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Two reversible transformable mercury(II) 

coordination polymers as efficient adsorbents for 

removal of dibenzothiophene 

Yong Houa, b‡, Mohammad Yaser Masoomic‡, Minoo Bagheric, Ali Morsalic* and 
Sang Woo Jood* 

Three new compounds of Hg(II) have been synthesized, [Hg(quinoxaline)2(NO2)2] (1), [Hg3(µ-

quinoxaline)2(µ-SCN)6]n (2) and [Hg(µ-quinoxaline)(µ-CN)2]n (3) through the reaction 

between quinoxaline ligand and mercury(II) salts which have then been analyzed using IR 

spectroscopy and thermal gravimetric (TGA) analysis. Furthermore, these compounds have 

also been characterized using single-crystal X-ray crystallography. The single-crystal X-ray 

data of the compound 1 shows the complex to be a monomer of mercury(II). The structural 

studies of compounds 2 and 3 show that these structures are two- and three-dimensional 

coordination polymers of mercury(II). Under mild reaction conditions, the mentioned 

compounds exhibited high efficiency and reusability in desulfurization removal of model oil 

which was prepared by dissolving dibenzothiophene in n-hexane. Furthermore, the DBT 

removal in the solution obeys first order reaction kinetics and the activation energy of 

adsorption process was found to be 16.57 kJ /mol. Finally, solid state crystal to crystal 

transformation of these compounds was investigated. 

 

Introduction 

Crystal engineering - the planning and construction of 
crystalline supramolecular architectures from modular building 
blocks - permits the rational design of functional molecular 
materials that exhibit technologically useful behavior1-7 such as 
conductivity and superconductivity, ferromagnetism, and 
nonlinear optical properties. To date, many supramolecular 
synthons (defined as structural units which can be formed or 
assembled by known or conceivable synthetic operations 
involving intermolecular interaction)8-11 were designed and 
recognized to organize molecules into one-, two-, or three-
dimensional networks.12-16 Many attempts have been made to 
prepare a variety of transitional metal complexes using different 
spacers, and their structures and properties have been 
physically and chemically determined.17-21 
Various types of bridging ligands have been used for the 
construction of coordination polymers.22-24 In contrast to 
coordination polymers of transition metal ions, formation of 
polymers with heavy metal ions such as mercury(II) seems to 
be surprisingly sparse, and, despite attractive properties of 
mercury(II) compounds in terms of their potential applications 
in paper industry, paints, cosmetics, preservatives, 
thermometers, manometers, fluorescent lamps and mercury 
batteries25 (although somehow limited due to its toxicity), there 
have been until recently only very few reports on Hg(II) 
complexes with rigid or flexible organic nitrogen donor-based 
ligands.26-28 

The removal of sulfur from petroleum prior to its combustion 
could lead to considerable reduction in the emissions of acid 
rain precursors. Consequently, it constitutes an environmental 
problem; however, deep sulfur cleaning of most oils requires 
more than physical processes since they remove only part of the 
organic sulfur.29, 30 To reduce diesel engine’s harmful 
emissions, many countries have issued environmental 
regulation on the specifications of sulfur level in oil to below 
10 ppm.31 Dibenzothiophene (DBT) in fuel oil can be easily 
removed subsequently by conventional separation operations 
(e.g. distillation, solvent extraction, bio-desulfurization, 
oxidation and adsorption) because their properties are 
significantly different from those of the hydrocarbons that 
constitute most of the fuel oils.32 
In this study, we synthesized three new compounds of Hg(II) 
with N-donor ligand, quinoxaline and the possibility of solid 
state crystal to crystal transformation of these compounds has 
also been investigated. The compounds were applied in 
removal of dibenzothiophene from a model oil containing 500 
mg L-1 of sulfur. 

Experimental section 

Materials and Physical Techniques  

All reagents for the synthesis and analysis were commercially 

available from Aldrich and Merck Company and used as 

received. Melting points were measured on an Electrothermal 

9100 apparatus. IR spectra were recorded using Thermo Nicolet 

IR 100 FT-IR. The thermal behaviour was measured with a PL-
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STA 1500 apparatus with the rate of 10 ºC.min-1 in a static 

atmosphere of argon. X-ray powder diffraction (XRD) 

measurements were performed using a Philips X’pert 

diffractometer with mono chromated Cu-Kα radiation. 

Crystallographic measurements were made at 298(2) K for 1 

using Bruker APEX area-detector, MoKα radiation (λ = 

0.71073 Å). Data collection for 2 was performed at 100(2) K on 

a Bruker APEX II CCD area detector with graphite-

monochromated Mo Kα radiation (λ = 0.71073 Å). For 3, data 

collection was performed at 180(2) K on a Bruker SMART 

APEX II X-ray diffractometer with graphite-monochromated 

Mo Kα radiation (λ = 0.71073 Å), operating at 50 kV and 30 

mA over 2θ ranges of 4.32 ~ 52.00º. No significant decay was 

observed during the data collection. 

The structures were solved by direct methods and refined by 

refinement of F2 against all reflections. Structure solution and 

refinement were accomplished using SIR97, SHELXL97 and 

WinGX.33, 34 

Synthesis of [Hg(quinoxaline)2(NO2)2] (1) 

Quinoxaline (1 mmol, 0.130 g), sodium nitrite (1 mmol, 0.0689 

g) and mercury(II) nitrate (0.1713 g, 0.5 mmol) were placed in 

the main arm of the branched tube. Methanol was carefully 

added to fill the arms, the tube was sealed and the ligand- and 

mercury salt containing arm immersed in an oil bath at 60°C 

while the other arm was kept at ambient temperature. After 7 

days, pale yellow crystals (m.p. = 130°C), had deposited in the 

cooler arm which were isolated, filtered off, washed with 

acetone and air dried (Yield 40%), found; C, 34.85; H, 2.21; N, 

15.25%. calcd. for C16H12HgN6O4; C, 34.76; H, 2.19; N, 

15.20%. IR (cm-1) selected bands: 609(m), 750(vs), 862(s), 

949(s), 1033(s), 1127 (s), 1252(vs), 1351(s), 1488(s), 3050(w). 

Synthesis of [Hg3(µ-quinoxaline)2(µ-SCN)6]n (2) 

Quinoxaline (1 mmol, 0.130 g) and mercury(II) thiocyanate 

(0.5 mmol, 0.159 g) were placed in the main arm of the 

branched tube. Ethanol was carefully added to fill the arms, the 

tube was sealed and the ligand- and mercury salt containing 

arm immersed in an oil bath at 60°C while the other arm was 

kept at ambient temperature. After 5-6 days, brown crystals 

(d.p. = 130°C), had deposited in the cooler arm which were 

isolated, filtered off, washed with acetone and air dried (Yield 

45%), found; C, 21.95; H, 1.10; N, 11.63%. calcd. for 

C22H12Hg3N10S6; C, 21.83; H, 1.00; N, 11.57%. IR (cm-1) 

selected bands: 713(w), 752(m), 863(w), 952(w), 1026(w), 

1130 (w), 1204(w), 1357(w), 1379(w), 1495(w), 2095(vs), (s), 

3060(w). 

Synthesis of [Hg(µ-quinoxaline)(µ-CN)2]n (3) 

Quinoxaline (1 mmol, 0.130 g) and mercury(II) cyanide (0.5 

mmol, 0.138 g) were heated in ethanol for 50 minutes and the 

filtered solution was maintained undisturbed. Yellow crystals of 

3 were obtained after 10 days (d.p. = 250°C, Yield 60%). 

Found; C, 31.90; H, 1.72; N, 14.83%. calcd. for C10H6HgN4; C, 

31.83; H, 1.58; N, 14.64%. IR (cm-1) selected bands: 428(m), 

758(s), 865(w), 952(w), 1028(w), 1129(w), 1204(w), 1360(w), 

1496(m), 3055(w). 

Solid state crystal to crystal transformation 

For crystal to crystal conversion, solid of each compound was 

grinding by hand for 20 minutes with salt of anion of other 

compounds and then washed with water to remove any 

unreacted materials. 

Removal of sulfur  

In a typical run, solution of dibenzothiophene in n-hexane was 

used as simulated diesel oil, containing 500 mg L-1 sulfur. The 

desulfurization experiment was performed in a three-necked 

100 mL round-bottomed flask including 25 mL of 

dibenzothiophene solution and desired amount of absorbant. 

The reaction was done by stirring mixture at a constant speed 

(1000 rpm) by a magnetic agitator at 30 and 60 oC. Samples for 

analyses were taken from the reaction suspension at specified 

reaction times and immediately centrifuged at 6000 rpm for 10 

min to remove the particles. After that, the oil phase was 

analyzed by UV-Vis spectroscopy (UV-vis 2100 

spectrophotometer (Shimadzu)). To examine reusability of the 

catalyst, it was several times washed by methanol, then dried at 

100 ℃ for 6 h and then was used in the next run. 

The data gathered from the experiments were used to calculate 

the removal percentage of dibenzothiophene as follows:  

DBT removal (%) = ((C0 – Ct)/ C0)*100  

Where C0 is the initial concentration of sulfur (DBT) in the 

hexane solution and Ct is the sulfur concentration of the oil 

phase after reaction time (t). 

Results and discussion 

Characterization of compounds 

The IR spectrum of complex 1 has the absorption bands with 

strong intensity in the frequency range 1252-1175 cm–1 

corresponding to vibrations of the nitrite anions. In the IR 

spectrum of compound 2 very strong bands centered at 2095 

and 752 cm–1 characterize the ν(CN) and ν(CS) vibrations of 

the bridging SCN- anions, respectively.35 Also in the IR 

spectrum of compound 3 weak absorption band at 1496 cm–1 

characterize the ν(CN) vibration of the bridging CN- anions. 

The lower frequency of CN- (respect to nitrile groups ~2250 

cm–1) is also attributed to coordination to Hg(II) atoms (Fig 

S1). 

Single X–ray crystal analysis reveals that 

[Hg(quinoxaline)2(NO2)2] (1) is a monomeric complex which is 

crystallized in a triclinic system with space group of Pī (Table 

S1). As shown in Fig. 1a, Hg(II) has coordination number of six 

and a distorted octahedral environment in which four oxygen 

atoms from two different NO2
- and two nitrogen atoms from 

two quinoxaline ligand are coordinated to the mercury center 

(Table S2). In this complex, NO2
- ions are bonded to the 

mercury(II) through two oxygen atoms in a bifunctional mode. 

In complex 1 there are interactions between one hydrogen atom 

of pyrazine ring and nitrogen atom of neighboring nitrite anion 

with a distance of 2.680 Å. Also, the nitrogen atom of the 
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pyrazine ring which has no connections with Hg(II) ion, has a 

weak interaction with a hydrogen atom of benzene ring of the 

neighboring molecule with a distance of 2.695 Å (Fig. 1b and 

Fig S2). 

 
Fig. 1 (a) Structural unit of compound [Hg(quinoxaline)2(NO2)2] (1), (b) Packing 

diagram of 1 in which Hpyrazine···NO2 and Npyrazine···Hbenzene interaction are shown. 

Color code: O: red; N: blue; C: gray and Hg: pink. 

Determination of the structure of the compound [Hg3(µ-

quinoxaline)2(µ-SCN)6]n (2) by X–ray crystallography reveals 

that it is a two-dimensional coordination polymer which is 

crystallized in triclinic system with space group of Pī (Table 

S1). In the structure of this compound there are three types of 

Hg(II) ions with different coordination environments. Hg(1) is 

five-coordinated with a Hg(1)N3S2 chromophore in a distorted 

square pyramidal environment. Two other mercury(II) centers 

are six-coordinated, with Hg(2)N3S3 and Hg(3)N4S2 

chromophores and the geometry around Hg(II) can be best 

regarded as a distorted octahedron (Fig. 2a and Table S3 and 

S4). In the polymeric network all the SCN- anions are bridged 

through their S and N atoms between Hg(II) ions and form one-

dimensional chains of Hg(1)-(µ-SCN)2-Hg(2) and Hg(3)-(µ-

SCN)2-Hg(3). These one-dimensional chains are further 

connected to each other through quinoxaline ligand. Finally 

through this connection as well as the connection between two 

Hg(2) ions and two S atoms from SCN- anions (planar dimeric 

Hg(2)2S2 units) a two-dimensional coordination polymer is 

formed (Fig. 2b). 

Structural determine of [Hg(µ-quinoxaline)(µ-CN)2]n (3) by x-

ray crystallography reveals that there are 2D inorganic chains 

which built of Hg(II) centres doubly bridged by CN- anions. 

These 2D chains are connected by quinoxaline ligand and form 

a 3D coordination polymer (Fig 3a). In the structure of this 

compound there are two crystallographically independent six-

coordinated Hg(II) centres Hg(1)N4C2 (N1, N3, N7, and N8 

with Hg−N distances of 2.832 Å, 2.851 Å, 2.716 Å and 2.839 

Å, respectively and C17 and C18 with Hg−C distances of 2.061 

Å and 2.036 Å, respectively) and Hg(2)N4C2 (N2, N4, N5, and 

N6 with Hg−N distances of 2.826 Å, 2.793 Å, 2.821 Å and 

2.862 Å, respectively and C19 and C20 with Hg−C distances of 

2.044 Å and 2.011 Å, respectively) (Fig 3b and Table S5, 

ESI†). Interestingly, in this compound CN- anions bind to 

mercury(II) centres via carbon and nitrogen atoms and make 

metal carbon bonds.36 

 

Fig. 2 (a) Independent part of [Hg3(µ-quinoxaline)2(µ-SCN)6]n (2) in 

representation of atoms by of atoms by thermal ellipsoids (p=50%), (b) two-

dimensional coordination polymer in the 2. 

The possibility of crystal to crystal transformation between 

these three compounds was investigated by grinding each 

compound along with the salt of anion of other compounds. 

Powder X-ray diffraction pattern (PXRD) analysis shows that 

only compound 2 and 3 can convert to each other and this 

crystal-crystal conversion is reversible (Fig 4). PXRD pattern 

that obtained from sample after grinding compound 2 with 

KCN matches with those of compound 3, as calculated from the 

single-crystal X-ray data (Fig 4c). PXRD patterns also conform 

that the sample regains the original structure (compound 2) 

upon grinding with KSCN (Fig 4d). FE-SEM images show that 

compounds 2 and 3 have agglomeration of nanoparticles 

morphologies (Fig 5).  
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Fig. 3 (a) Representation of 3D framework of [Hg(µ-quinoxaline)(µ-CN)2]n (3), (b) 

molecular structure of 3 (Displacement ellipsoids for non-H atoms are shown at 

the 50% probability level and H atoms are represented by circles of arbitrary 

size. Symmetry Codes: A) x+1, y, z; B) x, y-1, z; C) 1-x, 1-y, 2-z; D) 1-x, 1-y, 1-z; E) 

x-1, y+1, z.) 

 
Fig. 4 The XRD patterns of (a) simulated from single crystal X-ray data of 

compound 3, (b) bulk materials as synthesized of compound 3, (c) bulk materials 

obtained by solid state anion-replacement of compound 2, (d) the reversed 

species obtained by solid state anion-replacement of compound 3, (e) bulk 

materials as synthesized of compound 2 and simulated from single crystal X-ray 

data of compound 2. 

 
Fig. 5 FE-SEM images of compounds 2 and 3. 

In order to examine the thermal stabilities of compounds 1-3, 

thermal gravimetric analysis (TGA) and differential thermal 

analysis (DTA) were carried out between 30 and 600 °C. The 

TGA-DTA curves of compounds 1-3 indicate that 

decomposition of these compounds take place after 130 °C, 100 

°C and 145 °C, respectively with two endothermic effects at 

130 and 173 °C, three exothermic effects at 236, 317 and 480 

°C for 1 (Fig S3, ESI†), two endothermic effects at 113 and 140 

°C and one exothermic effect at 520 °C for 2 (Fig S4, ESI†), 

two endothermic effects at 180 and 240 °C and three 

exothermic effects at 320, 388 and 493 °C for 3 (Fig S5, ESI†). 

Evaluation of sulfur removal 

Optimizing the removal reaction conditions 

Type, amount of absorbent and temperature are crucial factors 

in the adsorption reactions. Table 1 reveals the role of these 

parameters on the removal efficiency. The results show that the 

percentage of the adsorption for compound 2 is more than that 

compound 3. This phenomenon is probably related to different 

coordination environments in two compounds. Unsaturated 

coordination number around Hg (1) in compound 2 may be 

responsible for more adsorption efficiency in comparison with 

the other compound. In addition, the removal efficiency is 

enhanced by increasing the amount of the catalyst. However, 

with further increasing in catalyst weight (>100 mg), the sulfur 

removal was not increased significantly. Furthermore, upon 

adding more dosage of adsorbent to reaction, the adsorption 

capacity is decreased. 

The effects of the reaction time and temperature on the sulfur 

removal over adsorbent of 2 are indicated in Fig. 6. As the 

results show, the sulfur removal is increased along with the 

reaction time after 75 minutes. 

 
Fig. 6 Removal of DBT versus time at different temperatures over 100 mg 

adsorbent of 2. 
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The reusability of the catalyst was studied as an important 
factor in the DBT removal. After each catalytic run, the catalyst 
was recovered by simple washing with methanol several times, 
and drying at 100 oC for 6 hours. During the second cycle of the 
reaction in presence of the recovered 2 adsorbent, a slight 
reduction in the DBT removal is observed (Fig. 7a); however, 
the catalytic activity is nearly retained during the later runs. 
Also, the adsorbent of 2 is very stable during four repeated 
experiments. The XRD pattern of the adsorbent before and after 
repeating the reaction four times is shown in Fig. 7b which 
clearly indicates that the structure remained the same and no 
change was observed. 
 

 
Fig. 7 (a) Cycling run in the removal of DBT in presence of adsorbent 2 for 75 

min and (b) XRD pattern of adsorbent 2 before and after 4 times removal test. 

Kinetics of sulfur removal 

In order to know the kinetics of DBT removal of model oil over 

adsorbent of 2, different kinds of kinetics orders are attempted 

expressing the reaction kinetics as shown in Table S6. Each 

correlation coefficient was calculated from the kinetics 

equation, where R0, R1 and R2 represent the correlation 

coefficients of zero, first and second order rate equations, 

respectively. Comparison between these correlation coefficients 

shows that R1 has the best correlation for the different orders in 

Table S6. Therefore, it is suggested that the DBT removal in n-

hexane solution suspended on adsorbent of 2 belongs to first 

order reaction kinetics (Fig. S6). The apparent rate constants in 

the removal of DBT were 0.0104 and 0.0188 /min at 30 and 

60oC, respectively. The half-times (t1/2), at which [A]=[A]0/2, 

were also calculated by equation (1), were 66.6 min and 36.8 

min at 30 and 60oC, respectively. 

t1/2=0.693/k     (1) 

The activation energy (Ea = 16.57 Kj/mol) for DBT removal 

process was also obtained by using Arrhenius equation at two 

different temperatures (Equations (2, 3)) 

k=Ae-Ea/RT      (2) 

Log (
��

��
)=- 

��

�.�	�

 (
�����

����
)    (3) 

where A is the frequency factorfor the reaction, R is the 

universal gas constant, T is the temperature (in Kelvin), and k is 

the rate constant while subscripts 1 and 2 show the  reactions 

done at temperatures 30 and 60oC, respectively. 
 
 
 
 
 
 
 
 

Table 1. Effect of amount of adsorbents and adsorption capacity on DBT removal of model oil at various temperatures for 75 min. 

Compound 
Adsorbent 

dosage (mg) 

DBT remained 

(ppm) 
DBT removal (%) Adsorption capacity (mg/g) 

30oC 60 oC 30oC 60 oC 30oC 60 oC 

2 0 500 500 0 0 - - 
2 50 375 285 25 43 63 108 
2 100 240 130 52 74 65 93 
2 150 240 120 52 76 43 63 
2 200 235 112.5 53 77.5 33 48 
3 0 500 500 0 0 - - 
3 50 427.5 410 14.5 18 36 45 
3 100 325 290 35 42 44 53 
3 150 325 285 35 43 29 36 
3 200 325 282.5 35 43.5 22 27 

 
 

Conclusions 
Three new Hg(II) compounds, [Hg(quinoxaline)2(NO2)2] (1), 
[Hg3(µ-quinoxaline)2(µ-SCN)6]n (2) and [Hg(µ-quinoxaline)(µ-

CN)2]n (3) have been synthesized using a thermal gradient 
approach and studied by IR spectroscopy, thermal gravimetric 
analysis (TGA) and characterized by single-crystal X-ray 
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crystallography. Complex [Hg(quinoxaline)2(NO2)2] (1) is 
monomeric and Hg(II) has coordination number of six. But 
compounds [Hg3(µ-quinoxaline)2(µ-SCN)6]n (2) and [Hg(µ-
quinoxaline)(µ-CN)2]n (3) are two- and three-dimensional 
coordination polymers and by a solid state anion replacement 
reversible crystal to crystal transformation was observed. 
Coordination polymer 2 was used as a highly efficient 
adsorbent in DBT removal of model oil. Removal of DBT 
solution in n-hexane (500 mg L-1) was carried out under 
optimized conditions, a pseudo-first-order model was fitted 
with the experimental data with a good correlation coefficient 
of 0.9863. Our findings may provide some insight into the 
preparation of adsorbents with high performance in practical 
applications for sulfur removal. 
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