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Abstract
A novel terbium-mercury compound [Tb(IA)3(H2O)2(Hg2Cl4)]nnHgCl2·nH2O (1, HIA = isonicotinic acid) was prepared via a hydrothermal reaction and structurally characterized through single crystal X-ray diffraction technique. This compound is characterized by a three-dimensional (3-D) framework. Photoluminescence experiments with solid-state samples uncovered that this compound can show yellow light emission with the emission peaks at 490, 545, 586 and 621 nm, respectively. These photoluminescence emission peaks are originated from the characteristic emission of the 4f electrons intrashell transition of the 5D4 → 7FJ (J = 6, 5, 4, 3) of the Tb3+ ions. An energy transfer mechanism is expatiated by applying the energy level figure of the terbium ions and isonicotinic acid. This compound possesses a remarkable CIE chromaticity coordinates (0.3525, 0.4032). A wide optical band gap of 2.51 eV of the title compound is determined by using the solid-state UV/Vis diffuse reflectance spectroscopy.
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1. Introduction
For many years, lanthanide materials have gained more and more attention because they can usually show interesting magnetic and photoluminescence performances.
–


 Nowadays, researchers from chemistry and material region have accomplished a large number of explorations on lanthanide materials, in order to reveal their practical applications in the fields such as luminescence probes, light-emitting diodes (LEDs), magnetism, electrochemical displays, and so on.
,
 Generally speaking, lanthanide materials could display fine photoluminescence emissions, if the f-f electronic transition of the lanthanide ions can occur. However, this f-f electronic transition is hard to happen because lanthanide ions usually have a low absorption coefficient. It is deemed that some organic ligands can act as an 'antenna' to absorb UV light and effectively transfer the UV light energy to the lanthanide ions; this is so-called 'antenna effect'.
,
 To our knowledge, the semiconductor performances about lanthanide materials are rarely explored yet when it is compared to the studies on the magnetic and photoluminescence performances.
 

Terbium ions possess abundant 4f electrons and orbitals, so, coordination compounds containing terbium ions are expected able to display attractive photoluminescence properties.
-

 Group 12 (IIB) elements (zinc, cadmium and mercury) have also gained a lot of interest due to following reasons: different coordination numbers, interesting photoluminescence and photoelectric performances, and so forth.
,
 IIB elements can also be used for semiconductor materials and, up to date, many semiconductor materials with IIB elements have been reported.
–


 In recent years, our group keeps studying the magnetism, photoluminescence and semiconductor materials. We mainly aim at terbium-IIB-VIIA (VIIA = halogen) materials, in order to explore their crystal structures, magnetism, photoluminescence and band structures. In present work, we report the preparation, crystal structure, photoluminescence, energy transfer mechanism and band structure of a novel terbium-mercury material [Tb(IA)3(H2O)2(Hg2Cl4)]nnHgCl2·nH2O (1, HIA = isonicotinic acid)  with a 3-D framework.  
2. Experimental
2.1 Materials and instrumentation. The reagents TbCl3·6H2O, HgCl2, isonicotinic acid are AR grade and purchased from commercial source. Photoluminescence measurements were performed on a F97XP photoluminescence spectrometer. UV/Vis diffuse reflectance spectrum was conducted on a TU1901 UV/Vis spectrometer equipped with an integrating sphere. 
2.2 Synthesis of [Tb(IA)3(H2O)2(Hg2Cl4)]nnHgCl2·nH2O (1, HIA = isonicotinic acid). TbCl3·6H2O (2 mmol, 748 mg), HgCl2 (2 mmol, 542 mg), isonicotinic acid (2 mmol, 246 mg) and 10 mL distilled water were loaded into a 25 mL Teflon-lined stainless steel vessel. The vessel was heated at 433 K for one week. When the vessel was slowly cooled down to room temperature, colorless crystals were collected. The yield was 52% based on HgCl2.
2.3 X-ray structure determination: A suitable single crystal was adhered onto the tip of a glass fiber and mounted to a SuperNova CCD diffractometer. The graphite monochromated Mo-Kα radiation is applied for the measurement. The intensity data set was obtained in a ω scan mode. CrystalClear software was applied to the data reduction and empirical absorption correction.
 The crystal structure was solved by using the direct methods. The final structure was refined on F2 by full-matrix least-squares using the Siemens SHELXTLTM V5 crystallographic software package.
 All non-hydrogen atoms were found on the difference Fourier maps and refined anisotropically. The crystal data and details of data collection and refinement are depicted in Table 1; selected bond lengths and bond angles are shown in Table 2.
Table 1.  Crystallographic data and structural analysis  
	Formula
	C18H18Cl6Hg3N3O9Tb

	Mr
	1393.74

	color
	colorless

	Crystal size/mm3
	0.25 0.07 0.04

	Crystal system
	monoclinic 

	Space group
	P21/n 

	a (Å)
	11.9193(4) 

	b (Å)
	9.5228(3) 

	c (Å)
	32.7149(7) 

	β (º)
	94.100(2)

	V (Å3)
	3703.81(19) 

	Z
	4 

	2θmax (º)
	50

	Reflections collected
	19656

	Independent, observed reflections (Rint)
	6285, 5261 (0.0479)

	dcalcd. (g/cm3)
	2.499 

	μ (mm-1)
	14.756 

	F(000)
	2504 

	T (K)
	293(2)

	R1, wR2
	0.0880, 0.2046

	S
	1.135 

	Largest and Mean Δ/σ
	0.003, 0 

	Δρ (max, min) (e/Å3)
	3.376, -3.576 


Table 2.  Selected bond lengths (Å) and bond angles (º) 
	Bond Lengths (Å)
	Bond Angles (º)

	Hg(1)-N(1) 
	2.122(5) 
	N(1)-Hg(1)-Cl(1) 
	88.44(13) 

	Hg(1)-Cl(1) 
	2.7920(19) 
	N(1)-Hg(1)-Cl(2) 
	164.51(14) 

	Hg(1)-Cl(2) 
	2.3051(15) 
	N(1)-Hg(1)-Cl(3) 
	90.83(13) 

	Hg(1)-Cl(3) 
	2.8723(16) 
	Cl(1)-Hg(1)-Cl(2) 
	101.75(6) 

	Hg(2)-N(2) 
	2.136(5) 
	Cl(1)-Hg(1)-Cl(3) 
	93.76(5) 

	Hg(2)-N(3) 
	2.127(4) 
	Cl(2)-Hg(1)-Cl(3) 
	100.00(6) 

	Hg(2)-Cl(3) 
	2.7307(16) 
	N(2)-Hg(2)-N(3) 
	160.96(18) 

	Hg(2)-Cl(4) 
	2.8477(16) 
	N(2)-Hg(2)-Cl(3) 
	104.78(14) 

	Hg(3)-Cl(5) 
	2.3140(18) 
	N(2)-Hg(2)-Cl(4) 
	91.88(14) 

	Hg(3)-Cl(6) 
	2.2943(17) 
	N(3)-Hg(2)-Cl(3) 
	94.26(12) 

	Tb(1)-O(5)i 
	2.276(5) 
	N(3)-Hg(2)-Cl(4) 
	87.98(12) 

	Tb(1)-O(3)ii 
	2.313(5) 
	Cl(3)-Hg(2)-Cl(4) 
	90.46(5) 

	Tb(1)-O(6)iii 
	2.334(5) 
	Cl(5)-Hg(3)-Cl(6) 
	176.36(7) 

	Tb(1)-O(4)iv 
	2.354(5) 
	O(3)ii-Tb(1)-O(1)v 
	73.87(17) 

	Tb(1)-O(1)v
	2.360(5) 
	O(6)iii-Tb(1)-O(4)iv 
	143.57(19) 

	Tb(1)-O(2) 
	2.375(5) 
	O(4)iv-Tb(1)-O(2) 
	73.10(18) 

	Tb(1)-O(1W) 
	2.491(5) 
	O(4)iv-Tb(1)-O(1W) 
	69.47(18) 

	Tb(1)-O(2W) 
	2.498(6) 
	O(1W)-Tb(1)-O(2W) 
	126.28(18) 


    Symmetry codes: (i) –x–½, y+½, –z+1½; (ii) –x–1, –y+2, –z+1; (iii) x+½, –y+2½, z–½; (iv) x+1, y, z; (v) –x, –y+2, –z+1.
3. Results and discussion

Compound 1 crystallizes in the space group P21/n of the monoclinic system with four formula units in each cell, as uncovered by single crystal X-ray diffraction analysis. The asymmetric unit contains three mercury(II) ions, six chloride ions, one terbium(III) ion, three isonicotinates, two coordinating water molecules and one lattice water molecule. Its molecular structure consists of one [Tb(IA)3(H2O)2(Hg2Cl4)]n moiety, one HgCl2 moiety and one lattice water molecule, as presented in Fig. 1. All crystallographically independent atoms reside at the general positions.  
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Figure 1. A molecular structure of compound 1 with lattice water and hydrogen atoms being omitted for clarity. Symmetry transformations used to generate equivalent atoms: (i) –x–½, y+½, –z+1½; (ii) –x–1, –y+2, –z+1; (iii) x+½, –y+2½, z–½; (iv) x+1, y, z; (v) –x, –y+2, –z+1.
There are three crystallographically independent mercury(II) ions existing in compound 1. Hg1 ion is surrounded by one nitrogen atom of one isonicotinate and three chloride ions to yield a distorted tetrahedron with the bond angles of N-Hg-Cl and Cl-Hg-Cl being of 88.44(13)°–164.51(14)° and 93.76(5)°–101.75(6)°, respectively. Hg2 ion is coordinated by two nitrogen atoms of two isonicotinates and two chloride ions to yield a distorted tetrahedron with the bond angles of N-Hg-N, N-Hg-Cl and Cl-Hg-Cl being of 160.96(18)°, 87.98(12)°–104.78(14)° and 90.46(5)°, respectively. Hg3 ion is bound by two chloride ions and form a nearly linear mode with the bond angle of Cl-Hg-Cl being of 176.36(7)°. The Hg-N and Hg-Cl bond lengths locate in the span of 2.122(5) Å – 2.136(5) Å and 2.2943(17) Å – 2.8723(16) Å, respectively. These bond lengths are normal and comparable with those found in the literature.
–

 The terbium ion is coordinated by eight oxygen atoms, of which six are from six isonicotinates and two come from two coordinating water molecules, yielding a slightly distorted square anti-prismatic geometry. The Tb-O bond lengths are located in the range of 2.276(5) Å – 2.498(6) Å, which is also normal and comparable with those found in the literature.
–

 The neighbouring terbium ions are interlinked by four or two isonicotinates to form a one-dimensional (1-D) Tb-(IA)4-Tb-(IA)2-Tb-(IA)4- chain running along the b-axis, as shown in Fig. 2. The distances between every two neighbouring terbium ions are 4.3996(4) Å and 5.1233(4) Å. The 1-D Tb-(IA)4-Tb-(IA)2-Tb-(IA)4- chains are interconnected by mercury ions to yield a 3-D framework, as shown in Fig. 3.
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Figure 2. A 1-D Tb-(IA)4-Tb-(IA)2-Tb-(IA)4- chain in compound 1.
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Figure 3. The 3-D framework of compound 1.

In this work, we performed the photoluminescence experiments of compound 1 in the solid state and the results of the photoluminescence spectrum are shown in Fig. 4. When it was excited by using the 353 nm wavelength of UV light, it displays a characteristic photoluminescence spectrum of Tb3+ ions. The photoluminescence diagram contains four sharp emission bands with the strongest one at 545 nm. These peaks reside at 490, 545, 586 and 621 nm. They can be ascribed to the characteristic emission of the 4f electrons intrashell transition of the 5D4 → 7FJ (J = 6, 5, 4 and 3, respectively) of the Tb3+ ions.
 The CIE (Commission Internationale de I'Éclairage) chromaticity coordinates of the title compound are (0.3525, 0.4032) which locates in the yellow region, as given in Fig. 5. As a result, compound 1 could be expected as a possible yellow light emitting material. 
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Figure 4. Solid-state photoluminescence spectra of complex 1 measured at room temperature. λex = 353 nm.
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Figure 5. The CIE chromaticity diagram and chromaticity coordinate of the photoluminescence emission spectrum of 1.

In order to reveal the energy transfer mechanism of the photoluminescence emission of 1, we also carried out the phosphorescence emission spectrum of the isonicotinic acid at 77 K, as given in Fig. 6. The onset of the emission curve of the isonicotinic acid can be estimated to be 434 nm. Therefore, the lowest triplet state energy of isonicotinic acid is calculated to be 23041 cm-1. The energy difference between the lowest triplet state of isonicotinic acid and the resonant energy level of terbium ions (5D4, 20500 cm-1) is 2541 cm-1 for compound 1, as shown in Fig. 7. Based on the intramolecular energy transfer theory revealed by Sato and Dexter,
,
 the intramolecular energy transfer efficiency mainly depends on two processes. The first one is the energy transfer from the lowest triplet energy levels of the ligands to the resonant energy levels of lanthanide centers through the Dexter’s resonant exchange interactions. The second on is the reverse energy transfer from the lanthanide centers to the ligands through a thermal deactivation process. The reverse energy transfer process possibly happens easier once the energy difference is small enough. These two energy transfer processes are obviously contrary, even though both of them depend on the energy gap between the lowest triplet energy levels of the ligands and the resonant energy levels of the lanthanide centers. A best energy gap can be estimated to be around 3000±500 cm-1, as found by the intramolecular energy transfer mechanism.  As the above discussions, the energy gap of the terbium ions in compound 1 is 2541 cm-1; this is in the range of 3000±500 cm-1. As a result, compound 1 can be expected to exhibit ideal photoluminescence properties. This prediction is in good line with the photoluminescence emission diagram of the title compound, as given in Fig. 4. From Fig. 4 it can be easily found out that the emission bands are well separated and sharp. Therefore, the above discussions uncover that isonicotinic acid is a good ligand to excite Tb3+ ions for the title compound; namely, it is a suitable “antenna”.
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Figure 6.   Phosphorescence spectrum of isonicotinic acid measured at 77 K.
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Figure 7.   A schematic and partial energy level diagram of the main energy absorption transfer and phosphorescence processes in 1 and the isonicotinic acid.
Mercury is a well-known element in semiconductor materials such as HgxCd1-xTe (i.e. MCT) which is a very important infrared detector in military area. Compound 1 consists of mercury element and, so, it may probably display semiconductor performances. Based on this consideration, we carried out its solid-state UV/Vis diffuse reflectance spectrum under room temperature. The reflectance data set was treated by using the Kubelka-Munk function, i.e. α/S = (1-R)2/2R. The R is the reflectance, α is the absorption coefficient, while S means the scattering coefficient which is practically wavelength independent if the particle size is larger than 5 (m. By extrapolating the linear part of the absorption edge of the curve, the optical band gap value can be determined as shown in Fig. 8. The solid-state diffuse reflectance spectrum shows that compound 1 has an optical band gap of 2.51 eV and, so, this compound can be classified as a wide band gap semiconductor material. The solid-state diffuse reflectance spectrum diagram exhibits a slow slope of the optical absorption edge, which means an indirect transition process.
 This optical band gap of 2.51 eV is clearly smaller than 5.47 eV of diamond which is one of the third generation semiconductor materials; but it is obviously larger than that of CuInS2 (1.55 eV), CdTe (1.5 eV) and GaAs (1.4 eV) which are well-known highly efficient photovoltaic materials.
, 
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Figure 8. Solid-state UV/Vis diffuse reflectance spectrum of 1.

4. Conclusions 

In conclusion, a novel terbium-mercury compound was prepared via a hydrothermal reaction and structurally characterized by single crystal X-ray diffraction technique. It is characterized by a 3-D framework. It shows yellow light photoluminescence emission with the emission peaks at 490, 545, 586 and 621 nm which are originated from the characteristic emission of the 4f electrons intrashell transition of the 5D4 → 7FJ (J = 6, 5, 4, 3, respectively) of the Tb3+ ions. An energy transfer mechanism was expatiated by applying the energy level figure of the terbium ions and isonicotinic acid. It possesses a remarkable CIE chromaticity coordinates (0.3525, 0.4032). It also shows a wide optical band gap of 2.51 eV. So, this compound is a potential candidate for yellow light photoluminescence and wide band gap semiconductor materials.
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