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By combining a large π-conjugated bidentate ligand L: 3,6-dipyrazole-N-ethylcarbazole with HgI2, an
extraordinary supramolecular coordination polymer, [Hg4L2I8]∞, has been prepared. The crystal structures of
the ligand and its coordination polymer were determined by X-ray crystallography, which shows three varied
coordination modes especially the rare asymmetric quadruply bridged trinuclear moieties in [Hg4L2I8]∞. Density
functional theory (DFT) calculations (ADF) performed on model dimers show the roles of covalent and
noncovalent interactions in establishing the three-dimensional architecture.

Introduction

Crystal engineering of self-assembly coordination polymers
containing metal ions and organic ligands is of great current
interest not only because of their varied structures but also due
to their potential properties such as magnetism, nonlinear optics,
electronics, catalysis, and molecular recognition.1-3 In the
context of inorganic/organic hybrid materials, some intramo-
lecular and intermolecular weak interactions having considerable
dispersive-repulsive character and merging into van der Waals
interactions, such as π-π interactions, C-H · · ·X contacts, and
X · · ·X have been employed as a driving force of the crystal
packing,4-6 and the M · · ·X7 contacts are observed frequently
in the solid state.

On the basis of its physical and electronic properties, mercuric
iodide has recently been the focus of many studies because of
its important utility in fields such as optical detector and
superconducting materials.8 To the best of knowledge, the
mercury(II) ion, which was made softer by iodine in the Hg-I
system, has a versatile coordination number and can serve to
link ligands to form polymeric compounds with novel coordina-
tion patterns. The most common coordination framework is four-
coordination with sp3 hybridization in a tetrahedral geometry.9

Sometimes the mercury(Π) ion also adopts a six-coordination
mode where Hg(Π) situates in the inversion center with a
distorted octahedral geometry,10 while in a few compounds, the
rare five-coordinated Hg(Π) has been reported with a tetragonal
pyramidal or trigonal bipyramidal geometry.11 On the other
hand, taking into account the large polarization of the mer-
cury(Π) ion, it shows a specific affinity to the rigid N-donor
ligands. Carbazole-containing compounds, as is well-known,
have been widely studied for the application of an electrolu-
minescent (EL) device and fabrication of light-emitting diodes
(LED).12 As pyrazole is an electron-rich aromatic compound,

we introduced pyrazole groups to the carbazole ring in high
yield, by Ullmann reaction according to the method of our
previous paper.13 The functionality for use in supramoleculer
architectures of the organic molecule (addition of donor atom
N) allows its incorporation into the inorganic coordination
complex, which has the advantage of higher thermal stability
and solvent resistance than organic material.

Herein, we present the three-dimensional (3-D) structure of
a novel self- assembly complex with HgI2 and the ligand (L )
3,6-bipyrazole-9-ethylcarbazole), where there exists three di-
versified coordination modes, especially the rare quadruply
bridged trinuclear moieties. DFT calculations show that covalent
and noncovalent interactions play crucial roles in establishing
the three-dimensional architecture.

Experimental Section

All chemicals and solvents were dried and purified by using
common methods. Elemental analyses were performed with a
Perkin-Elmer 240B element analyzer. IR spectra were recorded
with a Nicolet FTIR 170SX instrument, using KBr pellets.

Synthesis and Characterization. 3,6-Dipyrazole-N-ethyl-
carbazole (L): L was synthesized by a two-step reaction
according to the method of our previous paper.13 Pale yellow
needle single crystals suited for X-ray diffraction were obtained
by slow evaporation of ethyl acetate at room temperature.

[Hg4L2I8]∞: L (40.00 mg, 0.10 mmol) and HgI2 (31.60 mg,
0.10 mmol) were dissolved in 20 mL of ethyl acetate. The
mixture was refluxed for 2 h at 70 °C and then cooled to room
temperature to give a clear solution. Pale yellow cuboid single
crystals suitable for X-ray diffraction were obtained after several
days by slow evaporation of the filtrate at room temperature.
Yield: 91%. IR (KBr, cm-1): 2974 (w), 2928 (w), 1623 (m),
1516 (s), 1483 (s), 1401 (m), 1317 (m), 1225(m), 1191 (w),
1153 (w), 1118 (w), 1055 (m), 1033 (w),946 (w), 871 (w), 797
(w), 748 (s), 669 (m). Anal. Calcd for C40H34Hg4I8N10: C 19.43,
H 1.39, N 5.67. Found C 19.16, H 1.40, N 5.91.

X-ray Crystallography. Single-crystal X-ray diffraction
measurements were carried out on a Bruker Smart 1000 CCD
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diffractometer equipped with a graphite crystal monochromator
situated in the incident beam for data collection at room
temperature. The determination of unit cell parameters and data
collections were performed with Mo KR radiation (λ ) 0.71073
Å). Unit cell dimensions were obtained with least-squares
refinements, and all structures were solved by direct methods
with SHELXL-97.14The other non-hydrogen atoms were
located in successive difference Fourier syntheses. The final
refinement was performed by full-matrix least-squares meth-
ods with anisotropic thermal parameters for non-hydrogen
atoms on F2. The hydrogen atoms were added theoretically
and riding on the concerned atoms. Crystallographic crystal
data and processing parameters for L and [Hg4L2I8]∞ are
shown in Table 1. Selected bond lengths and bond angles
for [Hg4L2I8]∞ are listed in Table 2.

CCDC-675024 (for L) and CCDC-675027 (for the coordina-
tion polymer) contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via http://www.
ccdc.cam.ac.uk/data_request/cif.

Computational Details. DFT calculations15 were carried out
with the Amsterdam Density Functional (ADF-2006) program.
The local spin density (LSD) exchange correlation potential was
used with the local density approximation of the correlation
energy (Vosko, Wilk, and Nusair).16 Gradient-corrected geom-
etry optimizations17 were performed by using the generalized
gradient approximation (Perdew-Wang nonlocal exchange and

correlation corrections-PW91).18 A triple-� Slater type orbital
(STO) basis set augmented by two polarization functions was
used for Hg, N, I, C, and H. A frozen core approximation was
used to treat the core electrons: (1s) for C and N; (4p) for I;
and (4d) for Hg. Relativistic effects were accounted for with
the ZORA approximation.19 The selected fragments (Figures 5
and 6) were cut out directly from the CIF data without
optimization. Fragments analysis is performed on two relative
fragments for investigation on the attractive energy between
them. And further calculations are carried out to include the
strong coordinate interaction. Normal energies also were
calculated based on the model optimized from the CIF data to
obtain the energy between the two fragments except for the
interaction from πfπ, which could not be optimized but could
be obtained from the typical experiment report.20

Results and Discussion

Structure of L. The ligand crystallizes in the triclinic space
group Pıj, with 3 molecules per unit cell. The whole skeleton
structure, including two pyrazole rings and a carbazole unit,
possesses good planarity. The dihedral angles between the two
pyrazole rings and the central carbazole unit range from 1.70°
to 13.28°. The adjacent molecules are stacked through strong
π-π interactions with the shortest intermolecular distance of
3.376 Å. Figure 1 shows the structures of compound L and its
packing diagram.

Structure of [Hg4L2I8]∞. The metal coordination polymer
[Hg4L2I8]∞ crystallizes in the triclinic space group Pıj as shown
in Figure 2, which at first sight reveals an extremely large
distortion with the dihedral angle between the two pyrazole rings
and the central carbazole unit ranging from 19.12° to 38.38°.
The great deviation is probably due to the strong preference of
metal for soft donors with large atom size such as the iodine
atoms and a weak preference for N atoms.21

As shown in Figure 2, the ligand 3,6-bipyrazole-9-ethylcar-
bazole, Hg2+ cations, and I- anions are interconnected with three
diversified coordination patterns of some interesting structural
characteristics. Hg(1) adopts a much distorted tetrahedral
geometry with two pyrazole-N atoms from two individual
ligands with bond lengths of 2.397(15) and 2.433(19) Å and

Figure 1. (a) ORTEP diagram showing the structure of compound L
with thermal ellipsoids at the 30% probability level and the atom-
labeling scheme and (b) molecular packing of compound L.

TABLE 1: Crystallographic Data for L and [Hg4L2I8]∞

L [Hg4L2I8]∞

formula C20H17N5 C40H34Hg4I8N10

fw 327.39 2472.33
crystal system triclinic triclinic
space group Pıj Pıj
a (Å) 12.750(3) 8.9615(19)
b (Å) 13.084(3) 12.664(3)
c (Å) 17.528(4) 24.099(5)
R (deg) 98.19(3) 100.117(3)
� (deg) 107.60(3) 95.283(3)
γ (deg) 110.76(3) 92.318(3)
V (Å3) 2502.0(9) 2676.5(10)
Z 6 2
dcalcd (g/cm3) 1.304 3.068
µ (cm-1) 0.081 16.089
F(000) 1032 2176
crystal size 0.2 × 0.1 × 0.1 0.10 × 0.20 × 0.09
no. of data/restraint/parameters 9984/0/676 10271/0/559
no. of reflns collected 11775 14105
no. of unique reflns 9984 9399
goodness of fit 0.899 0.939
R1 [I > 2σ(I)] 0.0522 0.0670
wR2 [I > 2σ(I)] o.1224 0.1664
R1 (all data) 0.1196 0.1345
wR2 (all data) 0.1459 0.1957
residuals (e ·Å-3) 0.204, -0.277 2.185, -2.223
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two asymmetric bridging I atoms with bonds of 2.653(18) and
2.646(18) Å (Table 2). The bond angles I1-Hg1-I2, N3-
Hg1-N8, I2-Hg1-N3, and N8-Hg1-I2 are 141.80(7)°,
88.0(6)°, 114.6(4)°, and 97.3(5)°, respectively, while Hg(4) also
locates in a four-coordination environment chelating with two
terminal I atoms with bonds of 2.602(18) and 2.608(18) Å and
two N donors with bonds of 2.684(18) and 2.795(18) Å.
However, of particular interest here are the coordination
environments of Hg(2) and Hg(3), both with six bridging I atoms
around them. As we know, the sum of covalent radii for I and
Hg in the linear coordination is 2.63 Å.22 Taking the two short
bond length of Hg3-I5 and Hg3-I6 to be 2.613 and 2.623 Å

with the angle of I5-Hg3-I6 to be 171.41°, we can safely
define the two as covalent interactions, while the other four bond
lengths Hg3-I2, Hg3-I3, Hg3-I4A, and Hg3-I6A of 3.285,
3.477, 3.575, and 3.603 Å, respectively (shown in Table 2) are
noncovalent interactions. Consequently, we propose the coor-
dination of mercury by iodine is octahedral 2 + 4, with two
close and four considerably more distant neighbors. Surprisingly,
the packing of the iodine atoms is perfectly octahedral geometry
without distortion. Obviously, as a member of the d10 config-
uration of the IIB metal ions, Hg(Π) has a high coordination
number and behaves as a soft Lewis base, making it much easier
to coordinate with I atom and thus form the [Hg2I2]2+ ring. The

TABLE 2: Selected Bond Lengths (Å) and Angles (deg) for [Hg4L2I8]∞
a

Hg1-N3 2.433(19) Hg1-N8 2.397(15) Hg1-I1 2.653(18)
Hg1-I2 2.646(18) Hg2-I1 3.228(2) Hg2-I3 2.621(16)
Hg2-I4b 2.614(18) Hg3-I2 3.285(2) Hg3-I5 2.613(18)
Hg3-I6c 2.623(16) Hg4-N5d 2.684(18) Hg4-N10Ae 2.795(18)
Hg4-I7d 2.608(18) Hg4-I8d 2.602(18) N3-Hg1-N8 88.0(6)
N8-Hg1-I2 97.3(5) N3-Hg1-I2 114.6(4) I1-Hg1-I2 141.80(7)
Hg1-I1-Hg2 103.32(6) Hg1-I2-Hg3 103.47(5) I4b-Hg2-I3 167.45(7)
I2-Hg3-I6c 88.26(5) I7d-Hg4-I8 155.36(7) N5d-Hg4-N10Ae 116.46(6)

a Symmetry code. b 1 + x, y, z. c -1 + x, y, z. d -1 + x, -1 + y, z. e 1 + x, 1 + y, z.

Figure 2. Coordination environments of Hg with the atom numbering scheme; H atoms were omitted for clarity.

Figure 3. The 2-D framework of complex [Hg4L2I8]∞ showing the weak C-H · · · I (green) interactions and I · · · I (blue) interactions along the
a-axis.
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internuclear distances of Hg · · ·Hg within the Hg-(µI)2-Hg
moieties are 4.483 Å, which are much longer than the sum of
van der Waals radii (1.7 Å)23 of the two mercury atoms,
indicating the absence of significant bonding interactions
between the Hg atoms in the molecular structures.

Seen along the crystallographic ab-plane, an infinite zigzag
1-D chain is formed by self-assembly of [Hg4L2I8] moieties by

Figure 4. The 3-D architecture is connected by the weak C-H · · · I (blue) interactions between ethyl C-H and bridging I and Hg · · · I (yellow)
interactions.

Figure 5. (a) Fragments selected for C-H · · · I (2-D) interactions; (b) fragments selected for I · · · I interactions; (c) fragments selected for π-π
interactions; and (d) fragments selected for only one C-H · · · I (3-D) interaction.

TABLE 3: Energy of Weak Interactions in Establishing 2-D
and 3-D Frameworks

weak interaction
energy

(kJ/mol)
further
calcn

normal
energy

Figure 5a C-H · · · I (2-D) -3.16 -2.88 -10.10
Figure 5b I · · · I -1.46 -2.21 -2.47
Figure 5c π-π -2.03 -2.33 -2.4 ( 0.4
Figure 5d C-H · · · I (3-D) -7.32 -7.81 -7.58
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coordination of the metal-bound peripheral pyrazole-N of this
unit to the neighboring Hg center running “parallel” to one
another (Hg · · ·Hg distances of 9.309 and 9.230 Å, and an
Hg4A · · ·Hg1 · · ·Hg4 angle of 117.01°). While seen along the
a-axis, another extraordinary 1-D chain is formed by a dimeric
halogen-bridged molecule (M-I-M), via two I atoms bridged
between two different mercury atoms to build doubly
Hg2-(µI)2-Hg3 with two different Hg-I (bridging) distances
of 2.613 and 3.493 Å and the Hg2I2 rectangle motifs with
I3-Hg2-I5 angles of 85.98° and Hg2-I3-Hg3 angles of
93.58°, respectively (Figure 2). To our knowledge, the formation
of the four-membered [Hg2I2]2+ ring is common in mercury
complexes.24 However, the extremely asymmetric quadruply
bridged trinuclear moieties, just like “pillars” upholding the
zigzag chains, are rather rare. Here, the seven-membered [Hg3I4]
basket-like motifs and the terminal I bridge are setting up on
the zigzag chains alternated with each other to generate a 2-D

supramoleculer network, which makes a crucial contribution to
the stability of the metal complex. Directional interactions
formed between the halogen are specific attractive induced force
and have been used intensively in systematic crystal engineer-
ing.25 Mindful of the compact and ordered arrangement, many
weak interactions are induced: π-π stacking and I · · · I and
C-H · · · I weak interactions. The shortest distance of π-π
intermolecular interactions between adjacent zigzag chains is
3.376 Å. As reported previously, an I-I distance of less than
3.96 Å is considered to have I · · · I interactions26 and the range
of H · · · I of about 3.35 Å,13 while the distance here between
two terminal I atoms from two adjacent zigzag chains is 3.876
Å, and the extensive hydrogen-bond network of the shortest
I · · ·H is 3.120 Å (C-H · · · I is 3.958 Å and the angle is 150.83°)
between pyrazole C-H and terminal I (Figure 3). Thus they
obviously appear to be significant factors which can make an
additional contribution to the stability of this complex.

Figure 6. (a) Fragments selected for six Hg · · · I interactions and two ligands; (b) fragments selected for six Hg · · · I interactions; (c) fragments
selected for eight Hg · · · I interactions; (d) fragments selected for ten Hg · · · I interactions; (d) fragments selected for twelve Hg · · · I interactions; and
(e) fragments selected for fourteen Hg · · · I interactions.
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Additionally, taking the van der Waals radii of Hg and I to
be 1.70 and 2.15 Å,23 respectively, any Hg · · · I contact less than
3.85 Å may therefore potentially be considered significant, while
the shortest distance between Hg and I in this complex is 3.603
Å, which can be defined as a weak contact giving the octahedral
2 + 4 effective coordination of mercury. Interestingly, as
mentioned above, the range of H · · · I is about 3.35 Å,13 while
according to the theoretical calculations (see DFT Calculations),
this structure seems to consist of an unusual extensive weak
interaction between ethyl C-H and bridging I, the shortest I · · ·H
is 3.540 Å, C-H · · · I is 4.331 Å, and the angle is 141.23°
(Figure 4), and consequently further extends into a 3-D
supramoleculer architecture. Theoretical calculations (see DFT
Calculations) show that both contacts account for significance
in the stability of this metal complex.

DFT Calculations. DFT calculations (ADF) program were
carried out to determine the energies associated with the
formation of 3-D architecture in this supramolecule [Hg4L2I8]∞
and to better understand the weak interactions as will be
discussed below. The orbital analysis shows us that I (4p) plays
a very important role in the stabilized structure, not only in
Hg · · · I strong coordination bonds (-18.16 kJ/mol), but also in
I · · · I weak interactions as small as -1.46 kJ/mol. Seen from
Table 3 and Figure 5, in the 2-D framework, the correlated
energies for C-H · · · I, I · · · I, and π-π are approximately -3.16,
-1.46, and -2.03 kJ/mol, respectively. In the 3-D architectures,
the correlated energy of six Hg · · · I is -18.16 kJ/mol while the
interacted energy for only one C-H · · · I is -7.32 kJ/mol. The
normal energies are obtained after optimization. Compared with
the normal energies, all the above energies for weak interactions
are more or less weaker, indicating that there are no deforma-
tions caused by the unique coordination patterns. It is well-
known the molecular interactions are not only dependent on
the molecular geometries but also on the electronic distributions
in the molecules. So further investigation including the electronic
distributions on the model takes into account the strong Hg · · ·N
bonds in the new models. To exclude the other weak interaction
that may influence the interaction we are interested in, certain
HgI2 units in each model are carefully selected to avoid the
undesired interactions, see the information deposited with the
CCDC. All the models are calculated by adding a new HgI2

unit, except the interaction from the Hg · · · I bond. The simulated
result indicates that the further calculation deviates from the
former calculation by about 10%, meaning that the former model
selected could stand for the certain interaction we focused on.
The simulated Hg · · · I energy is very sensitive to the model
selected due to strong interaction from the Hg · · · I bonds. To
obtain the energy to reflect the true interaction between the two
fragments, five models that include HgI2 units only are selected
(Figure 6b-f). The linear relationship between the number of
Hg · · · I bonds and the interaction energy are obtained with a
deviation factor R )-0.99217, indicating that they fit the linear
very well (Figure 7 and Table 4) and showing that the model
selected could reflect the interaction from the two fragments.
To further obtain the L influence on the interaction, two ligands

are selected in the six Hg · · · I model (Figure 6a). The outcomes
show that each L will lower the energy by 1.74 kJ/mol, which
is far from the former theoretical study by no more than 10%.
In some sense, the weak interactions could be evaluated by this
simple method.

Luminescent Properties. Luminescent transition-metal com-
plexes containing multichromophoric ligands with extended
conjugation have been extensively studied in recent years, partly
because of their potential use as sensors, probes,27 and photonic
devices.28 Owing to the ability to affect the emission wavelength
of organic materials, syntheses of inorganic-organic coordina-
tion complexes by the judicious choice of organic spacers and
transition-metal centers can be an efficient method for obtaining
new types of electroluminescent materials.29 Free ligand and
its metal complex show emission in the solid state at room
temperature, exhibiting different properties (see Figure 8). Free
L presents an emission maximum at 414 nm with a shoulder
peak at about 435 nm, which is completely invariant upon
excitation in the range of 270-369 nm, while the metal complex
exhibits similarly strong emission intensity as the L, which can
be tentatively assigned to the ligand-to-ligand charge transfer
(LLCT). Obviously, as shown in Figure 8, the [Hg4L2I8]∞ has
shown a blue shift of several nanometers, probably due to the
worse planarity of [Hg4L2I8]∞ increasing the energy of the whole
system, in consideration of the huge steric hindrance caused
by the unique coordination patterns.

TABLE 4: Energy of Weak Interactions in Different
Numbers of Hg · · · I Models

model selected energy (kJ/mol)

Figure 6a six Hg · · · I and two L -18.16
Figure 6b six Hg · · · I -14.68
Figure 6c eight Hg · · · I -16.48
Figure 6d ten Hg · · · I -20.37
Figure 6e twelve Hg · · · I -22.21
Figure 6f fourteen Hg · · · I -26.10

Figure 7. Linear relationship between the number of Hg-I and
correlated energy.

Figure 8. Solid-state emission spectra of L and its metal complex at
room temperature: red, L; black, [Hg4L2I8]∞.
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Conclusion

In summary, the novel metal complex with three unique
coordination patterns has been synthesized and analyzed.
Mainly, we discussed the weak interactions such as I · · · I,
Hg · · · I, and C-H · · · I caused by the extraordinary coordination
patterns especially the rare asymmetric quadruply bridged
trinuclear moieties in [Hg4L2I8]∞. DFT calculations performed
on model dimers lead to interaction energies in the 2-D and
3-D frameworks and support the knowledge that Hg-I covalent
and other noncovalent interactions give rise to the strongest
interaction in establishing 3-D supramoleculer architecture,
which definitely shows that intramolecular and intermolecular
weak interactions act as a driving force in the crystal engineer-
ing. On the other hand, the experimental results indicate that
the luminescence maximum of the coordination polymer was
apparently blue-shifted compared to that of the free ligand
probably attributed to the steric hindrance caused by the unique
coordination patterns.
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