� 0.10

θ range for data
collection (deg)

1.98-28.00 2.81-25.00

limiting indices
-27 < h < 27 -9 < h < 9
-16 < k < 16 -17 < k < 17
-22 < l < 22 -9 < l < 9

reflections
collected/unique

30784/4760 6822/1557

Rint 0.0593 0.0340
completeness

to θ = 28.00�
100.0% 97.4%

data/restraints/
parameters

4760/0/235 1557/0/115

goodness of fit F2 1.048 1.003
final R indices [I > 2σ(I)] R1 = 0.0234,

wR2 = 0.0584
R1 = 0.0175,
wR2 = 0.0430

R indices (all data) R1 = 0.0288,
wR2 = 0.0604

R1 = 0.0214,
wR2 = 0.0466

largest differential peak
and hole (e Å-3)

3.161 and -0.949 0.748 and -0.862

Table 3.Hg-ODistances and Bond lengths in [Hg2(18-crown-6)2(H2O)2](ClO4)2
(1) and [Hg(18-crown-6)](NO2)2 (2)

bond Hg-O distance bond length (Å) oxygen type

(1)

Hg1-O15 3.181(2) (ethereal, macrocyclic)

Hg1-O14 3.320(2) (ethereal, macrocyclic)

Hg1-O13 2.951(2) (ethereal, macrocyclic)

Hg1-O12 2.809(2) (ethereal, macrocyclic)

Hg1-O10 2.786(2) (ethereal, macrocyclic)

Hg1-O11 2.644(2) (ethereal, macrocyclic)

Hg1-O1W 2.205(2) (aqua, axial coordination)

(2)

Hg1-O1 2.816(2) (ethereal, macrocyclic)

Hg1-O2 2.782(3) (ethereal, macrocyclic)

Hg1-O3 2.880(2) (ethereal, macrocyclic)

Hg1-O4 2.122(3) (nitrito)

Hg1-O5 2.798(3) (nitrito)
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atoms of crown ethers depend on how well the macrocyclic
cavity accommodates the mercury ion. The average radius
of the macrocyclic cavity for 18-crown-6 is reported as
1.45 Å, 68-71 and a centrally coordinated mercurous ion,
ionic radius 1.19 Å, 72 resembling the observed coordination
mode of the mercuric ion12-16,73 might be expected. Struc-
tures of crown ether dimercury(I) complexes19 show the
mercury ion is elevated by approximately 0.4 Å from the
plane defined by the donor atoms of 18-crown-6, and as
much as 1.23 Å in the case of 15-crown-5, responsible for
variation in Hg-Hg-O angles with increasing Hg-O se-
paration.
In the symmetric dimercury(I) complex reported here the

mercurous ion is elevated 0.835 Å above the mean plane of
oxygen donors that do not encapsulate the metal ion within
the macrocyclic cavity. Non-bonding interactions between
18-crown-6 fragments, defined by short hydrogen-hydrogen
contacts, translate across a 2-fold axis of symmetry bisecting
the Hg-Hg bond. The separation for the non-bonded
H 3 3 3H contacts are 2.11(1)Å between H4A and H12A and
2.33(1)Å between H5B and H9B. These interactions may be
deemed short if the van der Waals contact distance for the
hydrogen atom is set to a crystallographically determined
value of 2.4 Å, arguably overestimated when compared to

neutron diffraction measurements.74-76 The short H 3 3 3H
contacts have H-C-C-H torsion angles 129.9(1)� and
175.2(1)�, respectively, accommodated via distortion of the
D3d conformation. The mercurous ion is consequently com-
plexed well above the macrocyclic cavity resulting in very
long mercury to oxygen distances and subsequent variation
in Hg-Hg-O angles involving macrocyclic oxygen donors.
The R2 value for the macrocyclic least-squares fit (Figure 4)
drops significantly to 0.75 upon inclusion of solid state data
(open circles) for the symmetric dimercury(I) complex of 18-
crown-6 (Figure 2), largely because of the longest mercury to
oxygen distances observed to date. Extreme limits for Hg-O
van der Waals interactions (2.73 Å72,77) can be generously
described using the Hg(I) crystal and O van der Waals radii.
Interactions between themercurous ion and ethereal oxygens
O10 and O12 are expect to be very weak while orientations of
O13, O14, and O15 arise primarily from conformational
twisting of the crown ether to accommodate the shortH 3 3 3H
contacts.
The use of a weakly coordinating anion, such as perchlo-

rate in the proximity of oxygen bearing ligands, fur-
ther prevents disproportionation of the mercurous ion and

Table 4. Hydrogen Bonding Motifs in [Hg2(18-crown-6)2(H2O)2](ClO4)2 (1) for Included Solvent Water Molecules and Perchlorate Ions

D-H d(D-H) d(H 3 3 3A) DHA d(D 3 3 3A) A symmetry

O2W-H2WB 0.863 2.306 163.70 3.143 O2 [x, y, z]
O2W-H2WB 0.863 2.426 134.93 3.096 O1 [x, y, z]
O2W-H2WA 0.866 2.046 159.32 2.872 O4 [1/2 - x,

11/2 - y, - z]

Figure 8. Diagram of intermolecular C1-H1B 3 3 3O1 and O4 3 3 3H1A-
C1 interactions between adjacent layers of compound 2, [(18-crown-
6)Hg](NO2)2.

Figure 9. FAB Mass Spectrum for compound 1, [(18-crown-6)2Hg2-
(H2O)2](ClO4)2, in NBA matrix.

Figure 10. Solid State IR spectra of [(18-crown-6)Hg](NO2)2 (A), 18-
crown-6 (B), and [(18-crown-6)2Hg2(H2O)2](ClO4)2 (C).

(68) Dalley, N. K.; Izatt, R. M.; Christensen, J. J. Synthetic and Multi-
dentate Macrocyclic Compounds; Academic Press: New York, 1978; p 207.

(69) Shannon, R. D.; Prewitt, C. T. Acta Crystallogr., Sect. B 1969, 25,
925.

(70) Shannon, R. D.; Prewitt, C. T. Acta Crystallogr., Sect. B 1970, 26,
1046.

(71) Vogtle, F.; Weber, E.Crown ethers and analogues; JohnWiley & Sons:
New York, 1989; pp 208-292.

(72) Shannon, R. D. Acta Crystallogr. 1976, A 32, 751–767.
(73) El Essawi, M.; Abd El Khalik, S.; Tebbe, K.-F. Acta Crystallogr.,

Sect. C: Cryst. Struct. Commun. 1996, 52, 818–820.

(74) Baur, W. H. Acta Crystallogr., B 1972, 28, 1456–1465.
(75) Bondi, A. J. Chem. Phys. 1964, 68, 441–451.
(76) Lehmann, M. S.; Verbist, J. J.; Hamilton, W. C.; Koetzle, T. F.

J. Chem. Soc., Perkin II 1973, 133–137.
(77) Atkins, P. W.; De Paula, J. Physical Chemistry, 8th ed.; W. H.

Freeman: New York, 2006.
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facilitates crystallization. The weakly coordinating nature of
the perchlorate counterion is reflected by the disorder ob-
served for the anion in the solid state. Non-bonded interac-
tions, in which the perchlorate oxygen atoms participate as
hydrogen acceptors, generate hydrogen bonding arrays that
remove the disorder associated with the anion. Included
solvent water molecules in the structure of the symmetric
18-crown-6 dimercury(I) complex, stabilizes the uncoordi-
nated perchlorate anion through three O-H 3 3 3O interac-
tions (Table 4). The water molecule located at (x, y, z) acts as
a hydrogen donor via H2WB to the perchlorate oxygens O1

and O2 at (x, y, z) to form a bifurcated hydrogen bonding
R1
2(4)ring motif78 (Figure 5a). An additional discrete inter-

action for the same water molecule occurs via H2WA to
perchlorate oxygen O4 at (1/2 - x, 11/2 - y, -z) that when
combined with either interaction of H2WB affords a more
elaborate R2

4(12)ring motif (Figure 5, panels b, c) generated
through a center of inversion78 at (1/4,

1/4, 0).
The importance of relativistic effects in crown ether com-

plexes of mercury is easily appreciated when compared to
cadmium(II) analogues. The unexpectedly high stability of
cadmium(II) complexes with crown ethers has been attrib-
uted to the plasticity of this ion’s coordination geometries,
reflected in their insensitive response toward differences in
cavity size.79 This is well illustrated in cadmium(II) com-
plexes of 15-crown-5where oxygendonor atomsoccupy axial
positions.80,81 The ability of cadmium(II) to modulate equa-
torial bond lengths in crown ether complexes, because of
complete or partial absence of relativistic effects, is unpar-
alleled in mercury complexes in which M-L bonds exhibit
high covalence.82 Relativistic effects prevalent in an asym-
metric dimercury(I) complex prepared by Peringer and co-
workers19 cause the unusual conformation of the 15-crown-5
macrocycle, in which oxygen donor O14 is displaced by 1.225
Å from themean plane defined by the remaining four oxygen
donor atoms (Figure 6). Themacrocyclic cavity of 15-crown-
5 is reported to be 0.92 Å,68,70,71 smaller than the mercurous
ionic radius (1.19 Å),72 and preempts coordination of the
mercurous ion well above (1.31 Å) the plane defined by
oxygen donor atoms of 15-crown-5. The Hg4-O14 bond
length (2.304 Å) is substantially shorter than the average
Hg-O distance (2.73 Å) for interactions with macrocyclic
oxygen donors. It compares favorably with the Hg3-O31

bond length (2.22 Å) for the axially coordinated water
defining a linear Hg-Hg-O unit (175.78�). The Hg3-
Hg4-O14 bond angle (153.04�) reveals the tendency toward
pseudo-linearity compared to the averagedHg-Hg-Oangle
(114.12�) for the remaining macrocyclic oxygen donors
associated with equatorial sites. In the absence of an axially
coordinated water molecule, as observed for the symmetric
dimercury(I) complex of 18-crown-6, the preferred linear
coordination geometry is accommodated by the 15-crown-5
(Figure 6).

Hydrothermal Studies.Attemptedhydrothermal synthe-
sis of polymeric mercurous complexes resulted in the

crystallization of the mercuric nitrite complex of 18-
crown-6, [Hg(18-crown-6)]2þ(NO2

-)2, (Figure 7, Table 2).
Solid state study of this complex reveals the pseudo-
rotaxane type structure previously reported for the
mercuric nitrate complex, [Hg(18-crown-6)]2þ(NO3

-)2.
83

Conformation of the crown ether in the mercuric
nitrite complex mimics that observed in the nitrate
counterpart, showing no significant distortions from the
D3d conformation. Relativistic effects are evidenced by
asymmetric coordination of the nitrite anion exhibiting
very shortHg-Obonds (2.122 Å, Table 3). A longHg-O
van derWaals type interaction (2.798 Å, Table 3), further
describes the coordination mode of the nitrite anion.
Frequency bands for N-O stretching vibrations (ν1 =
1096 cm-1, ν2 = 1429 cm-1) observed in the solid state
IR spectrum (Figure 10) are significantly divergent
(333 cm-1), preempting a unidentate nitrito (cis to metal)
coordination mode.84,85 Elucidation of nitrato coordina-
tion modes using vibrational spectroscopy alone can be
misleading. N-O stretching vibrations (ν1 = 1284 cm-1,
ν2 = 1510 cm-1) are observed in the solid state spectrum
of the mercuric nitrate complex of 18-crown-6.83 The
separation of theN-Onitrato bands (226 cm-1), suggests
a bidentate chelation mode merits consideration.84 Ana-
lyses of Hg-O bond lengths and interaction distances,
however, show the nitrato coordination to be more
asymmetric than the nitrite. An elongated, (0.02 Å),
Hg-O bond length (2.122 Å, Table 3), for the nitrite
oxygen atoms is offset by a shortened, (0.085 Å), Hg-O
nitrite interaction (2.798 Å, Table 3), causing an overall
decrease in mercury to oxygen distances for the nitrito
ligand. Orientation of the unidentate nitrato ligand, as
defined by an angled alignment of the O-Hg-O unit
threading the macrocyclic cavity, is explained by a weak
stabilizing CH 3 3 3O interaction between the macrocyclic
backbone and the distant nitrato oxygen. C 3 3 3O and
H 3 3 3O separations, of 3.13 Å and 2.48 Å, respectively,
attribute marginal significance to this weak CH 3 3 3O
interaction. Longer C7 3 3 3O5 and H7A 3 3 3O5 distances,
of 3.16(1)Å and 2.51(1)Å, respectively, defining an ana-
logous CH 3 3 3O interaction in the nitrite complex imply
the C7-H7A 3 3 3O5 interaction is weaker than the corre-
sponding C6-H11 3 3 3O5B interaction for the nitrato oxy-
gen. Additional weak intermolecular C-H 3 3 3O interac-
tions, involving the nitrito ligand and the crown ethereal
oxygens, describe the formation of layers (Figure 8)
parallel to (1, 0, 0). The nitrito oxygen O4 at (x, y, z) acts
as a hydrogen acceptor via H1A on carbon C1 at (-x,
1/2 þ y, 1/2 - z). Carbon C1 at (x, y, z) in turn acts as a
hydrogen donor via H1B to an ethereal oxygen O1 at (x,
1/2 - y, -1/2 þ z). A second interaction C6-H6A 3 3 3O5

has an H 3 3 3O distance equal to 2.931 Å more typical of
intermolecular interactions associated with molecular
clusters and adducts of 18-crown-6. This C-H 3 3 3O
interaction is significantly larger (0.144 Å) than the
corresponding C1-H1 3 3 3O5B interaction observed for
the nitrato ligand, a consequence of amore symmetrically
coordinated nitrito ligand.(78) Bernstein, J.; Davis, R. E.; Shinoni, L.; Chang, N. L. Angew. Chem.,

Int. Ed. Engl. 1995, 34, 1555–1573.
(79) Harrington, J. M.; Jones, S. B.; White, P. H.; Hancock, R. D. Inorg.

Chem. 2004, 43, 4456–4463.
(80) Bond, A. H.; Rogers, R. D. J. Chem. Crystallogr. 1998, 28, 521–527.
(81) Braga, D.; Gandolfi, M.; Lusi, M.; Polito, M.; Rubini, K.; Grepioni,

F. Cryst. Growth Des. 2007, 7, 919–924.
(82) Hancock, R. D.; Marsicano, F. Inorg. Chem. 1980, 19, 2709–2714.

(83) Callega, M.; Steed, J. J. Chem. Crystallogr. 2003, 33, 609–612.
(84) Nakamoto, K. Infrared Spectra of Inorganic and Coordination

Compounds, 3rd ed.; Wiley: New York, 1978.
(85) Chattopadhyay, T.; Podder, N.; Banu, K. S.; Banerjee, A.; Ghosh,

M.; Suresh, E.; Nethaji, M.; Das, D. J. Mol. Struct. 2007, 839, 69–75.
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Under ambient conditions the formation of complexes
containing nitrogen in lower oxidation states is unlikely
given the weak reducing power ofmercury species and the
strong but slow oxidizing nature of nitrates. However, the
hydrothermal synthesis using mercuric nitrate in dilute
nitric acid at elevated temperature enhances the reduction
of mercury ions to elemental mercury56 that may accom-
pany the formation of products exhibiting nitrogen in
lower oxidation states.86 Elevated temperature (180 �C)
and pressure, coupled with high acidity (pH ≈ 1), en-
hances the oxidizing power of nitrates and promotes the
decomposition of mercuric nitrate to mercury metal and
nitrogen dioxide (eq 1). Under hydrothermal conditions
the formation of nitrogen dioxide can also be attributed
to thermal decomposition of nitric acid (eq 2).

HgðNO3Þ2sf
Δ

Hgþ 2NO2 þO2 ð1Þ

4HNO3sf
Δ

4NO2 þ 2H2OþO2 ð2Þ
The reaction of nitrogen dioxide with water affords
equimolar mixtures of nitric and nitrous acid reported
to play a vital role in the dissolution ofmercurymetal.64,87

Although itself susceptible to disproportionation, nitrous
acid is a strong oxidizing agent. It plays a catalytic role in
the dissolution of metals accounting for the initially
preferred formation of mercurous nitrite, a yellow crys-
talline solid, that undergoes decomposition sponta-
neously under ambient conditions.65 Early studies on
the action of dilute nitric acid upon elemental mercury
report the formation of mercurous nitrite almost exclu-
sively (eq 3) followed by gradual formation of unstable
mercurous nitrate upon evaporation,64,87 reported to
decompose rapidly upon heating with the evolution of
nitrogen dioxide.65

2HgþHNO2 þHNO3 f Hg2ðNO2Þ2 þH2O ð3Þ
In hot aqueous solution, mercurous nitrite is known to
disproportionate slowly (approximately 20%) to mercu-
ric nitrite and mercury.64 The former may be stabilized
through complexation by the crown ether forming the
observed product. This mechanism proposes that dispro-
portionation, affording mercuric nitrite, occurs prior to
the complexation of the metal ion and precludes the
formation of the 18-crown-6 dimercury(I) complex,
[Hg2(18-crown-6)2]

2þ(NO2
-)2. An alternative mechan-

ism permits the formation of the 18-crown-6 dimercury(I)
complex, enjoying enhanced stability as a result of the
shift in the disproportionation equilibrium caused by
elemental mercury originating from the reduction of the
mercuric nitrate. Complexation of the dimeric mercurous
ion now precedes disproportionation of the dimercury(I)
complex, yielding the mercuric nitrite complex, com-
pound 2, and a neutral mercury complex (eq 4).

½Hg2ð18C6Þ2�ðNO2Þ2 f ½Hgð18C6Þ�ðNO2Þ2 þ ½Hgð18C6Þ�
ð4Þ

The latter explanation for the isolation of compound 2 is
more credible given the instability of mercuric nitrite
noted under ambient conditions. The possibility of com-
pound 2 originating from the dimercury(I) nitrate com-
plex, [Hg2(18-crown-6)2]

2þ(NO3
-)2, in which the dimer-

cury(I) complex acts as a reductant, is unlikely given that
the mechanism for two electron oxidants exhibits an
inverse dependence upon the mercuric ion.88

FAB-source mass spectrometry of compound 1
(Figure 9) in a nitrobenzyl alcohol (NBA)matrix suggests
disproportionation and/or Hg-Hg bond cleavage give
rise to the observed species. Homolytic cleavage of the
Hg-Hg bond affords a mercurous complex, [(18-crown-
6)Hg]þ, resulting in the observed cluster of peaks centered
at m/z 466. Heterolytic cleavage, indistinguishable from
disproportionation, results in the formation of a neutral
mercury complex, [Hg(18-crown-6)], and a mercuric
complex, [(18-crown-6)Hg]2þ, observable as a mono ca-
tionic species, [(18-crown-6)Hg]2þ(ClO4)

-, centered at
m/z 565. FAB-mass spectrometry on a mercuric complex
of 18-crown-6 indicates mercuric ions remain complexed
by the crown ether under experimental conditions.13

Density-functional theory (DFT) calculations strongly
suggest dissociation becomes possible when the required
macrocyclic cavity size, such as that calculated for the
neutral mercury complex, [Hg(18-crown-6)], significantly
exceeds cavity sizes observed in cationic complexes of
mercury or in free 18-crown-6.89 Peaks atm/z 287 and 265
correspond to the Naþ complex of 18-crown-6, [Na(18-
crown-6)]þ, and protonated crown ether, [H(18-crown-
6)]þ, respectively, for which dissociation of existing mer-
cury complexes is a prerequisite. Dissociation of the
unobservable neutral mercury complex may contribute
significantly, although not exclusively, to the availability
of free 18-crown-6 for complexation of a proton or
sodium ion in the ionization process.

Infra Red Studies. Theoretical studies elucidating
vibration modes of 18-crown-690,91 and that of its com-
plexes92-94 appear in the literature. Stretching CH2

modes for the oxyethylene backbone of the crown ether
observed in the 2800 to 2900 cm-1 region are not
exploited for investigating complexation in aqueous solu-
tion. These vibration modes can be obscured by broad
O-H bands arising from solvent interactions or interac-
tion with hydrogen bonded species, and are subject to
little variation upon complexation. Frequencies in 1500
to 1200 cm-1 and 1100 to 800 cm-1 regions are responsive
toward inclusion of metal ions in the macrocyclic cavity
and exhibit significant changes observable by IR spec-
troscopy for hydrogen bonded species. The former com-
prises CH2 oscillations defined by scissoring (1500 to 1400
cm-1), wagging (1390 to 1300 cm-1), and bending (1300
to 1200 cm-1) modes of the macrocycle in this established

(86) Fanning, J. C. Coord. Chem. Rev. 2000, 199, 159–179.
(87) Ray, P. C. J. Chem. Soc., Trans. 1897, 71, 337–345.

(88) Davies, R.; Kipling, R.; Sykes, A. G. J. Am. Chem. Soc. 1973, 95,
7250–7256.

(89) Bagatur�yants, A. A.; Freidzon, A. Y.; Alfimov, M. V.; Baerends, E.
J.; Howard, J. A. K.; Kuz’mina, L. G. J. Mol. Struct. 2002, 588, 55–69.

(90) Fukuhara, K.; Ikeda, K.; Matsuura, H. J. Mol. Struct. 1990, 224,
203–224.

(91) Al-Khatani, A. A. Spectrochimica Acta, PartA 2002, 58, 2877–2884.
(92) Chenevert, R.; Rodrigue, A.; Chamberland, D.; Ouellet, J.; Savoie,

R. J. Mol. Struct. 1985, 131, 187–200.
(93) Gjikaj, M. Vib. Spectrosc. 2005, 39, 262–265.
(94) Mosier-Boss, P. A. Spectrochim. Acta, Part A 2005, 61, 527–534.
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order. Bands in the latter region are associated with
deformities in themacrocyclic backbone in the immediate
vicinity of ethereal oxygens. Changes in bond angles
involving the oxygen donors are also reported to affect
bands observed at frequencies between 600 and 500 cm-1.
The regular conformation of D3d symmetry adopted by
the crown ether in compound 1, [(18-crown-6)2Hg2-
(H2O)2](ClO4)2, and compound 2, [(18-crown-6)Hg]-
(NO2)2, is deduced from a direct comparison between
their solid state IR spectra with that of uncomplexed 18-
crown-6 (Figure 10).Distortions of the free, uncomplexed
crown ether result in appreciable splitting of vibrational
modes (Spectrum B, Figure 10) more easily observed for
frequencies between 1000 and 800 cm-1. Bands observed
at 991, 946, 857, and 827 cm-1 (Spectrum B, Figure 10)
are replaced by broader intense bands at 957 and 834
cm-1 (Spectrum C, Figure 10) in compound 1 and at 960
and 834 cm-1 (Spectrum A, Figure 10) in compound 2.
Absence of splitting is also evident at frequencies corre-
sponding to CH2 scissoring, wagging, and bending vibra-
tional modes. Bond angle (C-O-C) deformations
observed at 569 and 536 cm-1 (Spectrum B, Figure 10)
are largely absent in spectra of compounds 1 and 2
(Spectra A and C, Figure 10) indicative of the regular
crown orientation expected for the D3d conformer. The
intense band at 622 cm-1 (Spectrum C, Figure 10) is
assigned to C-O-C bond angle deformations involving
ethereal oxygens O12 andO15. Bond angles C10-O15-C11

and C5-O12-C4 of 111.2� and 111.7�, respectively, re-
present the greatest deviations from the average C-O-C
bond angle (112.5�)90 in 18-crown-6 conformations. We
identified short non-bonded H 3 3 3H contacts to rationa-
lize the distortion of theD3d conformation in compound 1
present in oxyethylene fragments C9-C10-O15-C11-C12

and C6-C5-O12-C4-C3, that include the above-men-
tioned compressed C-O-C bond angles.
The intense C-O stretching vibration observed at 1102

cm-1 in spectrum B (Figure 10) is obscured by intense
broad bands corresponding to the Cl-O stretching mode
(1072 cm-1) for the hydrogen bonded perchlorate anion in
compound 1 (SpectrumC, Figure 10) and byN-O stretch-
ing vibrations (1096 cm-1) of the nitrito ligand (Spectrum
A, Figure 10) in compound 2. Additional features of the
solid state IR spectrum of compound 1 include broadweak
bands at 3554 and 3488 cm-1 assigned to theO-H stretch-
ing modes of the symmetrically hydrogen bound water
molecules, and a weak broadband at 1621 cm-1 best inter-
preted as a vibration corresponding to aH2Obendingmode.

Conclusions

The dimercury(I) 18-crown-6 complex is sufficiently stable
to permit isolation using traditional solution methods. The
molecular structure of the complex, compound 1, shows the
mercurous Hg2

2þ ion is irregularly centered within the
macrocyclic cavity, defined by a D3d conformation, known
to encapsulate metals within an equatorial “girdle” of com-
parable mercury to oxygen interactions. Unusually long
mercury to oxygen distances are observed for oxygen donor
atoms of 18-crown-6 in compound 1, proposed to arise
from short H 3 3 3H non-bonded interactions between adja-
cent macrocyclic rings across a Hg-Hg bond in the
dimercury(I) cation. Steric interactions of this nature prevent
closer approximation of ethereal oxygen donor atoms upon
complexation, effectively lowering the basicity of the crown
ether. Lowered ligand basicity disfavors complexation of
the mercuric ion and consequently inhibits disproportiona-
tion, facilitating isolation of the dimercury(I) complex
from solution.
Synthesis under hydrothermal conditions affords the

mercuric nitrite complex of 18-crown-6, compound 2. Low-
ered ligand basicity combined with the presence of elemental
mercury, formed from the hydrothermal decomposition
of mercuric nitrate, shift the disproportionation equilibrium
in favor of the mercurous ion. The dimercury(I) com-
plex, [(18-crown-6)2Hg2](NO2)2, is proposed to initially
form, followed by subsequent disproportionation products
[(18-crown-6)Hg](NO2)2, the mercuric nitrite complex of
18-crown-6, and [(18-crown-6)Hg], a neutral mercury com-
plex. The latter readily dissociates since the macrocyclic
cavity of 18-crown-6 is unable to accommodate the size
requirements of Hg0.
Selection of a suitable chelating agent, for incorporation

into a small molecule mercury sensor or mercury polymer,
should ideally be based upon specific mercury speciation
characteristics of the selected chelating agent. This work
shows that shifts in the mercury disproportionation equilib-
rium are important if crown ether derivatives are used as
chelating agents in the development of mercury sensors.
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