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Synthesis, structure, properties and a theoretical study of [ZnCl,(4,4'-bipy)],,

Yiming Xie* and Jihuai Wu
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The compound [ZnCl,(4,4'-bipy)],, has been synthesised via hydrothermal reaction and structurally characterised.
It crystallises in the space group Cc of the monoclinic system: a = 15.883(5), b = 25.656(5), ¢ = 14.642(6) A,
B =110.321(4)°, V=5595(3) A3, C1qHgCI,N,Zn, M, =292.45 g mol-', D, = 1.736 g cm3, S = 1.003, y(MoKa) = 2.636 mm-",
F(000) = 2920, R = 0.0471 and wR = 0.0946. The complex has a one-dimensional zigzag chain-like structure.
Photoluminescent investigation reveals that it displays a strong emission in the purple region and molecular orbital
(MO) calculation indicates that the emission originates from the ligand-to-ligand charge-transfer (LLCT) transition.

Keywords: bipy, crystal structure, inorganic—organic hybrid, LLCT, metal halide

Inorganic—organic hybrid materials have been of great interest
owing to their intriguing structural features and potential
in various applications, such as electrical conductivity,
photochemistry, ion exchange, catalysis, biochemistry,
nonlinear optical behaviour.!? A large variety of ligands
containing bridging functionalities such as carboxylates,
phosphonates, or 4,4'-bipy has been exploited to prepare
novel inorganic-organic hybrid materials. Being an important
class of inorganic-organic hybrid materials, metal halide—bipy
(bipy = 4,4'-bipyridine) systems have attracted more and more
attention in recent years not only for their intrinsic aesthetic
appeals, but also for their various potential applications, as
well as the special coordination modes of bipy.

Recently, huge structures of metal halide-bipy materials
were reported,>> showing various architectures with
discrete, one-(1-D), two-(2-D), and three-dimensional (3-D)
connections between inorganic and organic species. However,
among the known metal halide-bipy materials, group 12 metal
halide-bipy materials are relatively rare and some of them
possess fluorescent properties. For most of these complexes,
the luminescent mechanism is usually metal-to-ligand charge-
transfer (MLCT) transition®’ or ligand-to-metal charge-
transfer (LMCT) transition,®? while ligand-to-ligand charge-
transfer (LLCT) transition!®!! is rarely documented in metal
halide-bipy systems.

Our recent efforts in synthesising novel goup 12 metal-
based complexes have focused largely on the systems
containing bifunctional ligands, such as 4.4'-bipy. Here
we describe the synthesis and characterisation of a bipy-
containing zinc chloride complex [ZnCly(4,4"-bipy)], (1).
The electronic transition in the photoluminescent process
of 1 has been studied by means of time-dependent density
functional theory (TDDFT) calculation.

Experimental

Materials and instrumentation

All reactants of A.R. grade were obtained commercially and used
without further purification. Elemental analyses of carbon, hydrogen
and nitrogen were carried out with an Elementar Vario EL III
microanalyser. The IR spectra were recorded on a PE Spectrum-One
FT-IR spectrophotometer over the frequency range 4000400 cm!
using the KBr pellet technique. The solid-state fluorescent study was
conducted at room temperature on an Edinburgh FLS920 fluorescence
spectroscopy instrument.

Calculation details

Time-dependent density functional theory (TDDFT) -calculation
was performed, employing the Gaussian03 suite of programs.!'2
Calculation on the electronic ground state of 1 was carried out using
B3LYP density functional theory. “Double-C” quality basis sets was
employed for the C, H, N (6-31G) and the Zn and Cl (LANL2DZ).
The electron density diagrams of molecular orbital were obtained
with the ChemOffice Ultra 7.0 graphics program.
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Synthesis of [ZnCly(4,4"-bipy)], (1): ZnCl, (1 mmol, 136 mg), 4,4'-
bipy (I mmol, 156 mg) and distilled water (10 ml) were loaded into
a Teflon-lined stainless steel autoclave (25 ml) and kept at 453 K for
10 days. After slowly cooling the vessel to room temperature at a rate
of 8 K/h, colourless crystals suitable for X-ray analysis were obtained.
Yield: 76% (based on zinc). Anal. Caled for C,(HgCI,N,Zn: C, 41.03;
H,2.74;N, 9.57. Found: C,41.11; H, 2.72; N, 9.53%. IR peaks (cm™):
3059(s), 2322(m), 1602(s), 1537(w), 1462(vs), 1413(m), 1386(m),
1322(vs), 1214(w), 1074(m), 1037(s), 1004(w), 805(vs), 741(m),
623(s) and 493(m).

X-ray structure determination

The intensity data set was collected on Rigaku Mercury CCD
X-ray diffractometer with graphite monochromated Mo-Ko. radiation
(L =0.71073 A) by using a ® scan technique. CrystalClear software
was used for data reduction and empirical absorption corrections.!3
The structure was solved by the direct methods using the Siemens
SHELXTLTM Version 5 package of crystallographic software.!4
The difference Fourier maps based on these atomic positions yield
all the atoms. The structures were refined using a full-matrix least-
squares refinement on 2. A summary of crystallographic data and
structure analysis is listed in Table 1, and selected bond distances and
bond angles are given in Table 2.

Results and discussion

The IR spectra of 1 show the bands in the range of 500-1700 cm™!
that are attributed to bipy.

X-ray diffraction analysis reveals that complex 1 features a zigzag
chain structure. The tetrahedral zinc atoms are coordinated by two
bridging 4,4'-bipy molecules and two terminal chlorine atoms with
the bond lengths of Zn—-N and Zn—Cl being of 2.023(3)-2.099(3) and
2.204(2)-2.246(2)A, respectively. The Zn-N distances are normal
and comparable with those in the literature.!>1® The bond angles of

Table 1 Summary of crystallographic data and structure
analysis for 1

Formula C1oHgCI;NLZn
FW 292.45
colour Colourless
Crystal size/mm3 0.300.18 0.15
Crystal system

Space group Cc

a(A) 15.883(5)
b(A) 25.656(5)
c(A) 14.642(6)

B () 110.321(4)

V (A3) 5595(3)

Z 20

26max (°) 50
Reflections collected 20816

Independent, observed reflections (R,) 12367, 3286 (0.0344)

Dcarca (g cm3) 1.736

p(mm-7) 2.636

T(K) 293(2)

F(000) 2920

R', wR? 0.0471, 0.0946
S 1.003

Largest and mean A/c 0.001,0
Ap(max/min) (e/A3) 0.573/-0.342




Table 2 Selected bond lengths (A) and bond angles (°)

JOURNAL OF CHEMICAL RESEARCH 2009 39

Zn(1)-N(1) 2.090(3)
Zn(1)-N(2) 2.072(3)
Zn(1)-CI(1) 2.228(2)
Zn(1)-Cl(2) 2.212(2)
Zn(2)-N(3) 2.087(3)
Zn(2)-N(4) 2.046(3)
Zn(2)-CI(3) 2.246(2)
Zn(2)-Cl(4) 2.219(1)
Zn(3)-N(5) 2.099(3)
Zn(3)-N(6) 2.032(3)
Zn(3)-Cl(5) 2.204(2)
Zn(3)-Cl(6) 2.230(1)
Zn(4)-N(7) 2.086(3)
Zn(4)-N(8) 2.023(3)
Zn(4)-CI(7) 2.230(2)
Zn(4)-Cl(8) 2.227(2)
Zn(5)-N(9) 2.050(3)
Zn(5)-N(10)#1 2.067(3)
Zn(5)-CI(9) 2.221(2)
Zn(5)-CI(10) 2.241(2)
N(1)-Zn(1)-N(2) 109.6(1)
N(2)-Zn(1)-CI(2) 106.3(1)
N(1)-Zn(1)-Cl(2) 106.1(1)
N(2)-Zn(1)-CI(1) 103.4(1)
N(1)-Zn(1)-CI(1) 103.4(1)

Cl(1)-Zn(1)-Cl(2) 127.36(6)
N(4)-Zn(2)-N(3) 107.5(1)
N(4)-Zn(2)-Cl(4) 107.2(1)
N(3)-Zn(2)-Cl(4) 105.8(1)
N(4)-Zn(2)-CI(3) 103.8(1)
N(3)-Zn(2)-CI(3) 103.5(1)
Cl(3)-Zn(2)-Cl(4) 127.84(5)
N(6)-Zn(3)-N(5) 107.3(1)
N(6)-Zn(3)-Cl(5) 106.6(1)
N(5)-Zn(3)-CI(5) 105.0(1)
N(6)-Zn(3)-Cl(6) 104.9(1)
N(5)-Zn(3)-Cl(6) 104.5(1)
Cl(5)-Zn(3)-Cl(6) 127.28(6)
N(8)-Zn(4)-N(7) 108.1(1)
N(8)-Zn(4)-CI(8) 104.8(1)
N(7)-Zn(4)-CI(8) 104.0(1)
N(8)-Zn(4)-CI(7) 106.4(1)
N(7)-Zn(4)-CI(7) 104.5(1)
Cl(7)-Zn(4)-CI(8) 127.87(7)
N(9)-Zn(5)-N(10)#1 109.6(1)
N(9)-Zn(5)-CI(9) 106.5(1)
N(10)#1-Zn(5)-CI(9) 105.7(1)
N(9)-Zn(5)-CI(10) 104.2(1)
N(10)#1-Zn(5)-CI(10) 102.9(1)
Cl(9)-Zn(5)-CI(10) 127.25(6)

Symmetry codes: #1 x-1/2, —y+3/2, z-1/2.

Cl-Zn-Cl, N-Zn—Cl and N-Zn—N range from 102.9(1) to 127.87(7)°
with an average value of 109.3(1)°. The two u,-4,4'-bipy ligands
around a zinc (IT) ion are nearly perpendicular to each other with
the N-Zn—N bond angles ranging between 107.3(1) and 109.6(1)°.
The zinc (II) ions, separated at ca 11.198, 11.200 and 11.204 A,
respectively, are bridged by z,-4,4'-bipy ligands to form the inorganic-
organic hybrid polymeric chains running along the [1, 0, 1] direction
(Fig. 1). There are no hydrogen bonds and =...w stacking interactions
between the hybrid chains, so the molecules are stacked together via
van de Waals' force (Fig. 2).

Note that in the title complex the Zn...Zn distances range from
11.198 to 11.204 A, obviously shorter than the values of 11.249—
12.359 A in the refs 15 and 16. In 1, every two bridging 4,4'-bipy
ligands surrounding one zinc ion form an obtuse angle of 107.3(1)—
109.6(1)°, similar to the values of 96.915-99.118° in ref. 15 but
different from the values of 177.906—180.0° in ref. 16, because in ref.
16 the complexes features a straight linear chain-like structure while
in 1 and ref. 15 the complexes are have a zigzag chain-like structure.

The solid-state emission spectra of the title complex were
investigated at room temperature. The emission spectrum of the
title complex is given in Fig. 3. The fluorescent spectrum study
shows that the title complex exhibits a strong purple emission band
with a maximum wavelength of 415 nm upon photo-excitation at
362 nm. In order to understand the nature of the luminescence of 1,
the luminescent spectra of pure bipy were also measured under the
same conditions. For pure bipy, the emission spectra show one intense
emission band in the blue region with the maximum wavelength
of 438 nm upon photo-excitation at 357 nm (inner plot of Fig. 3).
The obvious discrepancy of the luminescent spectra of 1 and pure
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Fig. 1 ORTEP drawing of 1 with 35% thermal ellipsoids.

Fig. 2 Packing diagram of 1.
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Fig. 3 Solid-state emission and excitation spectra of 1 at
room temperature (inner plot: pure bipy ligand). Solid line:
emission spectrum; dashed line: excitation spectrum.

bipy suggests that the emission spectra of 1 should not be assigned as
an intraligand «...7t* transition of the bipy moiety.

To clarify the nature of the fluorescent emissions of 1, theoretical
computation has been performed on 1. To reduce the complexity of
the calculation, complex 1 was truncated into a segment of the 1-D
[ZnCl,(4,4'-bipy)], chain, containing one ZnCl, entity and one
4,4'-bipy ligand. The ground state geometry was adapted from the
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HOMO

LUMO

Fig. 4 The electron-density distribution of HOMO (left) and
LUMO (right) calculated for 1. The isosurfaces correspond to
electronic density differences of -0.015 eA3 and +0.015 eA=3.

truncated X-ray data. On the basis of this geometry, time-dependent
DFT (TDDFT) calculation using the B3LYP functional was
performed.!7-!8 Figure 4 depicts the features of the lowest unoccupied
(LUMO) and the highest occupied (HOMO) frontier orbitals of 1.
Apparently, the electron density of the singlet state for the HOMO is
located on the chlorine atoms, while that of the LUMO is distributed
on the 4,4'-bipy moiety; this suggests that the emission band of 1 can
be attributed to the ligand-to-ligand charge transfer (LLCT) (from the
HOMO of chlorine atoms to the LUMO of the 4,4'-bipy moiety).

In summary, a metal halide 4,4'-bipy complex has been synthesised
and characterised. Photoluminescent investigation reveals that
the title complex displays a strong emission in purple region, and
(MO) calculation leads us to conclude that the emission originates
from ligand-to-ligand charge transfer (LLCT) transition. The scope
for the syntheses of new metal halide 4,4'-bipy complexes with
novel structures and properties appears to be very large, and further
systematic experimental and theoretical investigations on this system
are in progress.
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