
Results in Chemistry 4 (2022) 100600

Available online 25 October 2022
2211-7156/© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Synthesis, crystal structure, exploration of the supramolecular assembly 
through Hirshfeld surface analysis and bactericidal activity of the cadmium 
organometallic complexes obtained from the heterocyclic ligand 

Rizvan Kamil Askerov a,*, Muhammad Ashfaq b,*, Evgeny Vadimovich Chipinsky c, 
Vladimir Kimovich Osmanov c, Muhammad Nawaz Tahir b, Evgeny Vladimirovich Baranov d, 
Georgy Konstantinovich Fukin d, Viktor Nikolaevich Khrustalev e, Rovshan Hafiz Nazarov f, 
Galina Nikolaevna Borisova c, Zhanna Vladimirovna Matsulevich c, 
Abel Mammadali Maharramov a, Aleksandr Vladimirovich Borisov c 

a Baku State University, Baku, Azerbaijan 
b Department of Physics, University of Sargodha, Sargodha 40100, Pakistan 
c Nizhny Novgorod State Technical University, Nizhny Novgorod, Russia 
d Razuvaev Institute of Organometallic Chemistry, Russian Academy of Sciences, Nizhny Novgorod, Russia 
e Peoples’ Friendship University of Russia, Moscow, Russia 
f Institute of Chemistry of Additives, Baku, Azerbaijan   

A R T I C L E  I N F O   

Keywords: 
1-(2-Chlorophenyl)-1,4-dihydro-5H-tetrazole- 
5-thione 
1-(2-Methoxyphenyl)-1,4-dihydro-5H- 
tetrazole-5-thione 
Polymeric cadmium(II) complexes 
Crystal structure 
Supramolecular assembly 
Bactericidal activity 

A B S T R A C T   

New complex compounds (I-III) were synthesized by successive reactions of sodium 1-(2-chlorophenyl)-1H- 
tetrazole-5-thiolate (NaL1) with cadmium chloride and dimethyl sulfoxide or o-phenanthroline. Successive re
actions of sodium 1-(2-methoxyphenyl)-1H-tetrazole-5-thiolate (NaL2) with cadmium chloride and o-phenan
throline gave complexes (IV, V). The structure of the obtained compounds was studied by 1H, 13C NMR, UV–vis 
spectroscopy and elemental analysis. Moreover, the crystal structure of complexes (I-III/V) was determined by 
the single crystal X-ray diffraction analysis. The supramolecular assembly was explored through Hirshfeld surface 
analysis in terms of strong as well as comparatively weak non-covalent interactions. The crystal packing envi
ronment of the non-polymeric crystal structures (II/III/V) was further explored by finding the interaction energy 
between the molecular pairs and energy frameworks. The ligands and the complexes were screened for their 
bactericidal activity against Staphylococcus aureus and Escherichia coli.   

Introduction 

N-Substituted mercaptotetrazoles and other five-membered hetero
cyclic thiols containing a nitrogen atom next to the C-SH group can exist 
both in thiol (a) and thione (b) forms due to tautomerism (Scheme 1) 
[1–4]. However, it is believed that the thionic form is more stable for 
mercaptotetrazoles and other similar heterocyclic compounds [1]. In 
addition, in the presence of bases, they can form thiolate anions (c), 
which can be considered as a 6π-electron ring system, isoelectronic to 
the cyclopentadienyl anion. Possessing several electron donor centers, 
such forms of reagents can be used as polydentate ligands in complex
ation reactions with various metals in order to obtain various complexes 

and supramolecular structures (d-g) [2,3,5–15]. 
Earlier in works [2,5,15,16], the reactions of 1-phenyl-1,4-dihydro- 

5H-tetrazole-5-thione, 1-(4-fluorophenyl)-1,4-dihydro-5H-tetrazole-5- 
thione, 1-(2-fluorophenyl)-1,4-dihydro-5H-tetrazole-5-thione, 1-(2- 
methoxyphenyl)-1,4-dihydro-5H-tetrazole-5-thione, 1-(4-methox
yphenyl)-1,4-dihydro-5H-tetrazole-5-thione, 1-(2-methylphenyl)-1,4- 
dihydro-5H-tetrazole-5-thione and 1-(2-chlorophenyl)-1,4-dihydro-5H- 
tetrazole-5-thione with cadmium chloride were studied, and the struc
tures of the obtained complexes were established by X-ray diffraction 
analysis. In [3] the structure of the reaction product of sodium 1-(2- 
methoxyphenyl)-1H-tetrazole-5-thiolate with cadmium chloride is 
presented. 
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In this work, which is a continuation of our studies begun in 
[2,3,15,16], we studied the structure of the complex I - product of the 
reaction of cadmium chloride with sodium 1-(2-chlorophenyl)-1H-tet
razole-5-thiolate (NaL1), as well as the structure of mixed complexes II 
and III obtained by the interaction of this product with dimethyl sulf
oxide and o-phenanthroline (Scheme 2). For comparison, we studied the 
structure of mixed complex V obtained in the reaction of described in 
product of the reaction of sodium 1-(2-methoxyphenyl)-1H-tetrazole-5- 
thiolate with cadmium chloride IV with o-phenanthroline (Scheme 3). 

The crystal structure of complex I is polymeric whereas the crystal 
structure of complex II, III and V is non-polymeric. Hirshfeld surface 
analysis is an excellent way to elaborate the non-covalent interactions in 
the crystal packing of the single crystals. The non-covalent interactions 
are the main source to predict the properties of the single crystals. Void 
analysis in single crystals is important to explore as the properties of 
single crystals specially the physical properties like melting point, 

mechanical strength etc depends on how much strongly the molecules 
are packed. In continuation our research work on the single crystal X- 
rays diffraction and Hirshfeld surface analysis of the complexes [17–22], 
here we are going to explore the synthesis, crystal structure, Hirshfeld 
surface analysis, enrichment ratio, void analysis and bactericidal activ
ity of complexes I-III and V. The output file of single crystal X-rays 
diffraction is used for the Hirshfeld surface analysis, enrichment ratio 
calculations and void analysis. 

Experimental 

Material and methods 

The following reagents NaN3, CdCl2, o-chlorophenylisothiocyanate 
(Acros Organics, Belgium) were used without additional purification. All 
melting points were determined with a “Stuart SMP3” melting point 

Scheme 1. Forms of N-substituted mercaptotetrazoles (a-c) and methods of their coordination with metal atoms (d-g).  

Scheme 2. Synthesis of complexes I, II and III.  

Scheme 3. Synthesis of complexes IV and V.  

R.K. Askerov et al.                                                                                                                                                                                                                              



Results in Chemistry 4 (2022) 100600

3

apparatus and reported as such. The UV–vis spectra compounds were 
measured on an “Shimadzu UV-1800” (operating spectral range 
190–1100 nm, wavelength error 0.1 nm), using a 1 cm path length cell in 
96 % ethanol at room temperature. The concentration of substances in 
the solution is 10− 4M. The 1H NMR spectra compounds were measured 
on an “Agilent DD2 400” spectrometer at 400.0 0 MHz, using DMSO- d6 
as the NMR solvents. The 13C NMR and DEPT spectra compounds were 
measured on an “Agilent DD2 400” spectrometer at 100.60 MHz, using 
DMSO- d6 as the NMR solvents. Chemical shifts are indicated in parts 
per million (ppm) relative to tetramethylsilane as an internal standard. 

Synthesis of 1-(2-[chlorophenyl)-1,4-dihydro-5H-tetrazole-5-thion (HL1) 
2-Chlorphenyl isothiocyanate (6.431 g, 39 mmol) was added to a 

solution of NaN3 (2.53 g, 39 mmol) in H2O (50 ml) at 20 ◦C. The reaction 
mixture was refluxed for 2 h, cooled to 20 ◦C, and filtered to remove 
non-dissolved impurities. A 10 % aqueous solution of HCl was added 
with stirring to the obtained solution to pH = 2. The precipitate formed 
was filtered off, washed with water (200 ml), and dried at 353 K. Yield 
68 % as white powder, m.p. 434 K (with decomp.). Analysis calculated 
for C7H5ClN4S (%): C 39.53, H 2.37, N 26.35. Found (%): C 39.62, H 
2.26, N 26.44. 1H NMR (400.00 MHz, DMSO‑d6), δ ppm, (J, Hz): 7.75 
(m, 2H, Ar); 7.67 (m, 1H, Ar); 7.59 (m, 1H, Ar). 13C NMR (100.60 MHz, 
DMSO‑d6), δ ppm: 159.60 (C––S); 135.44 (C–N, Ar); 131.48 (C–Cl, 
Ar); 131.20, 131.01, 130.43, 128.11 (CH, Ar). 

Synthesis of complex (I) 
A solution of thione (HL1) (2 mmol) in 95 % ethanol (15 ml) was 

added to a solution (2 mmol) sodium hydroxide in 95 % ethanol (15 ml), 
and then added a solution of CdCl2 (1 mmol) in 95 % ethanol (15 ml). 
The reaction mixture was kept for 168 h at 293 K, the precipitated 
precipitate of compound (I) was filtered, washed with 50 ml of ethanol 
and dried at 353 K. The substance for X-ray study was used without 
additional recrystallization. Yield 55 % as white powder, m.p. 463 K 
(with decomp.). Analysis calculated for C14H8CdCl2N8S2 (%): C 31.40, H 

1.49, N 20.93 Found (%): C 31.49, H 1.44, N 20.84. 1H NMR (400.00 
MHz, DMSO‑d6), δ (ppm): 7.72 (d,1H, Ar), 7.56 (m, 3H, Ar). 13C NMR 
(100.60 MHz, DMSO‑d6), δ ppm: 163.23 (C–S–Cd); 133.31 (C–N, Ar); 
132.27 (CH, Ar); 131.26 (C–Cl, Ar); 130.73, 130.34, 128.64 (CH, Ar). 

Synthesis of complex (II) 
Yield 22 % as white powder, m.p. 458 K (with decomp.). Analysis 

calculated for C36H40Cd2Cl4N16O4S8 (%): C 31.25, H 2.89, N 16.20. 
Found (%): C 31.30H 2.98, N 16.11. 1H NMR (400.00 MHz, DMSO‑d6), δ 
ppm: 7.71(d., 1H, J = 8.0 Hz, Ar); 7.57 (m, 3H, Ar); 2.48 (m, (CH3)2SO). 
13C NMR (100.60 MHz, DMSO‑d6), δ ppm: 162.87 (C–S–Cd); 133.26 
(C–N, Ar); 132.33 (CH, Ar); 131.23 (C–Cl, Ar); 130.73, 130.33, 128.69 
(CH, Ar); 40.86 (2CH3, (CH3)2S=O). 

Synthesis of complex (IV) 
The complex (IV) used in the work was obtained and described in 

[3]. 1H NMR (400.00 MHz, DMSO‑d6), δ (ppm): 7.52 (М., 1H, Ph), 7.33 
(д.д., 1H, J = 7.2, 1.6 Гц, Ph), 7.24(д., 1H, J = 8.5 Гц, Ph), 7.07 (М., 1H, 
Ph), 3.73 (c., 3H, OCH3). 13C NMR (100.60 MHz, DMSO‑d6), δ (ppm): 
162.72 (C–S–Cd), 154.81 (C–OCH3, Ar), 131.99 (CH, Ar), 129.16 
(CH, Ar), 124.17 (C–N, Ar), 120.90 (CH, Ar), 113.31 (CH, Ar), 56.32 
(O–CH3). 

Synthesis of complexes (III) and (V) 
A solution of o-phenanthroline (1 mmol) in dry ethanol (5 ml) was 

added to a boiling solution (1 mmol) of complex (I) or (IV) in dry 
ethanol (100 ml). The reaction mixture was boiled for 5 h and the 
resulting precipitate was filtered directly from the hot solution. The 
crystals obtained were used for XRD analysis without additional 
recrystallization. 

Yield of complex (III) 
The yield of complex III is 62 % as white powder, m.p. 484 K (with 

decomp.). Analysis calculated for C52H32Cd2Cl4N20S4 (%): C 43.63, H 

Table 1 
Basic crystallographic data and refinement parameters for compounds I-III/V.  

Parameters I II III V 

Empirical formula C14H8CdCl2N8S2 C36H40Cd2Cl4N16O4S8 C52H32Cd2Cl4N20S4 C56H44Cd2N20O4S4 

M 535.71 1383.92 1431.84 1414.17 
Temperature, K 296(2) 296(2) 100(2) 100(2) 
Crystal size, mm3 0.38 × 0.06 × 0.03 0.33 × 0.17 × 0.13 0.30 × 0.25 × 0.02 0.30 × 0.25 × 0.02 
Crystal system Monoclinic Triclinic Triclinic Triclinic 
Space group C2/c P-1 P-1 P-1 
a, Å 28.3131 (19) 9.0006(7) 10.0636 (17) 11.1462(2) 
b, Å 8.7907 (6) 11.4534(9) 12.149 (4) 14.3981(3) 
c, Å 7.5137 (5) 15.0039(12) 12.198 (4) 20.2381(4) 
α, deg 90 108.042(1) 80.120 (13) 78.119(1) 
β, deg 96.633 (2) 107.410(1) 9.969 (10) 88.325(1) 
γ, deg 90 95.918(1) 84.841 (15) 67.516(1) 
V, Å3 1857.6 (2) 1370.23(19) 1379.7 (7) 2932.32(10) 
Z 4 1 1 2 
ρcalcd

, g/cm3 1.916 1.677 1.723 1.602 
µ, mm− 1 1.706 1.329 1.175 0.933 
F(000) 1048 692 712 1424 
Data collection range over θ, deg 26 27 25 27 
Measured reflections 1745 12,433 11,339 64,215 
Independent reflections 1745 5935 4952 12,802 
Number of refined parameters 113 442 371 788 
R1 (I > 2σ(I)) 0.061 0.046 0.112 0.021 
wR2 (all data) 0.179 0.120 0.243 0.053 
GOOF 1.12 1.08 1.40 1.03 
Residual electron density (Δρmin/Δρmax), e A–3 − 1.21/1.35 − 0.97/1.03 − 1.09/3.23 − 0.51/0.72  
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2.23, N 19.58. Found (%): C 43.68, H 2.14, N 19.63. 1H NMR (400.00 
MHz, DMSO‑d6), δ (ppm): 9.14 (bs.,2H, phen), 8.83 (d., 2H, J = 8.4 Hz, 
phen), 8.23 (s., 2H,phen), 8.05 (m., 2H, phen), 7.64 (d., 2H, J = 7.6 Hz, 
Ar), 7.53 (m, 2H, Ar), 7.43 (m., 4H, Ar). 13C NMR (100.60 MHz, 
DMSO‑d6), δ (ppm): 163.72 (C–S–Cd), 150.49 (2CH, phen), 140.52 
(2C, phen), 139.93 (2CH, phen), 133.34 (C–N, Ar), 132.5 (CH, Ar), 
131.25 (C–Cl, Ar), 130.67, 130.20 (CH, Ar), 129.26 (2C, phen), 128.51 
(CH, Ar), 127.57 (2CH, phen), 125.64 (2CH, phen). 

Yield of complex (V) 
The yield of complex V is yield 68 % as white powder, m.p. 482 K 

(with decomp.). Analysis calculated for C56H44Cd2N20O4S4 (%): C 47.59, 
H 3.11, N 19.83. Found (%): C 47.68, H 3.06, N 19.92. 1H NMR (400.00 
MHz, DMSO‑d6), δ (ppm): 9.12 (bs.,2H, phen), 8.82 (d.d., 2H, J = 8.4, 
0.8 Hz, phen), 8.22 (s., 2H,phen), 8.04 (m., 2H, phen), 7.44 (m., 2H, Ar), 
7.16 (m, 4H, Ar), 6.96 (m., 2H, Ar). 

13C NMR (100.60 MHz, DMSO‑d6), δ (ppm): 163.21 (C–S–Cd), 
154.76 (C–OCH3, Ar), 150.48 (2CH, phen), 140.62 (2C, phen), 139.83 
(2CH, phen), 131.82 (CH, Ar), 129.22 (2C, phen), 128.98 (CH, Ar), 
127.57 (2CH, phen), 125.59 (2CH, phen), 124.21 (C–N, Ar), 120.74, 
113.25 (CH, Ar), 56.25 (O–CH3). 

Details of X-rays diffraction analysis of complexes (I-III/V) 
X-ray diffraction analysis of compounds I, III, and V was obtained on 

a Bruker D8 QUEST diffractometer, for compound II - on a Bruker Smart 
Apex diffractometer (ω-scan, MoKα radiation, λ = 0.71073 Å). Experi
mental sets of reflection intensities were collected and integrated using 
the SMART and SAINT programs, respectively. The structures were 
solved by a direct method and refined by full-matrix least squares in F2

hkl 
in the anisotropic approximation for non-hydrogen atoms. It was found 
that in the crystal of compound II, the chlorophenyl fragment of the 
ligand (L1) is disordered over three positions and one DMSO molecule 
over two positions with populations of 0.35: 0.49: 0.16 and 0.89: 0.11, 
respectively. In the crystal of compound V, one of the CH3 groups of the 
ligand (L2) in molecules A and B is disordered over two positions with 
populations of 0.70: 0.30 and 0.75: 0.25, respectively. The coordinates 
of the remaining hydrogen atoms in I, II, III, and V were calculated from 
geometric considerations and refined with fixed positional (“rider” 
model) and thermal parameters (1.5Uiso (C) for methyl groups (II and V) 
and Uiso (H) = 1.2Uiso (C) for all other groups). The structure was refined 
and absorption was taken into account using the SHELXTL and SADABS 
software packages. The crystal of compound I is a non-melohedral twin, 
the ratio of single-crystal components (domains) is ~ 62: 38 %. The 
structure of I was refined for two domains of the twin using the HKLF5 
instruction. The crystallographic data and parameters of X-ray diffrac
tion experiments of compounds I, II, III, and V are shown in Table 1. 
Selected bond lengths and bond angles are listed in Table 2. The struc
tures are deposited in the Cambridge Structural Data Bank (CCDC) under 
the numbers 2100741 (I), 1869250 (II), 2100739 (III), 2044439 (V). 

Details related to bactericidity of compounds 
Bactericidity of compounds (HL1, HL2, I, IV) was evaluated against 

the following bacteria: a Gram-positive strain of Staphylococcus aureus 
and a Gram-negative strain of Escherichia coli. The test compounds in the 
form of 1 % solutions in DMSO were placed in Petri dishes in wells with 
agarized medium of a beef-extract agar (D = 5 mm) and inoculated by a 
bacterial suspension prepared in a physiological solution (1 × 108 cells/ 

Table 2 
Selected bond lengths (Å) and bond angles (◦) in complexes I-III/V. Symmetry 
codes are: (i) − x, y, − z + 3/2; (ii) − x, − y + 1, − z + 2; (iii) ×, − y + 1, z − 1/2; 
(iv) − x + 1, − y + 2, − z + 1; (v) − x + 1, − y + 1, − z + 1; (vi) − x, − y + 2, − z.  

Selected bond lengths in complex I 

Cd1-N1 2.224 
(10) 

Cd1—S1ii 2.493 (3) Cd1—S1iii 2.493 (3) 

Cd1-S1 2.493 (3)      

Selected bond angles in complex I 
N1i-Cd1- 

N1 
101.9 (6) N1i-Cd1- 

S1iii 
116.0 (3) N1-Cd1- 

S1iii 
108.7 (3) 

N1i-Cd1- 
S1ii 

108.7 (3) N1-Cd1- 
S1ii 

116.0 (3) S1ii-Cd1- 
S1iii 

105.96 
(15)  

Selected bond lengths in complex II 
Cd1-O1 2.315 (3) Cd1-O2iv 2.445 (3) Cd1-S2 2.5790 

(12) 
Cd1-N1 2.405 (3) Cd1-O2 2.414 (3) Cd1-S1iv 2.5886 

(11)  

Selected bond angles in complex II 
O1-Cd1- 

N1 
91.50 
(13) 

O2-Cd1-S2 167.12 (8) O1-Cd1- 
S1iv 

101.49 
(10) 

O1-Cd1- 
O2 

85.26 
(10) 

O2iv-Cd1- 
S2 

92.96 (7) N1-Cd1- 
S1iv 

159.33 (8) 

N1-Cd1- 
O2 

78.52 
(11) 

O2-Cd1- 
O2iv 

82.85 (10) O2-Cd1- 
S1iv 

86.52 (8) 

O1-Cd1- 
O2iv 

165.02 
(11) 

O1-Cd1-S2 96.66 (7) O2iv-Cd1- 
S1iv 

86.89 (8) 

N1-Cd1- 
O2iv 

77.24 
(11) 

N1-Cd1-S2 88.68 (9) S2-Cd1-S1iv 105.48 (4)  

Selected bond lengths in complex III 
Cd1-N4v 2.321 

(15) 
Cd1-S2 2.566 (4) Cd1-N9 2.465 (13) 

Cd1-N10 2.343 
(12) 

Cd1-S1 2.574 (4)    

Selected bond angles in complex III 
N4v- 

Cd1- 
N10 

96.8 (4) N9-Cd1-S2 169.5 (3) N10-Cd1- 
S1 

131.9 (3) 

N4v- 
Cd1- 
N9 

84.4 (4) N4v-Cd1-S1 120.4 (3) N9-Cd1-S1 82.4 (3) 

N10- 
Cd1- 
N9 

71.3 (4) N10-Cd1- 
S2 

98.3 (3) S2-Cd1-S1 104.72 
(14) 

N4v- 
Cd1- 
S2 

98.1 (3)      

Selected bond lengths in complex V 
Cd1-N5 2.3143 

(14) 
Cd2-N18 2.3021 

(13) 
Cd2-N20 2.4049 

(13) 
Cd1-N10 2.3617 

(13) 
Cd2-N19 2.3775 

(13) 
Cd2-S3 2.5760 (4) 

Cd1-N9 2.4496 
(13) 

Cd1-S1 2.5778 (4) Cd2-S4vi 2.5819 (4) 

Cd1-S2v 2.5658 
(4)      

Selected bond angles in complex V 
N5-Cd1- 

N10 
94.35 (5) N18-Cd2- 

N19 
85.28 (5) N19-Cd2- 

S3 
161.00 (3) 

N5-Cd1- 
N9 

83.93 (5) N18-Cd2- 
N20 

94.52 (5) N20-Cd2- 
S3 

92.40 (3) 

N10- 
Cd1- 
N9 

69.36 (5) N19-Cd2- 
N20 

69.91 (4) N18-Cd2- 
S4vi 

106.27 (3) 

N5-Cd1- 
S2v 

105.58 
(3) 

N18-Cd2- 
S3 

103.55 (3) N19-Cd2- 
S4vi 

91.50 (3)  

Table 2 (continued ) 

N10- 
Cd1- 
S2v 

146.62 
(3) 

N9-Cd1-S1 165.66 (3) N20-Cd2- 
S4vi 

151.01 (3) 

N9-Cd1- 
S2v 

86.15 (3) S2v-Cd1-S1 105.040 
(13) 

S3-Cd2-S4vi 101.835 
(13) 

N5-Cd1- 
S1 

101.22 
(3) 

N10-Cd1- 
S1 

96.76 (3)    

R.K. Askerov et al.                                                                                                                                                                                                                              



Results in Chemistry 4 (2022) 100600

5

mL). Incubation was carried out in a thermostat at 37 ◦C for 24 h. 
The degrees of bactericidity were estimated from the value of the 

growth inhibition zone of the test cultures formed around the wells with 
the studied compound. 1H NMR spectroscopy showed that all com
pounds used were stable in DMSO‑d6 for 3 months at room temperature. 

Details of theoretical study 
The crystallographic information file (CIF) is used for performing the 

theoretical calculations. The interaction energy between molecular pairs 
and energy frameworks are calculated for the non-polymeric crystal 
structures (II/III/V) by using Crystal Explorer software version 21.5. 
Tonto program with HF/3-21G electron density model present in Crystal 
Explorer software is used for the calculations. 

Results and discussion 

Exploration of the crystal structure of complexes (I-III/V) 

It was found by X-ray diffraction analysis that the reaction product of 
cadmium chloride with sodium 1- (2-chlorophenyl) − 1H-tetrazole-5- 
thiolate NaL1 is a one-dimensional polymer complex with a chain 
structure of the composition [Cd(μ-L1)2]n, similar in structure complexes 
obtained in the reactions of 1-phenyl-1,4-dihydro-5H-tetrazole-5-thi
one, 1-(4-fluorophenyl)-1,4-dihydro-5H-tetrazole-5-thione and 1-(4- 
methoxyphenyl)-1,4-dihydro-5H-tetrazole-5-thione with cadmium 
chloride [2,15,16]. The structure-forming unit of the polymer complex 
is the Cd (L1)2 fragment with two symmetric thionic ligands L1 (Fig. 1, 

Fig. 1. ORTEP diagram of complex I that is drawn at probability level of 20%. H-atoms are shown by small circles of arbitrary radii.  

Fig. 2. (a) Polymeric chain of complex I that runs along c-axis. (b) Packing diagram of complex I showing the interlinkage of the neighbouring chains through 
H-bonding. 
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Table 1), which are linked by the C2 rotational axis passing through the 
Cd (1) atom. Polymer chain of complex I is formed by the syndiotactic 
alternation of Cd (L1)2 fragments with Cd1i, Cd1, Cd1ii, Cd1iv atoms, etc. 
along the crystallographic axis c (Fig. 2a). The coordination environ
ment of the cadmium cation Cd (1) is a distorted tetrahedron, at the 
vertices of which there are two nitrogen atoms N (1), N1i of two sym
metric ligands L1 in the complex and two sulfur atoms S1ii, S1iii from two 
adjacent fragments Cd (L1)2 A and B in the chain. The Cd(1)- N(1)and Cd 
(1) - S(1) distances are 2.224 (10) Å and 2.493 (3) Å and are close to 
similar bond lengths (2.228 (4) − 2.233 (3) Å and 2.497 (11) − 2.506 
(11) Å) in previously published complexes [2,15,16]. The 1D chains in 
the complexes contain an eight-membered cycle (–S–C––N → 
Cd–S–C––N → Cd) in the “chair” conformation. The polymer chains of 
complex I are interlinked through C–H⋯Cl bonding to form chains 
along a and b-axis (Table 3). So, a three dimensional network of poly
mers is formed through H-bonding. Only a small portion of each poly
meric chains is shown in (Fig. 2b) for clarity because the main focus is to 
show the interlinkage of the neighbouring chains through H-bonding. 
The crystal packing of complex I is further stabilized by weak off-set π⋯π 
stacking interactions between the five and six-membered rings of the 
symmetry related chains with inter-centroid separation ranges from 
3.758 (9) to 4.281 (7) Å. Ring off-set for interacting rings range from 
1.694 to 1.703 Å. 

At the same time, product IV, obtained by us earlier in the reaction of 
sodium 1-(2-methoxyphenyl)-1H-tetrazole-5-thiolate NaL2 with cad
mium chloride, is a one-dimensional polymer complex with a chain 
structure of the composition [Cd(μ-L2)2]n, in which the 1D-chains in the 
complexes contain an eight-membered ring with a different sequence of 
atoms in the cycle (–S –C––N → Cd ← N––C–S–Cd) in the “bath” 
conformation [3]. 

By recrystallization of complex I from dimethyl sulfoxide, a new 

Table 3 
Hydrogen bond geometry (◦, Å) for complex I-III/V.  

I D—H⋅⋅⋅A D—H H⋅⋅⋅A D⋅⋅⋅A <(D—H⋅⋅⋅A)◦

C4—H4⋅⋅⋅Cl1i 0.93 2.90 3.665 (7) 140  

II D—H⋅⋅⋅A D—H H⋅⋅⋅A D⋅⋅⋅A <(D—H⋅⋅⋅A)◦

C3A—H3A⋅⋅⋅S2ii 0.93 2.96 3.823 (7) 154  
C17—H17C⋅⋅⋅O1 0.96 2.58 3.325 (9) 135  
C18—H18A⋅⋅⋅N5ii 0.96 2.57 3.437 (8) 150  

III D—H⋅⋅⋅A D—H H⋅⋅⋅A D⋅⋅⋅A <(D—H⋅⋅⋅A)◦

C19—H19⋅⋅⋅N8iii 0.95 2.58 3.442 (18) 151.82  
C20—H20⋅⋅⋅S1iii 0.95 2.86 3.465 (14) 122  

V D—H⋅⋅⋅A D—H H⋅⋅⋅A D⋅⋅⋅A <(D—H⋅⋅⋅A)◦

C7—H7⋅⋅⋅N3iv 0.95 2.45 3.395 (3) 174  
C8A—H8C⋅⋅⋅N7v 0.98 2.59 3.428 (3) 144  
C15—H15⋅⋅⋅O1v 0.95 2.63 3.353 (2) 134  
C15—H15⋅⋅⋅N4v 0.95 2.67 3.331 (2) 127  
C16—H16A⋅⋅⋅S4v 0.98 2.78 3.632 (2) 146  
C17—H17⋅⋅⋅S2v 0.95 2.85 3.4761 (18) 124  
C26—H26⋅⋅⋅S1 0.95 3.01 3.6904 (17) 130  
C35—H35⋅⋅⋅N13vi 0.95 2.62 3.510 (3) 157  
C36A—H36B⋅⋅⋅N16vii 0.98 2.67 3.472 (3) 140  
C44—H44C⋅⋅⋅S2v 0.98 2.95 3.5087 (18) 117  
C44—H44C⋅⋅⋅O2v 0.98 2.61 3.359 (2) 133  
C45—H45⋅⋅⋅S4vii 0.95 2.96 3.5988 (18) 126  
C54—H54⋅⋅⋅S3 0.95 2.94 3.6107 (17) 129 

Symmetry codes: (i) − x + 1/2, y − 1/2, − z + 5/2; (ii) x − 1, y, z; (iii) − x +
1, − y + 1, − z; (iv) − x + 1, − y, − z + 1; (v) − x + 1, − y + 1, − z + 1; (vi) − x, − y 
+ 1, − z; (vii) − x, − y + 2, − z. 

Fig. 3. ORTEP diagram of complex II that is drawn at probability level of 10%. H-atoms are not shown for clarity.  
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complex II of molecular structure was obtained (Fig. 3). Compound II is 
a binuclear complex with the composition [Cd2(μ-L1)2(L1)2(μ- 
DMSO)2(DMSO)2]. The coordination polyhedron of the cadmium (II) 
atom is a distorted octahedron with O (1), O (2), O (2A), and S (1) atoms 
in the equatorial plane, N (1) and S (2) atoms in axial positions. The Cd 
(1)–N (1) and Cd (1)–S (2) distances are 2.405 (3) Å and 2.5790 (12) Å 
and are close to similar bond lengths in previously published polymer- 
type complexes (2.338 (2)–2.459 (2) Å and 2.569 (7)–2.574 (9) Å) 
[4]. Complex II has its own symmetry Ci: the inversion center is located 
in the center of a rhombus consisting of O (2), O (2i), Cd (1), Cd (1i) 
atoms and coincides with the crystallographic inversion center of the 
crystal. The Cd (1)–Cd (1i) distance in complex (II) is 3.643 (4) Å. The 
distances Cd (1)–O (1), Cd (1)–O (2), Cd (1)–O (2i), and Cd (1)–S (1) 
are 2.315 (3) Å, 2.414 (3) Å, 2.445 (3) Å, and 2.589 (1) Å, respectively. 
The molecular configuration is stabilized by intra molecular C–H⋯O 
bonding. The moelcules are interlinked through C–H⋯S and C–H⋯N 
bonding as shown in Fig. S1. The further stabilization of the crystal 
packing is due to C–H⋯π interaction with H⋯π distance ranges from 
2.96 to 3.87 Å. 

By boiling complex I with o-phenanthroline in absolute ethanol, 
binuclear complex III of composition [Cd2(μ-L1)2(L1)2(phen)2] was ob
tained (Fig. 4a). The coordination polyhedron of the Cd (II) atom in III is 
seemed to be a distorted trigonal bipyramid. The basal plane is formed 
by one atom N(4) phen [Cd(1)-N(4) = 2.321 (15) Å)], atoms N(10) [Cd 
(1)-N(10) = 2.343 (12) Å] and S(1) [Cd(1)-S(1) = 2.574 (4) Å] from two 
ligands L1. The axial positions contain the second atom N (9) phen [Cd 
(1)-N(9) = 2.465 (13) Å] and atom S(2) [Cd(1)-S(2) = 2.566 (4) Å] from 
the third ligand L1. From this point of view, the geometric parameter τ =
(α-β) / 60 is applicable to 5-coordinate structures as an indicator of the 
distortion degree of the metal coordination sphere between trigonal - 
bipyramidal and tetragonal - pyramidal configurations. For an ideal 
tetragonal pyramid τ is equal to zero, and for an ideal trigonal bipyramid 
– 1.0. 

In compound III, the largest angles between the cadmium sub
stituents S (1), S (2), N (9), and N (10) are α = 169.5 (3)◦ for N (9) Cd (1) 
S (2) and β = 131.9 (3)◦ for N (10) Cd (1) S (1). Thus, τ is equal to 
(169.5–131.9)/60 = 0.63, indicating only 37 % of the contribution of 
the tetragonal pyramidal geometry. Thus, the cadmium ions in complex 
III are pentacoordinate, and the Cd (II) coordination polyhedron has an 
intermediate configuration close to the trigonal bipyramid. Complex III 
is centrosymmetric and contains an eight-membered cycle (–S–C––N → 
Cd–S–C––N → Cd) in the “chair” conformation; the center of the 

inversion is in the middle of the eight-membered cycle and coincides 
with the crystallographic center of the inversion. The Cd (1)–Cd (1A) 
distance in the cycle is equal to 4.101 (2) Å. The molecules are inter
linked by C-H⋯N and C-H⋯S bonding to form infinite chain of mole
cules that runs along c-axis (Fig. 4b). 

Although the structures of complex I and complex IV described in 
article are different, the reaction of complex IV with o-phenanthroline 
also leads to the formation of complex V of molecular structure. X-ray 
diffraction analysis of complex V showed that the single-crystal sample 
obtained after crystallization of the compound from ethyl alcohol con
tains two independent centrosymmetric molecules A and B of complex V 
(Fig. 5a). Molecule A and B looks identical, but these molecules are 
different with respect to each other as far as the crystallography is 
concerned. Compound V is a binuclear with the composition of [Cd2(μ- 
L2)2(L2)2(phen)2]. The coordination polyhedron of the Cd (II) atom in V 
is a distorted octahedron, at the base of which the N (4) and N (10) 
atoms of two chelating molecules (L2 and phen) and two N (8A) and S 
(2) atoms from two molecules of ligand (L2) are located. The axial po
sitions are occupied by the second atoms N (9) and S (1) of chelating 
molecules (L2 and phen), with an angle N (9) Cd (1) S (1) equal to 165.66 
(3)◦. The Cd (1) -N (9) and Cd (1) -S (1) distances are 2.449 (1) Å and 
2.5778 (4) Å, respectively. When comparing the Cd -N bond lengths of 
the equatorial N (4), N (8), and N (10) atoms equal to 2.839 (1), 2.314 
(1), and 2.362 (1) Å, respectively, the distance Cd (1)-N (4) is very 
different. This difference is due to the formation of the L2 ligand with the 
cadmium cation of a four-membered chelate ring. The chelate angle N 
(4) Cd (1) S (1) is 59.98◦, and in order to weaken the stress in the cycle, 
the nitrogen atom N (4) in the equatorial position is located more distant 
from the cadmium atom, thus completing the sixth coordination [5+1] 
of octahedron. 

The Cd - Nphen and Cd -S distances are 2.449 (1) Å, 2.362 (1) Å and 
2.578 (4) Å, 2.566 (5) Å, respectively, and are close to similar distances 
in related cadmium complexes with 1-(4-carboxyphenyl)-5-mercapto- 
1H-tetrazole ligands [20]. Molecule (V) is centrosymmetric and contains 
an eight-membered cycle (-S - C––N → Cd - S - C––N → Cd) in the “chair” 
conformation; the center of the inversion is in the center of the eight- 
membered cycle and coincides with the crystallographic center of the 
inversion. The Cd (1) -Cd (1i) distance in the cycle is 4.780 (4) Å. The 
each polymeric chain is stabilized by intramolecular C–H⋯S bonding. 
The neighbouring polymeric chains are interlinked through C–H⋯N, 
C–H⋯O and C–H⋯S bonding to form the 3D network. 

Fig. 4. (a) ORTEP diagram of complex III that is drawn at probability level of 20%. H-atoms are not shown for clarity. (b) Packing diagram of complex III viewed 
along a-axis. 
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Hirshfeld surface analysis 

The non-covalent interactions are the key aspects to understand the 
supramoelcular behavior of the single crystals. The properties of the 
single crystals mainly depend on the non-covalent interactions in the 
single crystals. Crystal explorer 21.5 is used to investigate the non- 
covalent interactions in the complexes through Hirshfeld surface anal
ysis [23,24]. Hirshfeld surface emerges from an attempt to divide the 
crystal electron density into molecular fragments for the integration 
purpose. Numerous important information about the non-covalent in
teractions can be extracted from the Hirshfeld surface (HS). For 
example, Hirshfeld surface plotted over normalized distances (dnorm) 

provides a unique knowledge about the short contacts or H-bonding 
interactions. Red, white and blue spots stand for the contacts with dis
tance less than, equal and greater than the sum of the Van der Waal radii 
of the atoms involved [25–34]. Fig. 6(a-d) shows HS plotted over dnorm 
for complexes I-III/V, respectively. In compounds I-III, we choose the 
asymmetric unit for the HS. In present case, the asymmetric unit is not a 
complete molecule, so the red spots on the HS around metal center and 
(S/O) atom indicate their involvement in completing the coordination 
sphere. The short contacts of the intermolecular interactions are visible 
on the HS by comparatively lighter red spots. For all four compounds, 
the red spots on the HS except the red spots around metal atom and the 
symmetry related coordinating (S/O) atoms indicates the short contacts 

Fig. 5. ORTEP diagram of polymer complex V for (a) molecule I, (b) molecule II that are drawn at probability level of 50%. H-atoms are not shown for clarity. (c) 
Packing diagram of polymer complex V that shows the interlinkage of polymer chains through H-bonding. Selected H-atoms are shown for clarity. 
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that are suitable or good enough to form H-bonding interactions. In 
addition to provide useful information about the H-bonding in
teractions, Hirshfeld surfaces are also used in order to recognize in
teractions weaker than H-bonding specially π⋯π interactions 
[27,31,35]. The red and blue spots on the Hirshfeld surface plotted over 
shape index around the rings indicate their involvement in π⋯π in
teractions. Such regions are present on the Hirshfeld surface for com
pound I-III/V (Fig. 7) indicate that π⋯π interactions are present in them. 

2 D finger printing is a used to show the contribution of each short 
and comparatively longer contacts in the crystal packing [36–43]. While 
keeping in view the above background, we preformed 2D finger print 
plots analysis of complexes I-III/V. Fig. 8a shows the 2D plot for overall 
interactions in case of complex I containing number of large spikes. The 
large spikes on it represents the contacts that are important in the un
derstanding of the crystal packing. Cl–H and N–H contacts are the 
most important contacts for complex I with percentage contribution of 
15.4 %. The portion of Hirshfeld surface that represent Cl-H and N–H 
contacts are shown by Fig. 8d and e, respectively by blue region. The H- 
atoms present nearer to the S-atoms are engaged in short S–H contacts 
as compare to H-atoms that are at the comparatively larger distance for 
the S-atom (Fig. 8f). Cd-S and C–H contacts, their contribution in the 

crystal packing along with their Hirshfeld surfaces are also shown in 
Fig. 8. The other contacts have very small contribution in the crystal 
packing as their importance is relatively small. Figs. S2a, S3a and S4a 
show the 2D finger print plot of overall interactions for complexes II, III 
and V, respectively. As it can be seen that the shape of 2 D plots of 
overall interactions is not same in complexes I-III/V which indicate that 
the contribution of the contacts in the crystal packing of I-III/V is 
different from one another. For complexes I-III/V, the H–H contact is 
the most significant contributor in defining the crystal packing with 
percentage contribution of 27.6 %, 27.7 % and 37.2 %, respectively. The 
contribution of H–H contacts in complex V is larger than in complex II 
and III as the Hirshfeld surface of complex V contains larger than H- 
atoms as compare to the Hirshfeld surface of complexes II and III. N–H 
contacts are the second important contact in complex II and III whereas 
in complex V, the second important contact is C–H. The 2D plots of 
other important contacts along with their Hirshfeld surface are shown in 
Figs. 8, S2, S3 and S4 for complexes I-III/V, respectively. The contacts 
with contribution in the crystal packing greater than 0.9 % except the 
first five most important contacts for complex I-III/V are shown in 
Fig. 9. H–H contact is the minor contributor in the crystal packing for 
complex I whereas for complexes II/III/V, H–H contact has major 

Fig. 6. Hirshfeld surface plotted over dnorm for (a) I in the range − 0.581 to 1.264 a.u., (b) II in the range − 0.4629 to 1.8890 a.u., (c) III in the range − 0.5175 to 
1.6067 a.u, (d) V in the range − 0.2430 to 1.7167 a.u. 
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contribution in the crystal packing. The C–C contact has greater 
contribution in the crystal packing of complex III as compared to in 
complex I, II and V which inferred that the interactions involving aro
matic rings such as π⋯π interactions are stronger in complex III as 
compare to in complex I, II and V. The Cd-S contact has contribution of 
10.5 % and 2.3 % in the crystal packing of complex I and II, respectively 
whereas for complex III and V, this contact has contribution less than 
0.9 %. 

Enrichment ratio provides the propensity or the tendency of the 
interatomic contact (X, Y) to form crystal packing interactions. It is 
obtained by diving the proportion of the actual contact in the crystal 
packing to the theoretical proportion of the random contact. The actual 
contact is acquired from the Hirshfeld surface analysis. The contacts 
with enrichment ratio greater than one have higher tendency to form 
crystal packing interactions as compare to other contacts. For complex I, 
the contact having highest propensity to form crystal packing in
teractions is Cd-S with enrichment ratio 4.07. In addition to Cd-S con
tacts, Cl–H, Cd–N, N–H, S–H and N–N contacts have higher 
tendency to form crystal packing interactions as compare to other con
tacts with enrichment ratio 3.58, 2.14, 1.25, 1.24 and 1.22, respectively 
(Table 4). For complex II, the contacts that have higher propensity to 
form crystal packing interactions as compare to other contacts are Cl–S, 
N–H, Cl–H, C–H and S–H with enrichment ratio 1.97, 1.61, 1.39, 
1.23 and 1.11, respectively (Table S1). For complex III, the contacts that 
have higher propensity to form crystal packing interactions as compare 

to other contacts are, C–C, Cl–H, S–H and Cl–C with enrichment ratio 
2.17, 1.47, 1.46 and 1.26, respectively (Table S2). For complex V, the 
contacts that have higher propensity to form crystal packing interactions 
as compare to other contacts are, C–C, O–H and N–H with enrichment 
ratio 1.68, 1.57 and 1.50, respectively (Table S3). 

The properties of the single crystals depend on how the molecules are 
packed and how much strongly they interact with each other. If the 
crystal packing is strong, then it can bear a significant amount of the 
applied force or stress. In this prospective, we explored the void analysis 
of the complexes I-III/V. Void analysis id carried out using the Hartree- 
Fock theory (Fig. 10). All the atoms are assumed to be spherically 
symmetric and electron density of all the atoms are added up to calculate 
the voids [44]. The volume void is 211.68, 202.55, 148.88 and 403.46 
Å3 in complexes I-III/V, respectively. The void in the crystal packing of 
complexes I-III/V are 11.4 %, 14.8 %, 10.8 % and 13.8 %, respectively 
which indicates that there is no large cavity in the crystal packing of 
complexes I-III/V. 

UV–vis spectra 

In the electronic spectra of complexes (I/IV), the maximum of the 
absorption band in the region of 202.6 nm, which is present in the 
spectra of ligands HL1 and HL2, is shifted to the short-wavelength part of 
the spectrum, which is typical for transitions associated with charge 
transfer in ligands HL1 and HL2. However, there are no transitions due to 

Fig. 7. Hirshfeld surface plotted over shape index in the range − 1 to 1 a.u., for (a) I, (b) II, (c) III, (d) V.  
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Fig. 8. 2D finger print lot for the overall interactions and for important interatomic contacts with Hirshfeld surface part in I.  
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the ligand field, which should appear in the visible region of the spec
trum. In solutions of complexes III and V, weak intermolecular in
teractions occur, mainly due to the second ligand (o-phenanthroline). 
Compared to the spectrum of pure o-phenanthroline, the spectra of 

complexes III and V show a slight bathochromic shift from 264 nm to 
265.6 nm in complex V and up to 268.6 nm in complex III. Complex III 
also exhibits a hypsochromic shift of the 230.2 nm band to 225.4 nm. 

Results of studying the bactericidal activity of the compounds 

The antimicrobial activity of the synthesized compounds (HL1, HL2, 
I, IV) was studied (Table 5). Compounds (I, IV) were found to possess 
bactericidal activity. The starting ligands (HL1, HL2) are not bacteri
cidal. The antibacterial activities of the complexes are probably due to 
their stability, as a result of which they have more free ions in solution 
which enhances the cooperative interaction between the metal ions and 
the ligand and involves the formation of a hydrogen bond through the 
nitrogen or sulfur atom in the complexes with the active centers of the 
cell constituents, resulting in interference with the normal cell process. 
The chelation tends to make the complex act as more powerful and 
potent bacterial agents, thus killing more bacteria than the ligand. The 
chelation increases the lipophilic character of the metal chelate com
pound and favors its permeation through the lipoid layers of the bac
terial membranes and thus retards the normal cell processes. 

Theoretical study 

The interaction energy between the molecular pairs provide a vital 
information about the crystal packing environment in the single crystals. 
In this prospective, we are going to explore the interaction energy be
tween molecular pairs and energy frameworks for the non-polymeric 
crystal structures (II/III/V). The interaction energy between molecu
lar pairs is the sum of four types of energies named as electrostatic 
coulomb energy (Eele), polarization energy (Epol), dispersion energy 
(Edis) and repulsive energy (Erep) [45]. Electrostatic energy between 
molecular pairs can be attractive or repulsive whereas dispersion and 

Fig. 9. Graphical representation of the contacts with contribution in the crystal packing greater than 0.9% except for the first five most important contacts for (a) I, 
(b) II, (c) III, (d) V. 

Table 4 
Enrichment ratio of the pair of chemical species in complex I. Enrichment ratio 
of the pair of the chemical species for which random contact is less than 0.9% is 
not calculated.  

Contact % Atom H C N S Cl Cd 
H 6.7 9 15.4 10.7 15.4 3.1 
C 9 5.6 2.9  1.3 0.6 
N 15.4 2.9 4.1 1.6 3.2 5.4 
S 10.7  1.6 1.5  10.5 
Cl 15.4 1.3 3.2  0.8  
Cd 3.1 0.6 5.4 10.5  0.2  

Surface%  33.5 12.5 18.35 12.9 10.75 10  

Random Contacts 
% 

Atom H C N S Cl Cd 
H 11.22      
C 8.38 1.56     
N 12.29 4.59 3.37    
S 8.64 3.23 4.73 1.66   
Cl 7.20 2.69 3.95 2.77 1.16  
Cd 6.70 2.50 3.67 2.58 1.08 1.00  

Enrichment ratio Atom H C N S Cl Cd 
H 0.60      
C 1.07 3.58     
N 1.25 0.63 1.22    
S 1.24 0.00 0.34 0.90   
Cl 2.14 0.48 0.81 0.00 0.69  
Cd 0.46 0.24 1.47 4.07 0.00 0.20  
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polarization energies are always attractive. The electrostatic energy and 
dispersion energy are the major contributor in defining the total inter
action energy between molecular pairs. Fig. 11(a-f) shows the energy 
frame works of electrostatic and dispersion energy for complex II/III/V. 
The width of the cylinder that connects the molecular centers is directly 
proportional to the strength of the interaction energy. For complex II, 
the width of cylinder for electrostatic and dispersion energy is almost 

equal which inferred that the contribution of both energies in defining 
the total energy is almost same. This is also clear from Fig. 11g which 
showed that for complex II, the percentage contribution of electrostatic 
and dispersion energy is 40.2 % and 43.7 %, respectively. The situation 
is quite different in case of complex III and V. In complex III and V, the 
contribution of dispersion energy is significantly larger than the 
contribution of the electrostatic energy. Total attractive energy among 
the molecular pairs is greatest for complex II (− 257.6 kJ/mol) and 
smallest for complex III (− 50.5 kJ/mol). 

Conclusion 

In the current research work, we explored the synthesis of cadmium 
complexes (I-V) containing heterocyclic ligands. The synthesized com
pounds are characterized by 1H, 13C NMR, UV–vis spectroscopy and 
elemental analysis. Furthermore, the single crystal of the complexes I- 
III/V are characterized by X-rays diffraction technique. The supramo
lecular assembly of the complexes I-III/V is explored by Hirshfeld sur
face analysis in order to elaborate the non-covalent interactions. 
Enrichment ratio is computed for all the possible pair of chemical spe
cies in complexes I-III/V which inferred that Cd-S, Cd-S are the contacts 
of highest propensity of form the crystal packing interactions in complex 
I and II, respectively whereas C–C contact has the highest propensity in 

Fig. 10. Graphical view of voids in the crystal packing of (a) I, (b) II, (c) III, (d) V.  

Table 5 
Bactericidal effect of 1% solutions compounds (HL1, HL2, I, IV) in DMSO.  

Compound Staphylococcus aureus Escherichia coli 

D zones of 
growth 
inhibition, 
mm 
(ignoring 
well 
diameter) 

characteristic of 
bactericidity 

D zones of 
growth 
inhibition, 
mm 
(ignoring 
well 
diameter) 

characteristic of 
bactericidity 

HL1 1 Nonbactericidal 0 Nonbactericidal 
HL2 3 Nonbactericidal 2 Nonbactericidal 
I 18 Bactericidal 20 Strongly 

bactericidal 
IV 10 Bactericidal 10 Bactericidal  
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case of complex III and V. Void analysis conformed that the molecules 
are strongly packed in complexes I-III and V. The interaction energy 
between molecular pairs and energy frameworks for non-polymeric 
crystal structures (II/III/V) specify the role of various kinds of interac
tion energies in stabilization of the crystal packing. The compounds I 
and IV showed bactericidal activity against Staphylococcus aureus and 
Escherichia coli. 
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