
 

2021. 1  Vol. 40, No. 1                                                                         Chinese  J.  Struct.  Chem.                                                                                    70─78 

 

 

Structure and Photophysical Properties  

of an Upconversion Holmium-mercury  

Compound with a 2-D Layer-like Motif
 ①

 

 
CHEN Wen-Tong

a, b, c② 
 

 a (Institute of Applied Chemistry, School of Chemistry and Chemical Engineering,  

Ji’an Key Laboratory of Photoelectric Crystal Materials and Device, Humic Acid Utilization  

Engineering Research Center of Jiangxi Province, Jiangxi Province Key Laboratory  

of Coordination Chemistry, Jinggangshan University, Ji’an 343009, China) 

b (Department of Ecological and Resources Engineering, Fujian Key Laboratory  

of Eco-industrial Green Technology, Wuyi University, Wuyishan 354300, China) 

c (State Key Laboratory of Structural Chemistry, Fujian Institute of Research on the  

Structure of Matter, Chinese Academy of Sciences, Fuzhou 350002, China) 

Dedicated to Professor Jin-Shun Huang on the Occasion of His 80th Birthday 

 

ABSTRACT   Using a hydrothermal reaction, a novel holmium-mercury compound {[Ho(IA)(HIA)2(H2O)2]2- 

 (Hg3Br8)}n(nHgBr2)·2nNO3 (1, HIA is isonicotinc acid) was synthesized and its crystal structure was characterized 

by single-crystal X-ray diffraction. Compound 1 crystallizes in monoclinic system, space group P2/c with a = 

13.0647(6), b = 9.4659(3), c = 26.0832(14) Å, β = 97.522(4)°, V = 3197.9(2) Å3, C36H36Br10Hg4Ho2N8O22, Mr = 

2863.95, Z = 2, Dc = 2.974 g/cm3, μ(MoKα) = 18.331 mm–1 and F(000) = 2575. It displays a two-dimensional (2D) 

layer-like structure. A solid-state photoluminescence experiment revealed that it shows upconversion green emission. 

The emission peaks should come from the 5I8 → 5G6 and 5S2 → 5I8 characteristic emission of the 4f electrons of the 

Ho3+ ion. Compound 1 has a CIE chromaticity coordinate (0.1774, 0.526). A solid-state UV-visible diffuse 

reflectance spectrum unveiled that this compound has a wide optical band gap of 3.26 eV.  
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1  INTRODUCTION   

 

Most of the lanthanide elements (not including La and Lu) 

show fine photoluminescence performances and, recently, 

lanthanide materials with photoluminescence performances 

have drawn more and more attention from chemical, physical 

and material researchers[1-4]. Nowadays, a large number of 

researchers are devoting themselves to the design, synthesis, 

structures, physical and chemical characterization of novel 

lanthanide materials to investigate the potential and broad 

applications of lanthanide materials in cell imaging, magnetic 

materials, catalysts, electrochemical displays, light-emitting 

diodes, sensors, luminescent probes, and so forth[5-9]. Relative 

to the broad investigation on the photoluminescence 

performances of lanthanide materials, there are only few 

examples of investigation on the semiconductor performances 

of lanthanide materials and, therefore, more exploration is still 

necessary[10].  

Transition metal materials usually possess attractive 

properties that enable them to have potential applications in 

the fields of materials, chemistry, physics, biology, etc. 

Therefore, transition metal materials have gained more and 

more attention since many years ago[11-23]. In recent years, a 

large number of transition metal materials have been 

documented[24-37]. Amongst the transition metal materials, 

group 12 (IIB) ones are fascinate due to the following reasons:  
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the vital role of zinc played in biological systems, the broad 

applications of IIB materials, photoelectric and photo-

luminescence behavior, as well as different coordination 

motifs offered by the d10 geometries of IIB cations[38-40]. 

Mercury is an interesting element and has also gained much 

attention over the years because of various coordination 

modes, semiconductor properties, photoluminescence 

properties, optoelectronic behaviors and so on.  

To my knowledge, isonicotinic acid is an important organic 

molecule. It can be applied as a useful building ligand because 

it possesses two carboxyl oxygen atoms at one end and one 

nitrogen atom at the other end. These oxygen and nitrogen 

atoms enable isonicotinic acid to bind to several metal centers 

and yield an extended structure with different coordination 

motifs. It is well-known that oxygen atoms are favorable to 

bind to lanthanide ions, while nitrogen atoms tend to 

coordinate to transition metal ions. Therefore, it is deemed 

that isonicotinic acid can simultaneously coordinate to both 

lanthanide and transition metal ions. Over the years, the 

investigation of materials with attractive photoluminescence 

and semiconductor performances, especially lanthanide 

mercury materials, have become one of my research topics 

with a view to getting new findings in crystal structures, 

photoluminescence and semiconductor performances. In the 

present paper, the hydrothermal preparation, X-ray structure, 

photophysical performances and thermogravimetry of a novel 

holmium-mercury material, {[Ho(IA)(HIA)2(H2O)2]2(Hg3Br8)}n 

(nHgBr2)·2nNO3 (1, HIA is isonicotinc acid), are reported. It 

is characterized by a 2-D layer-like structure. It is noteworthy 

that this compound exhibits upconversion green emission. 

 

2  EXPERIMENTAL   

 

2. 1  General procedures 

In the present work, all chemicals and/or reagents for the 

preparation of complex 1 were of AR grade purity, 

commercially bought and used directly without purification. 

The infrared spectrum was carried out using a PE Spectrum-

One FT-IR spectrophotometer with a KBr pellet. The solid-

state photoluminescence spectra were carried out with a 

F97XP photoluminescence spectrometer. A solid-state UV-

visible diffuse reflectance spectrum was carried out using a 

TU1901 UV-visible spectrometer. A powder X-ray diffraction 

(PXRD) pattern was measured on a AL-Y3000 powder 

diffractometer with Cu-K ( = 1.54056 Å) at a step size of 

0.02°. The simulated powder pattern was obtained by using 

single-crystal X-ray diffraction data and processed by the free 

Mercury v1.4 program provided by the Cambridge 

Crystallographic Data Centre. A thermogravimetry (TG) curve 

was measured on a NETZSCH TG 209F3 analyzer under 

nitrogen atmosphere. 

2. 2   Synthesis of 1  

A mixture of 2.5 mmol HgBr2 (900 mg), 1 mmol 

Ho(NO3)3·6H2O (459 mg), 3 mmol isonicotinic acid (369 mg) 

and distilled water (10 mL) was put into a stainless-steel 

Teflon-lined reactor (23 mL) and heated at 160 ℃ for 15 days, 

then powered off. Colorless prism-like crystals can be 

obtained once the reactor was cooled down to room 

temperature and, the crystal was filtered and cleaned with 

water. The yield of the crystal obtained was 47% based on 

Ho(NO3)3·6H2O. IR peaks (cm): 3442(vs), 3137(w), 

3079(w), 2888(w), 2430(w), 1710(w), 1621(vs), 1500(w), 

1411(vs), 1385(vs), 1302(w), 1232(w), 1054(w), 1010(w), 

851(w), 768(m), 679(m), 551(w) and 412(m). The purity of 

the product was confirmed by PXRD, as shown in Fig. 1. 

 

 

 

 

 

 

 

Fig. 1.   PXRD pattern of compound 1 

 

2. 3  X-ray structural determination 

Using a carefully selected crystal, the single-crystal X-ray 

diffraction data set of complex 1 was obtained from a 

SuperNova CCD X-ray diffractometer equipped with a 

graphite-monochromated MoK radiation ( = 0.71073 Å). 

The data reduction and empirical absorption were performed 

with CrystalClear software. By using direct methods, the 

crystal structure of 1 was resolved with SHELXS software[41] 

and refined on F2 with a full-matrix least-square. All of the 

non-H atoms were found based on the difference Fourier spots 

and anisotropically refined, while all of the H atoms were 

theoretically identified, attached to the parent atoms and 

isotropically refined. Reflections collected are 17376; the 

final R = 0.0874 for 381 parameters and 3310 observed 

reflections with I > 2σ(I) and wR = 0.2233 (w = 1/[σ(Fo
) + 

(0.1212P)2 + 30.1388P], where P = (Fo
2 + 2Fc

2)/3); S = 1.078, 

(Δρ)max = 3.874, (Δρ)min = –3.128 e/Å3 and (Δ/σ)max = 0.000. 

The selected bond distances and bond angles are present in 

Table 1, while hydrogen bonds are given in Table 2. 
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Table 1.  Selected Bond Lengths (Å) and Bond Angles (°) 
 

Bond Dist.   Bond Dist.   

Hg(1)–N(2)  2.16(2)  Hg(3)–Br(5)#1  2.424(2)  

Hg(1)–N(2)#1   2.16(2)  Ho(1)–O(1)   2.325(15)  

Hg(1)–Br(4)  2.788(3)  Ho(1)–O(2)#2  2.331(14)  

Hg(1)–Br(4)#1  2.788(3)  Ho(1)–O(3)  2.308(19)  

Hg(2)–Br(1)  2.493(4)  Ho(1)–O(4)#2   2.230(17)  

Hg(2)–Br(2)  2.516(4)  Ho(1)–O(5)  2.381(14)  

Hg(2)–Br(3)  2.663(3)  Ho(1)–O(6)#3  2.314(16)  

Hg(2)–Br(4)  2.978(3)  Ho(1)–O(1W)  2.474(16)  

Hg(3)–Br(5)  2.424(2)  Ho(1)–O(2W)  2.470(16)  

Angle (°) Angle (°) 

N(2)#1–Hg(1)–N(2)  165.4(11)  Br(5)–Hg(3)–Br(5)#1  171.99(16)  

N(2)#1–Hg(1)–Br(4)  95.1(6)  Hg(1)–Br(4)–Hg(2)  87.30(9)  

N(2)–Hg(1)–Br(4)  94.5(5)  O(4)–Ho(1)–O(3)#2  96.3(7)  

N(2)#1–Hg(1)–Br(4)#1  94.5(5)  O(4)–Ho(1)–O(6)#3  146.0(6)  

N(2)–Hg(1)–Br(4)#1  95.1(6)  O(3)#2–Ho(1)–O(6)#3  81.1(6)  

Br(4)–Hg(1)–Br(4)#1  97.89(13)  O(4)–Ho(1)–O(1)#3  139.1(6)  

Br(1)–Hg(2)–Br(2)  131.49(14)  O(1)#3–Ho(1)–O(2W)  69.8(5)  

Br(1)–Hg(2)–Br(3)  111.12(13)  O(4)–Ho(1)–O(2W)  70.0(5)  

Br(2)–Hg(2)–Br(3)  109.69(12)  O(4)–Ho(1)–O(2)  81.5(6)  

Br(1)–Hg(2)–Br(4)  99.73(12)  O(3)#2–Ho(1)–O(2)  144.4(6)  

Br(2)–Hg(2)–Br(4)  99.06(13)  O(5)–Ho(1)–O(2W)  69.4(5)  

Br(3)–Hg(2)–Br(4)  98.50(9)  O(1)#3–Ho(1)–O(2)  125.1(6)  

Symmetry codes: #1: –x, y, –z + 1/2; #2: –x + 1, –y, –z + 1; #3: –x + 1, –y + 1, –z + 1 

 

Table 2.   Hydrogen Bonding Interactions  
 

D–H···A D–H (Å) H···A (Å) D···A (Å) D–H···A (º) 

N(1)–H(1B)···O(7)#1 0.86 2.32 3.07(4) 175 

N(3)–H(3A)···O(8)#2 0.86 2.17 2.92(4) 146 

Symmetry codes: #1: –x, 2 – y, 1 – z; #2: x, 2 – y, –1/2 + z 

 

3  RESULTS AND DISCUSSION  

 

The infrared spectrum shows that the peaks of complex 1 

mainly reside in the frequency span of 400～1720 cm–1. A 

very strong absorption peak at 3442 cm–1 can be ascribed to 

the νO–H stretching vibration of coordination water molecules. 

The weak absorption peak residing at 3079 cm–1 should come 

from the νC–H stretching vibration of pyridyl ring of the 

isonicotinic acid molecule. The very strong absorption peaks 

at 1621 and 1411 cm–1 can be attributed to the νC–O stretching 

vibration of coordinating carboxylic moieties, which suggests 

the coordination of all carboxylic moieties to metal ions. The 

absorption peak at 768 cm–1 should be due to the νC–H bending 

vibration of pyridyl ring. 

Complex 1 was prepared from a reaction of HgBr2, 

Ho(NO3)3·6H2O, isonicotinic acid and distilled water via a 

hydrothermal reaction. Single-crystal X-ray diffraction 

analysis results show that 1 crystallizes in space group P2/c of 

monoclinic system with the Z value being two. The 

asymmetric unit of 1 consists of three crystallographically 

independent Hg2+ ions (Two of them are 0.5 occupancies), 

one Ho3+ ion, five bromide ions, one NO3
– anion, three 

isonicotinic acid molecules and two coordination water 

molecules, as depicted in Fig. 2. Three Hg2+ ions locate in 

different coordination spheres. The Hg(1) ion has a four-

coordinated tetrahedral conformation and is bound by two μ2-

bridging bromide ions and two nitrogen atoms of two 

isonicotinato ligands. The Hg(2) ion also shows a four-

coordinated tetrahedral conformation and is surrounded by 

three terminal bromide ions and one μ2-bridging bromide ion. 

Differently, the Hg(3) ion is only coordinated by two terminal 

bromide ions. The bond distance of Hg–N is 2.16(2) Å, while 

that of Hg–Br falls in the range of 2.424(2)～2.978(3) Å 

averaged by 2.634(4) Å. The bond distances for both Hg–N 

and Hg–Br are normal and comparable with those in the 

literature[42, 43]. The N–Hg–N bond angle is 165.4(11)°. The 
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N–Hg–Br bond angle falls in the range of 94.5(5)°～95.1(6)°, 

while that of Br–Hg–Br resides in the span of 97.89(13)°～

171.99(16)°. The Hg(1)–Br(4)–Hg(2) bond angle is 87.30(9)°, 

close to a right-angle.  

 

 

Fig. 2.  An ORTEP view of compound 1 with hydrogen atoms being omitted for clarity. Displacement ellipsoids are drawn at the  

20% probability level. Symmetry codes: #1: –x, y, –z + 1/2; #2: –x + 1, –y, –z + 1; #3: –x + 1, –y + 1, –z + 1  

 

The Ho3+ ion displays a distorted square anti-prism 

conformation and is coordinated by six oxygen atoms from 

six isonicotinato ligands and two oxygen atoms of two 

coordination water molecules. The  Ho(III)–OIA bond 

distances in 1 fall in the span of 2.230(17)～2.381(14) Å with 

an average value of 2.314(19) Å, which is obviously shorter 

than that of Ho(III)–Owater (2.474(16) and 2.470(16) Å). This 

suggests that the Ho(III) ions have obviously stronger affinity 

to the isonicotinato ligands than to the water. All Ho(III)–O 

bond distances reside in the normal range and are comparable 

with that reported[44]. The O–Ho–O bond angles locate in the 

range of 69.4(5)°～146.0(6)°. The neighboring Ho(III) ions 

connect together via four or two isonicotinato ligands to yield 

a one-dimensional (1D) -Ho–(IA)4–Ho–(IA)2–Ho–(IA)4–Ho–

(IA)2–Ho- chain running along the b direction, as presented in 

Fig. 3. The neighboring Ho(III)···Ho(III) distances are 

4.3434(1) and 5.1335(2) Å in the chain. The 1D chains are 

interlinked by Hg(1) ions to give a two-dimensional (2D) 

layer parallel to the bc plane, as shown in Fig. 4. In complex 1, 

all of the NO3
– anions are isolated. As presented in Table 2, 

there are only two hydrogen bonding interactions existing in 1, 

namely, N(1)–H(1B)···O(7) (–x, 2 – y, 1 – z) and N(3)–

H(3A)···O(8) (x, 2 – y, –1/2 + z). Both of them just link the 

NO3
– anions to the isonicotinato ligands, so they can not lead 

to a higher dimensional structure. With regard to complex 1, 

the Van der Waals force, hydrogen bonding interactions and 

electrostatic interactions between the [Ho(IA)(HIA)2(H2O)2]
2+ 

ions, (Hg3Br8)
2– ions, HgBr2 moieties and NO3

– anions 

solidify the crystal packing structure (Fig. 5).   

 

Fig. 3.   A 1D -Ho–(IA)4–Ho–(IA)2–Ho–(IA)4–Ho–(IA)2–Ho- chain in compound 1  
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(a) 

 

(b) 

Fig. 4.   A 2D layer viewed from different directions with directions a (a) and b (b) 

 

Fig. 5.  A packing diagram of compound 1 with dashed lines representing the hydrogen bonding interactions (Å, °):  

N(1)–H(1B)···O(7) (–x, 2 – y, 1 – z); N(3)–H(3A)···O(8) (x, 2 – y, –1/2 + z)  

 

It is well-known that holmium and mercury compounds can 

usually display photoluminescence. Therefore, the photo-

luminescence performance of the title compound was tested 

by using solid samples at room temperature. As given in Fig. 6, 

the photoluminescence adsorption of this compound locates in 

the range of 600～650 nm and the maximum peak is at 616 

nm. When excited by the 616 nm wavelength, the compound 

shows two photoluminescence emission peaks that locate at 

468 nm (blue region) and 545 nm (green region) and, the 

latter one is much stronger. These two emission peaks shall be 

attributed to the 5I8 → 5G6 and 5S2 → 5I8 characteristic 

emission of the 4f electron intrashell transition of the Ho(III) 

ions[45, 46]. With regard to complex 1, it has a CIE chromaticity 

coordinate of (0.1774, 0.526) in the green region (Fig. 7). 

Therefore, 1 may be a potential green light emitting material. 

It should be pointed out that the excitation wavelength is 616 

nm in the red region, but the emission wavelengths are in the 

blue and green regions. So, the photoluminescence of 

complex 1 is upconversion green emission. 

Generally speaking, mercury materials can display 

semiconductor behaviors. For the sake of further investigating 

its photophysical performances, the solid state UV-visible 

diffuse reflectance spectrum of complex 1 was carried out at 

room temperature by using a powder sample. The solid state 

UV-visible diffuse reflectance spectrum data were converted 

with the Kubelka-Munk formula α/S = (1 – R)2/2R that is 
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commonly applied for such research. With regard to this 

formula, α indicates the absorption coefficient, S is the 

scattering coefficient, while R stands for the reflection rate. 

With the use of linear epitaxy from the maximum absorption 

edge of the α/S versus energy curve, its semiconductive band 

gap value could be ascertained. As a result, by using this 

method, the semiconductive band gap of complex 1 is found 

to be 3.26 eV, as depicted in Fig. 8. From the diagram, several 

small bands smaller than 3.0 eV observed can be ascribed to 

the Ho(III) ions. Based on the band gap value of 1, this 

complex may be a wide band gap semiconductive material. 

The maximum absorption edge of the diagram is not steep, so 

it shall undergo an indirect transition in this complex[47].   

 

        

Fig. 6.   Upconversion photoluminescence spectra of compound 1 measured using solid-state samples at room temperature with 

 solid and dashed lines representing the emission and excitation spectra, respectively 

 

 

Fig. 7.   A CIE chromaticity coordinate figure of 1 

(0.1774, 0.526) 
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Fig. 8.   A solid-state UV/Visible diffuse reflectance diagram of compound 1 

 

The TG measurement of complex 1 was carried out under 

nitrogen atmosphere. As depicted in Fig. 9, complex 1 

undergoes a four-step decomposition process with the weight 

loss being 4.10%, 28.17%, 43.09% and 12.15%, respectively. 

The total weight loss is 88.48%. On the first step (until 137 ℃) 

the weight loss is 4.10% due to the removal of all NO3
– anions 

(calcd. 4.19%). In the second step from 137  to 240 ℃, the 

weight loss is 28.17% assigned to the departure of all 

isonicotinato ligands and water molecules (calcd. 28.21%). In 

the third step (from 240 to 480 ℃), the mass change is 

43.09%  probably due to the loss of Hg3Br8 moiety (calcd. 

43.33%). The last step is from 480 to 700 ℃ with the weight 

loss of 12.15%  caused by the removal of HgBr2 moiety 

(calcd. 12.57%). 
 

      

Fig. 9.  TG curve of compound 1 

 

A novel holmium-mercury compound was synthesized and 

characterized. This compound displays a two-dimensional 

layer-like structure. Using solid-state samples, it shows 

upconversion green photoluminescence emission. The 

emission peaks should be ascribed to the 5I8 → 5G6 and 

5S2 → 5I8 characteristic emission of the 4f electrons of Ho3+ 

ions. This compound has a CIE chromaticity coordinate 

(0.1774, 0.526).  
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