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Abstract
A novel cadmium complex with mixed ligands, [Cd(2,2'-biim)(4,4'-bipy)(H2O)(ClO4)]nn(ClO4) (1) (2,2'-biim = 2,2'-biimidazole; 4,4'-bipy = 4,4'-bipyridine), has been synthesized through hydrothermal reactions and its crystal structure was determined by single-crystal X-ray diffraction technique. Single-crystal X-ray diffraction analyses revealed that complex 1 is crystallized in the space group Pna21 of the orthorhombic system and exhibits a one-dimensional (1-D) chain-like structure, consisting of [Cd(2,2'-biim)(4,4'-bipy)(H2O)(ClO4)]nn+ cationic chains and isolated ClO4– anions. Powder photoluminescent characterization reveals that complex 1 has an emission in the green region of the light spectrum. Time-dependent density functional theory (TDDFT) calculation showed that the nature of the photoluminescence of complex 1 is originated from the ligand-to-ligand charge transfer (LLCT; from the HOMO of the perchloride anions to the LUMO of the 4,4'-bipy ligand). A wide optical band gap of 3.25 eV was found by the solid-state UV/vis diffuse reflectance spectrum.
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1. Introduction
In recent years, preparation and characterization of coordination complexes have attracted increasing interest due to not only their amazing structural topologies but also their potential applications in the fields of catalyst, sensors, medicine, biology, solar energy conversion, magnetism, photoluminescence materials, and so forth.
–, 
,
,
,
 From the perspective of the crystal engineering, the most useful and facile way to construct coordination complexes is to adopt a suitable ligand to connect metal centers. To this end, the ligand is better to possess as much as donor atoms that enable it to bridge metal centers together to yield extended architectures. N-containing heterocyclic ligands (e.g., 2,2'-biim and 4,4'-bipy namely, 2,2'-biimidazole and 4,4'-bipyridine), which have several coordination sites and various coordination modes, have been widely applied as such ligands to design novel coordination complexes.
–




 2,2'-biim and 4,4'-bipy have been confirmed to be a good chelating or bridging ligand to build coordination complexes. Being very strong N-ligating ligands, 2,2'-biim and 4,4'-bipy are also important to afford useful supramolecular recognition positions to form interesting supramolecular topologies. Therefore, 2,2'-biim and 4,4'-bipy are important and useful ligands to achieve extended structures or supramolecular geometries. Furthermore, the imidazole or pyridyl rings of the 2,2'-biim or 4,4'-bipy possess delocalized π-electron systems which allow them to become an ideal candidate to prepare photoluminescent materials. 
In addition, coordination complexes possessing group 12 (IIB) elements (Zn, Cd, Hg) are attractive due to their photoluminescent and semiconductive properties, various coordination numbers and topologies provided by their d10 configuration of the IIB ions, as well as the important role of zinc played in biological systems. For the sake of exploring the metal ions on the structures and properties of the coordination complexes, we often choose the IIB ions as the central ion source. In order to explore novel IIB coordination complexes with attractive structural topologies and interesting properties, we recently focus on the design and preparation of novel IIB coordination complexes with various organic ligands. We report in this work the preparation, crystal structure, photoluminescent and semiconductive properties, and theoretical calculation of a novel cadmium complex with mixed ligands, i.e. [Cd(2,2'-biim)(4,4'-bipy)(H2O)(ClO4)]nn(ClO4) (1) with a 1-D chain-like structure. It should be pointed out that this is the first IIB complex with both 4,4'-bipy and 2,2'-biim ligands.
2. Experimental
2.1 Materials and instrumentation. All chemicals and reagents were of reagent grade, commercially available and directly applied for the reactions. Photoluminescent characterization was measured using solid state powders of the title complex at room temperature on a JY FluoroMax-3 spectrometer. Time-dependent density functional theory (TDDFT) calculation was performed by virtue of the Gaussian03 suite of program packages. Solid-state UV/vis diffuse reflectance measurement was conducted on a computer-controlled TU1901 UV/vis spectrometer equipped with an integrating sphere attachment. Finely-ground powder sample was coated on barium sulfate which acts as a reference for 100% reflectance.
2.2 Synthesis of [Cd(2,2'-biim)(4,4'-bipy)(H2O)(ClO4)]nn(ClO4) (1). Cd(ClO4)2·6H2O (1.00 mmol, 0.420 g), 2,2'-biim (1.00 mmol, 0.134 g), 4,4'-bipy (1.00 mmol, 0.156 g) and 10 mL distilled water were put into a 25 mL vial of a Teflon-lined stainless steel autoclave. The autoclave was heated around 433 K under autogenous pressure over a period of ten days and powered off, then cooled to room temperature. Finally, light-yellow block crystals were collected, washed with distilled water, dried in air and used for single-crystal X-ray diffraction as well as property measurements. The yield was 24% (based on cadmium). Caution: perchloride salts are highly explosive and must be handled with careful!
2.3 X-ray structure determination: The single-crystal data of the title complex were collected on a SuperNova X-ray diffractometer equipped with a graphite monochromated Mo-Kα radiation source (λ = 0.71073 Å) at 293(2) K. The diffraction was performed by means of a ω scan mode. Using the CrystalClear software, we reduced the data set and corrected the empirical absorption.
 The crystal structure was successfully solved by using the direct methods and Siemens SHELXTLTM Version 5 software package.
 The non-hydrogen atoms were generated based on the subsequent Fourier difference maps and refined anisotropically but the hydrogen atoms were located theoretically and rode on their parent atoms. The single-crystal structure was finally refined by using the full-matrix least-squares procedure on F2. Crystallographic data and structural refinements for the title complex are summarized in Table 1. Selected bond lengths and bond angles for the crystal structure are displayed in Table 2. The hydrogen bonding interactions are presented in Table 3.
Table 1.  Crystallographic data and structural analysis for complex 1
	Formula
	C16 H16 Cd Cl2 N6 O9

	Mr
	619.65

	Color and Habit
	light-yellow block

	Crystal size/mm3
	0.17 0.14 0.12

	Crystal system
	orthorhombic 

	Space group
	Pna21 

	a (Å)
	17.7584(5) 

	b (Å)
	9.8785(3) 

	c (Å)
	12.3847(4) 

	V (Å3)
	2172.60(11) 

	Z
	4 

	2θmax/(
	50 

	Reflections collected
	6691 

	Independent, observed reflections (Rint)
	3304, 3118 (0.0219) 

	dcalcd. (g/cm3)
	1.894 

	μ/mm(1
	1.315 

	T/K
	293(2)

	F(000)
	1232

	R1, wR2
	0.0267, 0.0621

	S
	1.007 

	Largest and mean Δ/σ
	0.000, 0.000 

	(ρ(max, min) (e/Å3)
	0.380, -0.338 


Table 2.  Selected bond lengths (Å) and bond angles (º) for complex 1
	Bond Lengths (Å)
	N(6)-Cd(1)-O(1W) 
	99.87(13) 

	Cd(1)-N(5)i
	2.290(3) 
	N(2)-Cd(1)-N(6) 
	99.87(12) 

	Cd(1)-O(1W) 
	2.291(3) 
	N(5)i-Cd(1)-N(4) 
	103.79(12) 

	Cd(1)-N(2) 
	2.302(3) 
	N(4)-Cd(1)-O(1W) 
	158.03(12) 

	Cd(1)-N(6) 
	2.354(3) 
	N(2)-Cd(1)-N(4) 
	72.94(11) 

	Cd(1)-N(4) 
	2.370(4) 
	N(6)-Cd(1)-N(4) 
	91.28(13) 

	Cd(1)-O(7) 
	2.499(3) 
	N(5)i-Cd(1)-O(7) 
	87.39(12) 

	Bond Angles (º)
	O(1W)-Cd(1)-O(7) 
	77.58(14) 

	N(5)i-Cd(1)-O(1W) 
	95.35(14) 
	N(2)-Cd(1)-O(7) 
	84.04(11) 

	N(5)i-Cd(1)-N(2) 
	170.66(13) 
	N(6)-Cd(1)-O(7) 
	175.25(11) 

	N(2)-Cd(1)-O(1W) 
	86.46(13) 
	N(4)-Cd(1)-O(7) 
	92.45(13) 


Symmetry codes: (i) –x-1/2, y+1/2, z-1/2.
3. Results and discussion

Single-crystal X-ray diffraction measurement revealed that complex 1 crystallizes in the space group Pna21 of the orthorhombic system with four formula units in one unit cell and the crystallographically asymmetric unit is comprised of one cadmium ion, one 4,4'-bipy ligand, one 2,2'-biim ligand, one isolated perchloride anion, one coordinating perchloride anion and one coordinating water molecule, as presented in Fig. 1. Complex 1 is characterized by a 1-D chain-like structure, consisting of [Cd(2,2'-biim)(4,4'-bipy)(H2O)(ClO4)]nn+ cationic chains and isolated ClO4– anions. As for the crystallographic independent atoms, all of them locate in the ordinary positions. The cadmium ion displays a slightly distorted octahedral geometry with the equatorial positions inhabited by three nitrogen atoms from one 2,2'-biim and one 4,4'-bipy ligand as well as one oxygen atom from one coordinating water molecule, and the apical sites are occupied by one oxygen atom from one coordinating perchloride anion as well as one nitrogen atom from one 4,4'-bipy ligand (Fig. 1).
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Figure 1. An ORTEP diagram of complex 1 with 20% thermal ellipsoids. Hydrogen atoms are omitted for clarity. Symmetric codes: (') ½+x, 1½–y, 1+z;
The neighboring cadmium ions are interconnected by the 4,4'-bipy ligands through the nitrogen atoms to construct a 1D chain-like structure running along the b-axis, as depicted in Fig. 2. Different from the bridging 4,4'-bipy ligand, the 2,2'-biim molecule acts as a terminal ligand and chelates to one cadmium ion with the chelating angle N(2)-Cd(1)-N(4) being of 72.94(11)°. In complex 1, there are two kinds of perchloride anions, namely, terminally coordinating and isolated. The Cd···Cd distance is 11.5886(2) Å because of the distraction of the long rod-like bridging 4,4'-bipy ligand. The bond lengths of Cd–N are in the range of 2.290(3)–2.370(4) Å, with a mean value of 2.329(4) Å. This is normal and comparable with those found in the references.
–

 The bond lengths of Cd–O are 2.291(3) Å and 2.499(3) Å, with an average value of 2.395(3) Å. This is also normal and comparable with those reported in the references.
–


 The bond angle of N–Cd–N locates in a wide range of 72.94(11)°–170.66(13)°. The bond angle of N–Cd–O is also in a wide range of 84.04(11)°–175.25(11)°, while the bond angle of O–Cd–O is only 77.58(14)°. The dihedral angle of the pyridyl rings of the 4,4'-bipy ligand is 14.90(4)°. The imidazole rings of the 2,2'-biim ligand is nearly coplanar with a small dihedral angle of 4.64(2)°, which is close to that in another cadmium 2,2'-biim complex (3.23°).
 In complex 1, there are many hydrogen bonding interactions such as O–H···O, N–H···O and C–H···O interactions, as listed in Table 3. The 1-D [Cd(2,2'-biim)(4,4'-bipy)(H2O)(ClO4)]nn+ cationic chains and isolated ClO4– anions are interlinked together through these hydrogen bonding interactions, electrostatic interactions and van der Waals interactions to construct a three-dimensional (3-D) supramolecular structure, as shown in Fig. 3. To the best of my knowledge, this is the first IIB complex with both 4,4'-bipy and 2,2'-biim ligands, although a lot of IIB complexes with either 4,4'-bipy or 2,2'-biim as a ligand have thus far been found. 
–
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Figure 2. The 1-D chain-like structure of complex 1.
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Figure 3. Packing diagram of complex 1 with the dashed lines representing the hydrogen bonding interactions.
Table 3.  Hydrogen bonding interactions

	D–H···A
	D–H, Å
	H···A, Å
	D···A, Å
	D–H···A, º

	O1W–H1WA···O5i
	0.82
	1.99
	2.807(6)
	172

	N1–H1B···O2ii
	0.86
	2.38
	3.169(6)
	153

	N1–H1B···O3ii
	0.86
	2.31
	3.055(5)
	146

	N3–H3A···O2ii
	0.86
	2.08
	2.908(5)
	162

	C8–H8A···O7ii
	0.93
	2.54
	3.323(6)
	142

	C10–H10A···O4iii
	0.93
	2.56
	3.296(6)
	136


Symmetric codes: (i) –x, 1–y, ½+z; (ii) –x, –y, ½+z; (iii) x, y, 1+z.
In general, cadmium compounds can exhibit attractive photoluminescent properties and, therefore, they have potential application in the areas of light-emitting diodes, electrochemical displays, photoluminescent materials, sensors.
,
 Moreover, complexes containing 4,4'-bipy or 2,2'-biim ligands can generally also show good photoluminescence due to the existence of their delocalized π electrons. As a result, the title complex is expected to possess photoluminescent behavior. Based on these considerations, in the present work, we measured the photoluminescent properties of complex 1 by using powder-like samples under room temperature. Fig. 4 gives the photoluminescent excitation and emission spectra of complex 1. As displayed in this figure, the photoluminescent emission spectra of complex 1 show a wide and intensive emission peak, while the photoluminescent excitation spectra show that the effective energy absorption mainly resides in the wavelength span of 250–430 nm. The photoluminescent excitation spectra display a main peak at 424 nm and a shoulder one at 355 nm. When it was excited by the wavelength of 424 nm, the photoluminescent emission spectra yield a strong emission peak at 493 nm in the green region of the light spectrum. As a result, complex 1 could be a candidate material for green photoluminescence.
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Figure 4. Photoluminescence spectra of 1 with the red and green lines representing excitation and emission spectra, respectively.
Trying to unveil the nature of the photoluminescence spectra of complex 1, we truncated a ground state geometry from its single-crystal X-ray diffraction data set and carried out its theoretical calculation in light of the time-dependent density functional theory (TDDFT) based on this ground state geometry. The TDDFT investigation was performed with the B3LYP function and by virtue of the Gaussian03 software package. After successfully calculating, the theoretical electron-distribution diagrams were obtained by using the ChemOffice Ultra 7.0 graphics program and the results are given in Fig. 5. It is easy to find out that the electron-density distribution of the singlet state of HOMO is totally resided at the coordinating perchloride anion with an energy being of –0.213039 Hartrees; however, the electron-density population of the singlet state of the LUMO locates at the 4,4'-bipy ligand and the energy of the LUMO is calculated to be –0.122838 Hartrees. The energy difference between LUMO and HOMO is 0.090201 Hartrees that is small enough to allow the charge transfer from HOMO to LUMO. Based on these observation, it is proposed that the essence of the photoluminescence of complex 1 could be assigned to the ligand-to-ligand charge transfer (LLCT; from the HOMO of the perchloride anion to the LUMO of the 4,4'-bipy ligand).
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Figure 5. The electron-density population of complex 1. The isosurfaces correspond to the electronic density differences of -10 e nm-3 (blue) and +10 e nm-3 (red).
Cadmium compounds are well-known not only for their photoluminescent behaviors but also for their semiconductive properties, and the latter enables them to be widely applied in military or civil areas. For example, HgCdTe, known as MCT, is one of the most famous military infrared detectors based on the semiconductive properties. Therefore, it could be worthy to measure the semiconductive properties of the title complex. Powder-like barium sulfate acts as a reference for 100% reflectance and finely-ground powder sample was coated on the surface of the barium sulfate. After measuring the solid-state UV/vis diffuse reflectance spectra, the data was treated carefully with the Kubelka-Munk function which is known as α/S = (1–R)2/2R. With regard to this function, α means the absorption coefficient, S refers to the scattering coefficient which is actually wavelength independent when the size of the particle is larger than 5 (m, and the R is related to the reflectance. From the α/S vs. energy gap diagram, the value of the optical band gap could be determined via extrapolating the linear portion of the absorption edges. In this way, the solid-state UV/vis diffuse reflectance spectra showed that complex 1 has a wide energy band gap of 3.25 eV, as depicted in Fig. 6. As a result, complex 1 could be possibly a candidate for the wide optical band gap semiconductors. The slow slope of the optical absorption edge of complex 1 suggests that it must be a indirect transition.
 The energy band gap of 3.25 eV of complex 1 is obviously larger than those of CuInS2 (1.55 eV), CdTe (1.5 eV) and GaAs (1.4 eV), all of them are broadly applied as efficient photovoltaic materials.
,
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Figure 6. Solid-state UV/vis diffuse reflectance spectrum for complex 1.
4. Conclusions 

In conclusion, a novel cadmium complex with mixed ligands has been synthesized and characterized by single-crystal X-ray diffraction. It exhibits a 1-D chain-like structure. It is the first cadmium complex with both 4,4'-bipy and 2,2'-biim ligands. Powder photoluminescent characterization reveals that it displays an emission in the green region. TDDFT calculation revealed that the nature of the photoluminescence is originated from the ligand-to-ligand charge transfer (LLCT; from the HOMO of the perchloride anions to the LUMO of the 4,4'-bipy ligand). A wide optical band gap of 3.25 eV was determined by the solid-state UV/vis diffuse reflectance spectrum. 
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