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The first coordination polymer incorporating Hg(CN)2 units as building blocks is reported.
The reaction of the labile transition-metal halide CuCl2, the soft Lewis acidic Hg(CN)2, and
N,N,N′,N′-tetramethylethylenediamine (tmeda) formed large single crystals of [(tmeda)Cu-
[Hg(CN)2]2][HgCl4] (1). The migration of two labile chloride ligands from harder Cu(II) to
softer Hg(II) drives the formation of 1, which self-assembles in high yield from several
combinations of reagents. Complex 1 crystallizes in the tetragonal, noncentric P4h21m space
group, Z ) 2, with a ) b ) 10.9576(12) Å and c ) 9.8516(13) Å. The structure is composed
of a 2-D cationic layer of [(tmeda)Cu[Hg(CN)2]2]2+ units in which the six-coordinate Cu(II)
centers are bridged by four Hg(CN)2 groups and capped by a tmeda ligand. This array is
interspersed with a layer of [HgCl4]2- anions, which form bridging Hg-Cl bonds with the
Hg(CN)2 units. At 300 K, a- or b-oriented single-crystal plates of 1 are strongly birefringent
with a birefringence value of ∆n ) 6.38 × 10-2, as measured at λ ) 546.1 nm. The strongly
anisotropic crystal structure, including the highly polarizable Hg(II) ions, is responsible for
this significant optical birefringence. Upon cooling, the birefringence of 1 decreases slightly
to ∆n ) 6.12 × 10-2 at 90 K.

Introduction.

Recently, there has been tremendous interest in the
design and synthesis of multidimensional inorganic
coordination polymers from the self-assembly of simple
molecular building blocks.1 In particular, cyanometalate
units have been widely employed in the synthesis of a
variety of supramolecular structures, including chains,
planes, and 3-D arrays.2 These systems have attracted
interest because the alteration of the metal center in
[M(CN)n]x- building blocks, and the consequent adjust-
ment of the geometric, magnetic, and electronic proper-
ties, provides the control and flexibility necessary to
assemble solids with potentially tunable properties. This
is illustrated by Prussian blue analogues, some of which
exhibit bulk magnetic ordering at or above room tem-
perature.3 Cyanometalates have also been employed
extensively to generate inclusion compounds, clathrates,
and zeolite-type systems using square-planar or tetra-

hedral [M(CN)4]2- (M ) Ni, Pt, Pd, Cd) units in
conjunction with cationic transition metal-ligand com-
plexes.4 Although the tetrahedral [Hg(CN)4]2- moiety
has seen some limited use in the construction of inclu-
sion compounds that are mineralmimetic (resembling
SiO2, clay-layer, and zeolite-cage structures),5 the linear
Hg(CN)2 molecule has not been investigated as a build-
ing block to create supramolecular architectures; a few
simple double-salt adducts are known.6 The coordina-
tively unsaturated Hg(II) center provides an interesting
design possibility: not only could linear, bridging
Hg(CN)2 units be incorporated into coordination poly-
mers, but they could also form the basis for in-situ
generated trigonal or tetrahedral moieties by accepting
compatible ligands during polymer formation.7 This
process could potentially increase the structural dimen-
sionality in the supramolecular polymer,8 an important
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goal for synthesizing materials with potentially useful
bulk properties.

Of particular interest are the properties related to
noncentrosymmetrical arrangements of molecules in the
structure. Crystals with this feature may exhibit both
piezoelectric effects and optical nonlinearity. The latter
is potentially useful for frequency doubling into short
wavelengths via the so-called second harmonic genera-
tion (SHG), that is desirable for high-density informa-
tion storage and telecommunication. Another important
property of crystals is the birefringence, especially the
principal birefringence which is defined as the difference
in the refractive indices of two waves vibrating in the
same plane along two different crystallographic axes.
Birefringence can be useful in SHG materials. Greatly
amplified harmonics are possible if the velocities of the
fundamental and harmonic waves are made equal. This
kind of phase matching is possible if the difference in
refractive indices due to dispersion can be matched by
birefringence.9 Birefringence is characteristic of the
anisotropy of the crystals. For instance, low dimensional
polymers have been shown to exhibit high birefringence
because of the structural anisotropy.10 The use of
mercury(II) cyanide, with its highly polarizable Hg(II)
ions, is particularly appealing with respect to generating
high anisotropy and thereby strong birefringence.

We hereby report that by employing the labile transi-
tion metal halide CuCl2 in conjunction with a soft,
coordinately unsaturated Hg(II) acceptor, we synthe-
sized [(tmeda)Cu[Hg(CN)2]2][HgCl4] (1), a high dimen-
sionality coordination polymer with a 2-D layered
structure that shows strong optical birefringence related
to the structural anisotropy. Complex 1 represents the
first supramolecular system that incorporates Hg(CN)2
as a building block.

Experimental

General Procedures and Physical Measurements. All
manipulations were performed in air using purified solvents.
All reagents were obtained from commercial sources and used
as received.

IR spectra were obtained using a Thermo Nicolet Nexus 670
FT-IR spectrometer. Microanalyses (C, H, N) were performed
at Simon Fraser University by Mr. Miki Yang. Variable
temperature magnetic susceptibility data were collected on
powdered samples at 10 000 G between 2 and 300 K using a
Quantum Design MPMS-5S SQUID magnetometer. All data
were corrected for TIP, the diamagnetism of the sample holder,
and the constituent atoms (by use of Pascal constants).11

Thermogravimetric analysis data were collected using a Shi-
madzu TGA-50 instrument. Solid-state visible spectra were
obtained using a diode-array HP 8453 spectrometer and a
suspension of sample in a customized cell.

The optical birefringence was measured along different
crystallographic directions by means of polarized light micros-
copy (Olympus BX60) on platelets of different orientations
polished using fine alumina powder (3 µm) mixed with silicon

oil. The optical retardation was measured using a tilting
compensator (3λ) at the wavelength of λ ) 546.1 nm (e-line),
and the birefringence was calculated by dividing the measured
retardation by the crystal thickness. A heating/cooling stage
(Linkam HTMS600) mounted on the microscope was used for
studying the temperature dependence of the birefringence.

Synthetic Procedures. CAUTION. Although we have
experienced no difficulties, perchlorate salts are potentially
explosive and should be used only in small quantities and
handled with care.

[(tmeda)Cu[Hg(CN)2]2][HgCl4] (1). Reaction 1. A 10-mL
methanolic solution of Hg(CN)2 (0.100 g, 0.396 mmol) was
added to a solution of CuCl2‚2H2O (0.067 g, 0.396 mmol) and
tmeda (0.046 g, 0.396 mmol) in methanol at room temperature.
The blue solution was decanted after the precipitation of a
green side-product. Dark blue blocklike crystals of 1 were
obtained by slow evaporation of the solvent, collected, and
washed with cold MeOH. Yield: 0.198 g (49%).

Reaction 2. A 10-mL aqueous solution of Hg(CN)2 (0.200
g, 0.791 mmol), HgCl2 (0.107 g, 0.396 mmol), and KCl (0.059
g, 0.791 mmol) was added to a 10-mL aqueous solution of
Cu(ClO4)2‚6H2O (0.147 g, 0.396 mmol) and tmeda (0.046 g,
0.396 mmol) at room temperature. Dark blue platelike crystals
of 1 were obtained. Yield: 0.321 g (79%).

Reaction 3. A 10-mL methanolic solution of Hg(CN)2 (0.200
g, 0.791 mmol) and HgCl2 (0.107 g, 0.396 mmol) was added to
a methanolic solution of CuCl2‚2H2O (0.067 g, 0.396 mmol) and
tmeda (0.046 g, 0.396 mmol) at room temperature. Dark blue
blocklike crystals of 1 were obtained as in reaction 1. Yield:
0.370 g (91%). Anal. Calcd. for C10H16N6Cl4CuHg3: C, 11.69;
H, 1.57; N, 8.18. Found: C, 11.72; H, 1.57; N, 8.01. IR (KBr):
νCN 2247(s), 2197(w), νHgC 426 cm-1.

X-ray Crystallographic Analysis of [(tmeda)Cu[Hg-
(CN)2]2][HgCl4] (1). Crystallographic data are collected in
Table 1. A blue block-shaped crystal of 1 was mounted on a
glass fiber. Using the diffractometer control program
DIFRAC12 and an Enraf Nonius CAD4F diffractometer, data
from 4° e 2θ e 52° were recorded. The data were corrected by
integration for the effects of absorption (0.0399-0.1430 mini-
mum/maximum transmission). Data reduction included cor-
rections for Lorentz and polarization effects. Final unit-cell
dimensions were determined based on 48 well-centered reflec-
tion with a range of 40° e 2θ e 49°. The programs used for
absorption correction and data reduction were from the
NRCVAX Crystal Structure System.13 The structure was
solved and refined using CRYSTALS.14 Complex scattering
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Table 1. Summary of Crystallographic Data

1a

formula C10H16N6Hg3CuCl4
fw, g/mol 1027.40
space group P4h21m (No. 113)
a, Å 10.9576(12)
b, Å 10.9576(12)
c, Å 9.8516(13)
R, deg 90
â, deg 90
γ, deg 90
V, Å3 1182.87(20)
Z 2
Fcalc, g/cm3 2.885
µ, cm-1 207.6
T, K 293
R, Rw (I > 2.5σ(I))b 0.022, 0.024

a Enraf-Nonius CAD-4 diffractometer, Mo KR radiation (λ )
0.71069 Å), graphite monochromator. b Function minimized Σw(|Fo|
- |Fc|)2 where w-1) σ2(Fo) + 0.0002Fo

2, R ) Σ||Fo| - |Fc||/Σ|Fo|,
Rw ) (Σw(|Fo| - |Fc|2)/Σw|Fo|2)1/2.
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factors for neutral atoms15 were used in the calculation of
structure factors.

Coordinates for all non-hydrogen atoms, anisotropic dis-
placement parameters for the ordered non-hydrogen atoms,
and isotropic displacement parameters for the disordered
carbon atoms of the tmeda ligand were refined. Hydrogen
atoms were placed in calculated positions (d C-H 0.95 Å) and
their coordinate shifts were linked with those of the respective
carbon atoms during refinement. Two isotropic thermal pa-
rameters for the methylene and methyl hydrogen atoms were
refined. An extinction parameter was included in the final
cycles of full-matrix least-squares refinement. The final refine-
ment using observed data (Io g 2.5σ(Io)) included 65 param-
eters for 1081 data. Selected bond lengths and angles for 1
are found in Table 2.

Results and Discussion

Synthesis and Solid-State Structure. Complex 1
spontaneously self-assembles in good yields (49-91%)
from several different starting points (Scheme 1), indi-
cating that it is the most thermodynamically stable
product. In reactions 1 and 3, the migration of two labile
chloride ligands from Cu(II) to Hg(II) drives the forma-
tion of the product;16 in reaction 2, additional chloride
is added. This halide migration from the harder Cu(II)
to the softer Hg(II), that effectively opens two coordina-

tion sites on the Cu(II) for cyano-nitrogen binding, may
potentially be used to design coordination polymers in
other geometries. The IR spectrum clearly shows a blue-
shifted νCN (2247 cm-1) band consistent with the forma-
tion of a bridging cyanide ligand. Interestingly, the
crystal morphology of 1 ranges from blocklike (reactions
1, 3) to plate-shaped (reaction 2).

A single X-ray diffraction study performed on 1
reveals a 2-D cationic [(tmeda)Cu[Hg(CN)2]2]2+ network
consisting of six-coordinate Cu(II) centers and bridging
Hg(CN)2 groups, impregnated with a layer of [HgCl4]2-

anions (Figure 1). Complex 1 crystallizes in the non-
centrosymmetric, tetragonal space group P4h21m. The
Cu(II) center adopts a Jahn-Teller distorted octahedral
geometry by coordinating to one tmeda molecule and
four cyanide bridged Hg(CN)2 moieties. Each Hg(CN)2
unit bridges in an axial/equatorial fashion to a different
[(tmeda)Cu]2+ center, thus propagating the corrugated
2-D array that lies in the ab plane (Figure 1a, Cu-N(3,
eq-CN) ) 1.975(11) Å; Cu-N(4, ax-CN) ) 2.583(13) Å;
Cu-N(1,tmeda) ) 2.050(7) Å). The approximately 11 Å
diameter cavities delineated by four Cu(II) centers
(Figure 1a) are filled by tetrahedral [HgCl4]2- anions
(Hg(2)-Cl ) 2.4807(23) Å), thus stabilizing the cationic
2-D array (Figure 1b). Each Cl atom further interacts
with its two closest bridging Hg atoms with bond
distances of 3.0514(21) Å and 3.217(2) Å respectively
(weakest interaction shown as dashed lines), resulting
in a distorted octahedral geometry about each mercury
cyanide’s metal center; all are within the sum of the van
der Waals radii of 3.30 Å.17

These bonding interactions can be compared with the
pseudo-octahedral chain structure of K2HgCl4‚H2O,
which has two short Hg-Cl distances of 2.383(1) Å and
two longer pairs at 2.897(1) and 3.251(1) Å.18 The 2-D
sheets in 1 are stacked together in a corrugated fashion,
held together only by weak hydrophobic interactions
between tmeda ligands, forming zigzag channels (∼4 Å)
between each sheet, as shown in Figure 2. This unusual
structure, containing two different 2-D layers embedded
in each other, is perhaps more closely related to some
organic-inorganic hybrid materials19a than to inter-
penetrated coordination polymers, which normally in-
volve interpenetration of one network with itself.19b

A variety of physical properties have been investi-
gated. The magnetic susceptibility of 1 as a function of
temperature was measured. However, despite the
2-D structural nature, µeff ) 1.87(1) µB at 300 K and
is temperature independent until 5 K, below which
weak antiferromagnetic coupling is observed. The
Jahn-Teller distorted weak axial bonding of the cya-
nides effectively disrupts coupling interactions between
Cu(II) centers.20 From thermogravimetric analysis, 1
decomposes from 133 to 138 °C with loss of all material
except CuCl2 (86.91% calculated weight loss, 86.07%
observed).
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Table 2. Selected Bond Lengths (Å) and Angles (deg) for
[(tmeda)Cu[Hg(CN)2]2][HgCl4] (1)

Cu(1)-N(1) 2.050(7) Hg(1)-C(3) 2.049(13)
Cu(1)-N(3) 1.975(11) Hg(1)-C(4) 2.014(12)
Cu(1)-N(4)* 2.583(13) Hg(1)-Cl 3.0514(21)
N(1)-C(1) 1.500(10) Hg(1)*-Cl 3.217(2)
N(3)-C(3) 1.120(17) Hg(2)-Cl 2.4807(23)
C(1)-C(1)* 1.540(10) Hg(1)-Hg(1)* 5.5505(6)
C(4)-N(4) 1.116(17) Hg(1)-Hg(2) 3.9094(4)
Cu(1)-Cu(1)* 10.353(2)

N(1)-Cu(1)-N(3) 90.3(4)) C(3)-Hg(1)-C(4) 172.4(4)
N(1)-Cu(1)-N(3)* 178.3(4)) Hg(1)-Cl-Hg(2) 89.31(6)
N(1)-Cu(1)-N(1)* 88.0(5) Hg(1)-Cl*-Hg(2) 85.6(2)
N(1)-Cu(1)-N(4)* 97.75(17) Cl-Hg(1)-C(3) 85.9(2)
N(3)-Cu(1)-N(4) 100.56(9) Cl-Hg(1)-Cl* 85.91(7)
N(3)-Cu(1)-N(3)* 91.3(3) Cl-Hg(1)-C(4) 99.6(2)
N(3)-Cu(1)-N(4)* 82.48(16) Cl-Hg(2)-Cl* 105.52(5)
N(4)-Cu(1)-N(4)* 158.4(5) Cl*-Hg(2)-Cl* 117.70(11)

Scheme 1. Three Reaction Pathways for the
Synthesis of 1
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The birefringence of the crystal is an important
characteristic of the material. The unusual structural
feature of the [(tmeda)Cu[Hg(CN)2]2][HgCl4] crystal, as
described above, provides an ideal case to study the
optical properties related to the structural anisotropy
due to the stacking of 2-D sheets. To investigate such a
structure-property relationship, the optical birefrin-
gence of 1 was measured along different crystallographic
directions by means of polarized light microscopy. The
c-oriented crystal plates are optically isotropic when
observed along the [001] direction, with extinction at
any positions between the crossed polarizers, consistent
with the tetragonal point group. The a- or b-oriented
crystal plates (with the c-axis lying in the plane of the
platelets) are strongly birefringent with a birefringence
value of ∆n ) 6.38 × 10-2 at room temperature, as
measured at λ ) 546.1 nm. The blue crystals of 1 absorb
light at 625 nm, hence the birefringence measurement
is unimpeded by the optical absorption profile. This
value of birefringence can be compared with 0.105 for
the coordination polymer [hydrotris(1,2,4-triazolyl)bo-
rato]silver(I)21 and 0.0155 for [Na⊂(dibenzo-24-crown-
8)(I(1,3-dioxolane)]10 or even with the value of very
strongly birefringent inorganic crystals, e.g. KNbO3 (∆n
) nb - na ) 0.171).22 Upon cooling, the birefringence of

1 decreases slightly to reach a value of ∆n ) 6.12 ×
10-2 at 90 K, indicating a diminution of the structural
anisotropy at low temperature, probably due to a
thermal contraction of the polymer interlayers.

The correlation between the optical indicatrix and the
crystallographic axes shows that the refractive index
along the a- or b-axis (no, for the ordinary beam
component) is larger than that along the c-axis, which
is also the optical axis (ne, for the extraordinary beam
component), as indicated in Figure 3. Therefore, the
birefringence corresponds to ∆n ) no - ne, the principal
birefringence of the tetragonal crystal. Since ne < no, 1
exhibits an optically negative indicatrix.23

The optical character of the [(tmeda)Cu[Hg(CN)2]2]-
[HgCl4] crystals can be understood with respect to the
crystal structure and chemical bonding. It is known that
the refractive index n of a crystal depends on its packing
density and atomic or ionic polarizability, with a large
n arising from a dense packing of highly polarizable
atoms or ionic groups.9 Figure 2 clearly shows that the
ab plane contains densely packed layers of [HgCl4]2-

anions and the [(tmeda)Cu[Hg(CN)2]2]2+ moieties; the
2-D sheets are only weakly packed along the c-axis. The
electric vector of light propagating along the a- or b-axis
encounters stronger interactions through the dense

(21) Janiak, C.; Scharmann, T. G.; Albrecht, P.; Marlow, F.;
Macdonald, R. J. Am. Chem. Soc. 1996, 118, 6307.

(22) Weber, K. Bergmann-Shaefer, Lehrbuch der Experimental-
physik, Bd. 3, Optik, 9th ed.; de Gruyter: Berlin, 1993; Chapters 4.6,
4.8, 4.9, 4.11.
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Press: London, 1985; Chapter XIII.

Figure 1. (a) View of the cationic 2-D framework of 1, with its numbering scheme, down the c axis, showing corrugated cavities.
(b) Cavities filled with [HgCl4]2- anions. The tmeda methyl groups have been omitted for clarity. Color scheme: Hg, pink; Cu,
red; Cl, green; N, blue; C, gray.

Figure 2. Packing diagram of 1 viewed down the a-axis,
showing the unit cell. Color scheme: Hg, pink; Cu, red; Cl,
green; N, blue; C, gray.

Figure 3. Orientation of the b-c section of the optical
indicatrix with respect to the crystallographic axes, illu-
strating the optical anisotropy along the a-axis and the
optically negative character of the [(tmeda)Cu[Hg(CN)2]2]-
[HgCl4] crystals.
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layers of highly polarizable Hg(II) ionic groups, giving
rise to a substantially larger value of the refractive
index no (along the a- or b-axis) than ne (along the c-axis)
resulting in the high birefringence and the optically
negative character.

Conclusions

A self-assembled Cu(II)/Hg(II) coordination polymer
has been prepared using halide migration from harder
Cu(II) to a coordinatively unsaturated, softer Hg(II)
center. Its complex, anisotropic crystal structure leads
to a significant optical birefringence. We are currently

exploring the breadth of this synthetic route in terms
of ligand and metal modification and the materials
properties of the resulting products.
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