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      A new one-dimensional uranium(VI) coordination polymer, [UO2(μ-DMP)2(TMP)]n (1) (DMP is dimethyl phosphate and TMP is 
trimethyl phosphate), was prepared from the reaction of UO2(NO3)2.6H2O and TMP in in THF (THF is tetrahydrofuran) as a solvent. 
Suitable crystals of this complex for crystal structure determination were obtained by slow evaporation of the produced yellow solution at 
room temperature. Complex 1 was characterized by elemental analysis, IR spectroscopy and single-crystal X-ray diffraction. The X-ray 
structural analysis indicated that the uranium(VI) is seven-coordinated in a pentagonal bipyramidal configuration by two axial uranyl 
oxygens, four bridged dimethyl phosphate and monodentate trimethyl phosphate ligands. Also, the thermal stability of 1 was studied by 
thermogravimetric and differential thermal analyses. 
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INTRODUCTION 
 
      The chemistry of uranium is dominated by hexavalent 
uranyl(VI) cation (UO2

2+) which is a linear triatomic 
species capped with terminal oxygen atoms [1,2]. The 
uranyl(VI) cation is significant stable form of natural 
uranium which exists in nuclear fuel processing, and 
usually exhibits tetragonal, pentagonal, and hexagonal 
bipyramidal geometries in the equatorial plane with two 
oxygen atoms in axial position [3-5]. Uranium complexes 
are of interest owing to their importance for application in 
gas sorption, ion-exchange, selective oxidation catalysis, 
photochemical reduction, axial uranium oxygen bond 
activation and several others [6-13]. Trialkyl phosphate 
compounds, (RO)3P=O (R is 2,6-diisopropylphenyl, 2,6-
tBu2-4-me-phenyl, 2,4-dichloro-6-methylphenyl, phenyl, 
butyl, ethyl and methyl), play a crucial role in the different 
areas  of  human  activity.  For  example,   they  are  widely  
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applied as extractants or synergists in metal extraction 
systems, high temperature lubricants and flame retardants 
[14-17]. Trialkyl phosphates are good ligands and can be 
coordinated to cationic of main and transition metals from 
one oxygen atom in neutral mode and lead to the formation 
of mononuclear complexes [18-21]. Also, this compounds 
in the anionic form, [(RO)2PO2]-, can be coordinated to 
cationic of main and transition metals from two oxygen 
atoms in the form of a bridge and lead to the formation             
of binuclear, trinuclear, tetranuclear, pentanuclear, 
hexanuclear and 1-dimensional coordination polymer 
complexes [21-41]. Trimethyl phosphate [(MeO)3P=O] is 
the simplest member of trialkyl phosphate compounds. In 
addition to being coordinated to cationic of metals, this 
compound can also be present as an independent                
counter-ion in ion pair complexes [42,43]. Previously, we 
reported the synthesis and crystal structure complex                   
of [UO2(μ-DMP)2(DMSO)]n [32]. This complex was                
prepared from the reaction of UO2(NO3)2.6H2O and               
TMP  in  dimethyl  sulfoxide  solvent.  Herein,  we  reported                 



 

 

 

Amani & Rafizadeh/Inorg. Chem. Res., Vol. 4, No. 1, 10-19, July 2020. 

 11 

 
 
new one-dimensional coordination polymer of                          
[UO2(μ-DMP)2(TMP)]n (1). This complex was prepared 
according to the procedure used in complex                      
[UO2(μ-DMP)2(DMSO)]n except using tetrahydrofuran 
instead of dimethyl sulfoxide as solvent. Unlike complex 
[UO2(μ-DMP)2(DMSO)]n, which is easily dissolved in 
dimethyl sulfoxide, complex 1 did not dissolve in any 
solvent. Therefore, we could not identify complex 1 with 
spectroscopes such as NMR and UV-Vis.  
 
EXPRIMENTAL 
 
Materials and Physical Methods 
      All chemicals were purchased from Merck, and used as 
received. Elemental analysis was performed using an 
Elementar Analysensystem GmbH VarioEL. Infrared 
spectrum (4000-250 cm-1) was taken on a Shimadzu-470 
spectrometer in CsI pellets. Melting points were obtained on 
a Kofler Heizbank Rechart type 7841 melting point 
apparatus. Thermal behavior was measured with a STA 503 
Bähr apparatus. 
 
Preparation of Complex [UO2(μ-DMP)2(TMP)]n (1)   
      Trimethyl phosphate (1.73 g, 1.35 ml, 12 mmol) was 
added to a solution of UO2(NO3)2.6H2O (2.04 g, 4 mmol) in 
THF (40 ml) and the resulting yellow solution was stirred at 
40 °C for 30 min. This solution was left to evaporate slowly 
at room temperature. After two weeks, yellow prismatic 
crystals of 1 were isolated (yield 2.12 g, 80.3%,                      
m. p. > 300 °C). Anal. Calcd. for C7H21O14P3U1 (%): C, 
12.73; H, 3.18. Found: C, 12.64; H, 3.16. IR (CsI, cm-1): 
3002w, 2964m, 2861m, 1452w, 1437w, 1255s, 1189s, 
1116s, 1107s, 1069s, 1044s, 928s, 841s, 790m, 680m, 
564w, 519m, 480m, 388m, 298m, 287m.      
 
X-Ray Structure Analysis 
      The X-ray diffraction measurements for single crystal of 
[UO2(μ-DMP)2(TMP)]n (1) was made on a Bruker APEX II 
CCD area-detector diffractometer at 298 K using graphite 
mono-chromated Mo Kα radiation  (λ = 0.71073 Å). The 
structure of 1 was solved by SHELX-97 and absorption 
correction was applied using the SADABS program [44]. 
Data collection, cell refinement, and data reduction were 
performed  by  applying  APEX II,  SAINT, SHELXTL and  

 
 
PLATON program packages [44-50]. The ORTEP and 
crystal packing diagram for title complex were drawn with 
the PLATON and Mercury 2.4 program [50] software's, 
respectively. 
 
RESULTS AND DISCUSION 
 
Synthesis of Complex [UO2(μ-DMP)2(TMP)]n (1)   
      Complex 1 was prepared from the reaction of one 
equivalent of UO2(NO3)2.6H2O with three equivalents of 
trimethyl phosphate in THF, at 40 °C for 30 min. Suitable 
crystals of title complex were obtained for X-ray diffraction 
measurement by slow evaporation of the resulted yellow 
solution at room temperature. The synthetic route of title 
complex is shown in Scheme 1. 
 
Spectroscopic Characterization of                           
[UO2(μ-DMP)2(TMP)]n (1) 
      This complex is air-stable and is insoluble in polar and 
nonpolar solvents. The IR absorption bands for title 
complex are listed in the experimental section. The infrared 
spectrum of 1 show three weak and medium absorption 
bands at 3002, 2964 and 2861 cm-1, and two weak 
absorption bands at 1452 and 1437 cm-1, which are assigned 
to the C-H stretching and bending vibrations, respectively of 
the methyl groups for trimethyl phosphate and dimethyl 
phosphate. Several strong absorption bands observed in the 
range 1255-790 cm-1 are assigned to P=O, C-O, P-O and            
P-O-C stretching vibrations. The medium and weak 
absorption bands observed in the range 680-480 cm-1 are 
assigned to the P-O bending vibrations [40,51-53]. 
Furthermore, in the infrared spectrum of this complex the 
U=O stretching vibration was observed at 388 cm-1 and for 
U-O=P and U-O-P stretching vibrations were observed at 
298 and 287 cm-1 [54-56]. 
 
Thermal Studies of [UO2(μ-DMP)2(TMP)]n (1) 
      The thermal stability of 1 between 30 and 780 °C has 
been determined by thermogravimetric analysis (TGA) and 
differential thermal analysis (DTA) on single crystal 
samples in a static air atmosphere with a heating rate of             
10 °C min-1 (Fig. 1). The TGA curve shows that chemical 
decomposition starts at around 360 °C and ends at around 
750 °C  with  a  weight  loss  of 55.3%  corresponding to the  



 

 

 

One-dimensional Uranium(VI) Coordination Polymer Complex/Inorg. Chem. Res., Vol. 4, No. 1, 10-19, July 2020. 

 12 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
removal of two dimethyl phosphate anions and one 
trimethyl phosphate ligand (calcd. 56.7%). The remaining 
weight corresponds to UO3 [57]. The differential thermal 
analysis (DTA) of 1 displays one distinct exothermic peak 
at 396 °C and three distinct endothermic peaks at 410, 574 
and 691 °C. 
 
Description of the Molecular Structures of              
[UO2(μ-DMP)2(TMP)]n (1) 
      Crystallographic  data   for   this  complex  are  given  in 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 1 and selected bond lengths and angles are presented 
in Table 2. This complex crystallizes in the monoclinic 
crystal system with P21/a space group. The molecular 
structure of 1 together with the atomic labeling scheme              
is shown in Fig. 2. The structure of 1 consists of a                
[UO2(μ-DMP)2(TMP)] fragment and a repetition unit in this 
one-dimensional polymer. An ORTEP plot (Fig. 2a) shows 
that the complex consists of one uranyl(VI) cation, which is 
linked to other fragments via four O-P-O bridges of four 
dimethyl  phosphate  esters.  In  this polymeric complex, the  
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Scheme 1. The preparation method for complex 1 

 
 

 

Fig. 1. Thermal behavior of 1. 
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Table 1. Crystallographic and Structural Refinement Data for 1    
  

Formula C7H21O14P3U 

Formula weight 660.18 

Temperature (K) 298(2) 

Wavelength λ (Å) 0.71073 

Crystal system Monoclinic   

Space group P21/a 

Crystal size (mm3) 0.30 × 0.36 × 0.60 

a (Å) 12.1195(12)     

b (Å) 25.913(3)   

c (Å) 12.7698(14) 

β (°) 106.530(8) 

Volume (Å3) 3844.6(7) 

Z 8 

Density (calc.) (g cm-1) 2.281 

θ ranges for data collection 1.57-25.69 

F(000) 2496 

Absorption coefficient mm-1 8.756 

Index ranges -14 ≤ h ≤ 14 

 -31 ≤ k ≤ 31 

 -15 ≤ l ≤ 15 

Data collected 7309 

Unique data (Rint) 7309, (0.0780) 

Parameters, restrains 446, 0 

Final R1, wR2 (Obs. data) 0.0353, 0.0774 

Final R1, wR2
 (All data) 0.0493, 0.0829  

Goodness of fit on F2 (S) 1.050 

Largest diff peak and hole (e Å-3) 

CCDC No. 

1.141, -0.911 

608616 
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                                    Table 2. Selected Bond Lengths (Å) and Angles (º) for 1  
 

U1-O1 

U1-O5 

U1-O8 

U1-O11 

U1-O12 

U1-O13 

U1-O14 

P1-O2 

P1-O1 

P1-O3 

P1-O4 

O1-U1-O5 

O1-U1-O8 

O1-U1-O11 

O1-U1-O12 

O1-U1-O13 

O1-U1-O14 

O5-U1-O8 

O5-U1-O11 

O5-U1-O12 

O5-U1-O13 

O5-U1-O14 

O8-U1-O11 

O8-U1-O12 

O8-U1-O13 

O8-U1-O14 

O11-U1-O12 

O11-U1-O13 

O11-U1-O14 

O12-U1-O13 

O12-U1-O14 

O13-U1-O14 

O19-U2-O22 

O19-U2-O25 

2.463(5)  

2.352(5)  

2.340(5)  

2.358(6)  

2.351(6)  

1.750(6)  

1.753(6) 

1.544(10)  

1.414(6)  

1.516(8)  

1.566(8) 

71.1(2) 

142.9(2) 

144.0(2) 

71.0(2) 

90.6(2) 

88.8(2) 

71.79(18) 

144.9(2) 

142.0(2) 

90.5(3) 

89.3(3) 

73.16(19) 

146.1(2) 

89.6(2) 

90.9(2) 

73.0(2) 

90.0(3) 

90.5(3) 

88.6(3) 

91.2(3) 

179.4(2) 

73.0(2) 

144.7(2) 

O19-U2-O26 

O19-U2-O27 

O19-U2-O28 

O22-U2-O25 

O22-U2-O26 

O22-U2-O27 

O22-U2-O28 

O15-U2-O19 

O15-U2-O22 

O15-U2-O25 

O15-U2-O26 

O15-U2-O27 

O15-U2-O28 

O27-U2-O28 

O25-U2-O28 

O25-U2-O26 

O25-U2-O27 

O26-U2-O27 

O26-U2-O28 

O1-P1-O3 

O1-P1-O2 

O2-P1-O4 

O1-P1-O4 

O2-P1-O3 

O3-P1-O4 

O5-P2-O11b 

O5-P2-O6 

O5-P2-O7 

O7-P2-O11b 

O6-P2-O7 

O6-P2-O11b 

O8-P3-O10 

O8-P3-O12b 

73.7(2) 

88.1(3) 

92.9(3) 

72.06(19) 

146.48(19) 

91.6(3)  

89.0(2)  

144.7(2)  

142.3(2)  

70.4(2)  

71.1(2)  

90.5(3)  

88.4(2)  

178.9(3)  

91.2(3)  

141.45(18)  

88.3(3)  

90.4(3)  

89.5(3)  

118.2(4)  

117.8(5)  

97.8(5)  

108.5(4)  

102.4(5)  

110.3(5)  

118.4(3) 

110.1(6)  

110.4(5)  

111.7(6)  

99.3(8)  

105.1(6)  

109.1(4)  

116.1(4) 

Symmetry code: (b) 1/2+x,1/2-y,z. 
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uranium(VI) is seven-coordinated in a pentagonal 
bipyramidal configuration by two axial uranyl oxygens, four 
bridged dimethyl phosphate and monodentate trimethyl 
phosphate  ligands (Fig. 2b). The U-O and P-O bond lengths 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(Table 2) are in agreement with the corresponding ones in 
[UO2(μ-DEP)4(DMSO)]n (DEP is diethyl phosphate) [30]  
and [UO2(μ-DMP)4(DMSO)]n [32]. The phosphate groups in 
1 are  arranged  as  an abnormal distorted  tetrahedron. The 

 

 

Fig. 2. (a) ORTEP drawing  (30% probability  displacement ellipsoids) of  complex 1 with  the atom numbering  
               scheme. Hydrogen atoms are omitted for clarity. Symmetry codes: (a) -1/2+x,1/2-y,z and (b) 1/2+x,1/2- 
               y,z. (b) Local coordination environment of U(VI) in 1. 
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Fig. 3. Gauche-gauche (gg), gauche-trans (gt) and trans-trans (tt) conformation of dimethyl phosphate (DMP) anion. 
 

 
Fig. 4. Crystal packing diagram for 1. Intermolecular C-H⋯O hydrogen bonds are shown as dashed lines. 

 
 

             Table 3. Hydrogen Bond Geometry for 1 in Crystal Packing 
 

D-H···A D-H 

(Å) 

H···A 

(Å) 

D···A 

(Å) 

D-H···A 

(°) 

Symmetry code 

C7-H7B…O8 

C8-H8C…O13 

C12-H12C…O9 

C13-H13C…O24 

C14-H14A…O27 

0.96 

0.96 

0.96 

0.96 

0.96 

2.470 

2.560 

2.460 

2.480 

2.460 

2.890(12) 

3.468(18) 

3.308(17) 

2.81(2) 

3.298(12) 

107 

158 

147 

100 

145 

- 

1-x,-y,-z 

-1/2+x,1/2-y,z 

- 

2-x,-y,1-z 
    

gg gt tt 
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angles of O-P-O and MeO-P-OMe are unequal, the angle of 
the MeO7-P2-O6Me moiety is 99.3(8), whereas that of 
O11b-P2-O5 (b is 1/2+x,1/2-y,z) is 118.4(3), according to 
an inspection on similar polymeric complexes [30,37], an 

acceptable reason is simultaneous z-in and z-out distortions 
for the DMP ligands. In addition, the conformation of the 
DMP anion depends on the C-O-P-O angles. For description 
of the different phosphate conformations researchers adopt 
notation commonly used in spectroscopy. This convention 
donates conformations with COPO (α.ζ) torsional angles of 
~ ±60° as gauche (g) and those of ~ ±180° as trans (t). So 
the conformations were showed as gauche-gauche (gg), 
gauche-trans (gt), and trans-trans (tt), (Fig. 3). The energies 
of different conformers of DMP are calculated in order to 
determine the relative stabilities of the (gg), (gt), and (tt) 
conformations with a variety of theoretical models [53,58-
60]. These studies of aqueous solution of DMP have shown 
that the (gg) conformer to be the most stable followed by 
(gt) and (tt) conformations [59,60]. 
      In complex 1, we expectedly observed the gt (gauche, 
trans) conformation for the DMP bridged on the dihedral 
angles. At this complex, for example, the dihedral angles of 
one of the DMP ligands are: C5-O7-P2-O6 = 156.8(14)º and 
C4-O6-P2-O7 = -99.5(14)º.  
      Two U=O bond lengths in complex 1 are located                 
in axial position (Fig. 2b). The axial U=O bond                   
lengths (U1-O13 = 1.750(6) Å and U1-O14 = 1.753(6) Å)                      
are shorter than equatorial U-O bond lengths: U1-O1 = 
2.463(5) Å, U1-O5 = 2.352(5) Å, U1-O8 = 2.340(5) Å,            
U1-O11 = 2.358(6) Å and U1-O12 = 2.351(5) Å. The              
U=O bond lengths in title complex as expected for seven-
coordinate uranyl complexes [61,62]. 
      In Fig. 4, the crystal packing diagram for title complex 
is shown. As show in this figure, in the crystal structure of 
the title complex  intermolecular C-H…O hydrogen bonds 
(Table 3) between the one-dimensional coordination 
polymers are effective in the stabilization of the crystal 
structure and the formation of a three-dimensional 
supramolecular structure. 
 
CONCLUSIONS 
 
      In this paper, a new one-dimensional uranium(VI) 
coordination polymer, [UO2(μ-DMP)2(TMP)]n (1)  has  been  

 
 
synthesized and characterized by infrared spectroscopic 
technique. The structure of this complex was defined by the 
single crystal diffraction method. The X-ray structural 
analysis specified that in this complex, the uranium(VI) is 
seven-coordinated in a pentagonal bipyramidal confguration 
by two axial uranyl oxygens (O=U=O), four bridged 
dimethyl phosphate and monodentate trimethyl phosphate 
ligands. The crystal structure of this complex has been 
stabilized by intermolecular C-H…O hydrogen bonds 
between the one-dimensional coordination polymers. 
Furthermore, the thermal stability of 1 was studied by 
thermogravimetric and differential thermal analyses.  
 
ACKNOWLEDGEMENTS 
 
      The authors are grateful to the Farhangian University 
and University of kharazmi for financial support.  
 
REFERENCES 
 
[1] G. Szigethy, K.N. Raymond, J. Am. Chem. Soc. 133 

(2011) 7942. 
[2] D. Hagberg, G. Karlstrom, B.O. Roos, L. Gagliardi,  

J. Am. Chem. Soc. 127 (2005) 14250. 
[3] P. Thuéry, B. Masci, Cryst. Growth Des. 8 (2008) 

3430. 
[4] B.E. Cowie, J.M. Purkis, J. Austin, J.B. Love, P.L. 

Arnold, Chem. Rev. 119 (2019) 10595. 
[5] M. Azam, G. Velmurugan, S.M. Wabaidur, A. 

Trzesowska-Kruszynska, R. Kruszynski, S.I. Al-
Resayes, Z.A. Al-Othman, P. Venuvanalingam, 
Nature 6  (2016) 32898. 

[6] Q.L. Guana, X. Gaoa, J. Liuc, W.J. Weic, Y.H. Xing, 
F.Y. Baia, J. Coord. Chem. 69 (2016) 1026. 

[7] M. Sundararajan, A.J. Campbell, I.H. Hillier, J. Phys. 
Chem. A 112 (2008) 4451. 

[8] G.F. Vettese, K. Morris, L.S. Natrajan, S. Shaw, T. 
Vitova, J. Galanzew, D.L.   Jones, J.R. Lloyd, Environ. 
Sci. Technol. 54 (2020) 2268. 

[9] S. Tsushima, Inorg. Chem. 48 (2009) 4856. 
[10] T. Mashita, S. Tsushima, K. Takao, ACS Omega 4 

(2019) 7194. 
[11] R. Nagaishi, Y. Katsumura, K. Ishigure, H. Aoyagi,  

Z.   Yoshida,   T.  Kimura,  Y.  Kato,   J.   Photochem. 



 

 

 

One-dimensional Uranium(VI) Coordination Polymer Complex/Inorg. Chem. Res., Vol. 4, No. 1, 10-19, July 2020. 

 18 

 
 

Photobiol. A 146 (2002) 157. 
[12] M. Azam, S.I. Al-Resayes, A. Trzesowska-

Kruszynska, R. Kruszynski, S.F. Adil, N.K. Lokanath, 
J. Saudi Chem. Soc. 23 (2019) 636. 

[13] J. Harrowfield, P. Thuéry, Chemistry 2 (2020) 63.  
[14] W. Apostoluk, W. Robak, SN Appl. Sci. 1 (2019) 

801. 
[15] Z.I. Nikolotova, N.A. Kartashova, Handbook of 

extraction. Extraction with neutral organic 
compounds. Atomizdat, Moscow 1 (1976) 32.  

[16] S. Sarkar, A. Suresh, N. Sivaraman, Solvent 
Extraction and Ion Exchange 38 (2020) 304. 

[17] A. Suresh, T.G. Srinivasan, P.R. Vasudeva Rao, 
Solvent Extraction and Ion Exchange 27 (2009) 132. 

[18] M.B. Jones, A.J. Gaunt, Chem. Rev. 113 (2013) 1137. 
[19] R.J. Ellis, T. Demars, G. Liu, J. Niklas, O.G. 

Poluektov, I.A. Shkrob, J. Phys. Chem. B 119 (2015) 
11910. 

[20] M.E. Minyaev, S.A. Korchagina, A.N. Tavtorkin, 
N.N. Kostitsynam, A.V. Churakov, I.E. Nifant′ev, 
Struct. Chem. 29 (2018) 1475. 

[21] R. Murugavel, A. Choudhury, M.G. Walawalkar, R. 
Pothiraja, C.N.R. Rao, Chem. Rev. 108 (2008) 3549. 

[22] I.A. Charushnikova, A.M. Fedosseev, C.D. Auwer,   
P. Moisy, Radiochim. Acta 100 (2012) 173. 

[23] D.K. Maity, F. Haque, B. Dutta, B. Bhattacharya, D. 
Ghoshal, J. Chem. Sci. 128 (2016)1861. 

[24] P.K. Verma, P.K. Mohapatra, A. Bhattacharyya, A.K. 
Yadav, S.N. Jha, D. Bhattacharyya, New J. Chem. 42 
(2018) 5243. 

[25] T.A. Kohlgruber, S.A. Mackley, F.D. Bo, S.M. 
Aksenov, P.C. Burns, J. Solid State Chem. 279 (2019) 
120938. 

[26] M. Rafizadeh, V. Amani, M. Broushaky, Anal. Sci. 22 
(2006) x113. 

[27] M.E. Minyaev, S.A. Korchagina, A.N. Tavtorkin, 
A.V. Churakov, I.E. Nifant'ev, Acta Crystallogr. C74 
(2018) 673. 

[28] R. Murugavel, S. Kuppuswamy, A.N. Maity, M.P. 
Singh, Inorg. Chem.  48 (2009) 183. 

[29] S.T. Disale, C.V.S. Brahmmananda Rao, Go. 
Gopakumar, R.V. Jayaram, J. Coord. Chem. 72 
(2019) 1480. 

[30] M. Rafizadeh, V. Amani, Anal. Sci. 22 (2006) x211. 

 
 
[31] M.E. Minyaev, A.N. Tavtorkin, S.A. Korchagina, I.E. 

Nifant’ev, A.V. Churakov, Acta Crystallogr. E74 
(2018) 543. 

[32] M. Rafizadeh, F. Hoseinzadeh, V. Amani, Anal. Sci. 
22 (2006) x3. 

[33] J. Schauss, A. Kundu, B.P. Fingerhut, T. Elsaesser, J. 
Phys. Chem. Lett. 10 (2019) 6281. 

[34] V. Amani, M. Rafizadeh, M. Yousefi, N.S. Zargar, 
Anal. Sci. 22 (2006) x303. 

[35] G.J. Lumetta, S.I. Sinkov, J.A. Krause, L.E. Sweet, 
Inorg. Chem. 55 (2016) 1633. 

[36] M. Rafizadeh, V. Amani, H. Aghayan, Acta 
Crystallogr. E62 (2006) m2150. 

[37] M. Rafizadeh, R. Tayebee, V. Amani, M. Nasseh, 
Cryst. Bull. Korean Chem. Soc. 26 (2005) 594. 

[38] M. Rafizadeh, V. Amani, H. Farajian, Z. Anorg. Allg. 
Chem. 633 (2007) 1143. 

[39] M. Rafizadeh, V. Amani, Z. Anorg. Allg. Chem. 633 
(2007) 2738. 

[40] M. Rafizadeh, V. Amani, N.S. Mortazavi, Bull. 
Korean Chem. Soc. 30 (2009) 489. 

[41] S.K. Gupta, G.A. Bhat, R. Murugavel, Inorg. Chem. 
56 (2017) 9071. 

[42] M. Rafizadeh, V. Amani, Acta Crystallogr. E62 
(2006) m1776. 

[43] M. Rafizadeh, H.R. Saadati Moshtaghin, V. Amani, 
Acta Crystallogr. E68 (2012) m1032. 

[44] G.M. Sheldrick, SADABS. Madison, WI, USA: 
Bruker AXS, 1998. 

[45] Bruker SMART and SAINT. Madison, WI, USA: 
Bruker AXS Inc., 1998. 

[46] G.M. Sheldrick. Acta Crystallogr. A 64 (2008) 112. 
[47] L.J. Farrugia, J. Appl. Crystallogr. 32 (1999) 837. 
[48] L.J. Farrugia, J. Appl. Crystallogr. 30 (1997) 565. 
[49] A.L. Spek, Acta Crystallogr. E 76 (2020) 1. 
[50] Mercury 141. Copyright Cambridge Crystallographic 

Data Center. Cambridge, (2001-2005). 
[51] D. Ilieva, D. Kovacheva, C. Petkov, G. Bogachev, J. 

Raman Spectrosc. 32 (2001) 893. 
[52] R. Streck, A.J. Barnesb, W.A. Herrebout, B.J. van der 

Veken, J. Mol. Struct. 376 (1996) 277. 
[53] J. Florian, V. Baumruk, M. Strajbl, L. Bednarova, J. 

Stepanek, J. Phys. Chem. 100 (1996) 1559. 
[54] B.Z.  Yu,  W.N.  Hansen,  J.  Ward,   Appl.  Spect.  43 



 

 

 

Amani & Rafizadeh/Inorg. Chem. Res., Vol. 4, No. 1, 10-19, July 2020. 

 19 

 
 

(1989) 113.  
[55] K. Nakamato, Infrared and Raman Spectra of 

Inorganic and Coordination Compounds. Part B: 
Applications in Coordination, Organometallic, and 
Bioinorganic Chemistry, 6th ed.; John Wiley & Sons: 
New York, 2009. 

[56] J.G. Kim, Y.S. Park, Y.K. Ha, K. Song, J. Nucl. Sci. 
Techol. 46 (2009) 1188. 

[57] D.M. Abd El-Aziz, N. El-Wakiel, M. Gaber, Appl. 
Organometal. Chem. 33 (2019) e4855. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
[58] K. Taga, K. Miyagai, N. Hirabayashi, T. Yoshida, H. 

Okabayashi, J. Mol. Struct. 245 (1991) 1. 
[59] C. Ibargüen, M.M. Moreno, C.Z. Hadad, J. David, A. 

Restrepo, Phys. Chem. Chem. Phys. 15 (2013) 3203. 
[60] A. Angeloff, J.-C. Daran, J. Bernadou, B. Meunier, J. 

Organomet. Chem. 624 (2001) 58. 
[61] N. Budantseva, G. Andreev, A. Fedoseev, Inorg. 

Chem. 56 (2017) 12199. 
[62] M.K. Assefa, G. Wu, T.W. Hayton, J. Am. Chem. 

Soc. 142 (2020) 8738. 
 
 
 
 
 
 
 
 
 


