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a b s t r a c t 

A novel pyrazole-based Co(II) complex, namely dichloro-tetrakis(1H-pyrazole)-cobalt(II), was synthesized 

and characterized. Its X-ray crystal structure showed that it crystallizes in the monoclinic C 2/ c space 

group with discrete [CoPz 4 Cl 2 ] units held together via intra- and intermolecular hydrogen bonds. The 

non-covalent interactions were explicitly analyzed by means of the topological and Hirshfeld surface 

analyses, revealing the presence of 0-periodic binodal 1,6-connected 1,6M7 –1 and 14-connected unin- 

odal bcu–x topologies built up through N—H…Cl and C—H…Cl hydrogen-bonding networks in addition 

to weak non-classical H…H, N 

–H…C, C –H…N, N—H…π , π…lp / lp …π and lp …lp interactions. Addition- 

ally, interactions energy and energy frameworks analyses were performed in order to compute the total 

energies of the possible intermolecular interactions. The empty space in the crystal lattice was analyzed 

using void mapping which lead to the presence of small cavities. The structure was furthermore opti- 

mized showing a very good agreement with the experimental results, the molecular electrostatic poten- 

tial (MEP) maps were obtained with their active regions and the non-linear optical properties estimated. 

Additionally, the optical properties of the title complex were investigated at room temperature using op- 

tical UV-visible absorption and photoluminescence spectroscopy, exhibiting π → π ∗, n → π ∗, d → d and 

ligand-field transitions which result in a large variety of emission bands predominant by a bright red 

photoluminescence. An in silico study was carried out and the binding ability of the title complex with 

Staphylococcus aureus tyrosyl-tRNA synthetase and Pyrococcus kodakaraensis aspartyl-tRNA synthetase was 

evaluated displaying a good inhibition activity towards the last one. 

© 2021 Elsevier B.V. All rights reserved. 
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. Introduction 

Heterocyclic compounds containing nitrogen, oxygen and sulfur, 

nd their metal complexes are biologically active materials toward 

acteria, fungi and viruses [1–5] . Especially, pyrazole-based ones, 

eferred to hereafter as Pz, are applied in the pharmaceutical and 

grochemical fields [6] . The pyrazolate ligand can exhibit three co- 

rdination modes. It can act as a monodentate (pyrazole-N) and 

xo-bidentate (pyrazole N,N) or an endo-bidentate ligand [ 7 , 8 ]. In 

ost cases, the pyrazolate ligand coordinates in an exo-bidentate 

ashion, thus linking two metal centres that may be identical or 
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ifferent. Recent studies have described the catalytic activity of 

yrazolate complexes [ 8 , 9 ] under mild conditions, thus encourag- 

ng the exploration of these ligands. 

In fact, since the first review of pyrazole-derived ligands ap- 

eared in 1972 [10] , the coordination chemistry of Pz and its 

erivatives has strongly evolved over the last two decades [11] . 

z derivatives have many other applications such as analgesic [12] , 

ntibacterial [13] , anti-hyperglycemic [14] , anti-inflammatory [15] , 

ntipyretic [16] , hypoglycaemic [17] and sedative hypnotic activ- 

ties [18] . The ones such as celecoxib, rimonabant, fomepizole and 

ildenafil were established as selective drugs [19] . In fact, celecoxib 

emonstrated anti-inflammatory effect and inhibited cox-2 [20] , 

hile rimonabant is a cannabixiod receptor and is used for obe- 

ity treatment. Bindenafil and fomepizole inhibit phosphodiesterase 

https://doi.org/10.1016/j.molstruc.2021.130266
http://www.ScienceDirect.com
http://www.elsevier.com/locate/molstr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2021.130266&domain=pdf
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nd alcohol dehydrogenase, respectively [21] . Some Pz derivatives 

lso have nonnucleoside HIV-1 reverse transcriptase inhibitory ac- 

ivities [21–24] . The transition metal Pz complexes are also active 

etallobiomolecules. The acid and amido derivatives of Pz com- 

ounds are important heterocycles for the synthesis of metallo- 

iomolecules [25] . Copper- and cobalt-Pz complexes showed excel- 

ent antibacterial and antifungal activities [26–28] . Especially, Cu- 

omplexes were synthesized to screen the biological activities and 

ome of them were active both in vivo and in vitro [ 20 , 28 ]. 

Hydrogen bonding in coordination compounds is an important 

ssue as it can often explain the formation and/or stability of an 

nusual coordination compound. The matter is well known in gen- 

ral and has been reviewed a few times [29] . A recent review on

z and hydrogen bonds is available [30] . However, when coordi- 

ating counter anions like halides were used, many quite stable 

ompounds of formula [M(Hpz) 4 X 2 ] were found for several transi- 

ion metal ions with pyrazoles and substituted-pyrazoles [30–35] . 

ntramolecular hydrogen bonding was found in such cases and dis- 

ussed in some details, so far mainly for nickel(II) [ 31 , 36 ]. 

In this report, we explore the synthesis, crystal structure 

nd intermolecular interactions exhibited by dichloro- tetrakis (1H- 

yrazole)-cobalt(II) via topological and Hirshfeld surface analyses. 

dditionally, we report herein the optical and photoluminescence 

roperties of the mentioned material which exhibited a strong 

ed emission. Furthermore, the quantum chemical calculations of 

he title complex were performed at HF/6–31 + G(d)(LANL2DZ) and 

3LYP/6–31 + G(d)(LANL2DZ) levels in vacuum. The best calcula- 

ion level is determined as B3LYP/6–31 + G(d)(LANL2DZ). The con- 

our diagrams of single occupied molecular orbital (SOMO) and the 

owest unoccupied molecular orbital (LUMO) were calculated and 

xamined in detail. Additionally, the electrostatic potential (ESP) 

harges were calculated to obtain the molecular electrostatic po- 

ential (MEP) map. The non-linear optical (NLO) properties were 

heoretically investigated against urea which is mainly used as a 

eference substance in the investigations of NLO properties. In this 

nalysis, some quantum chemical parameters were calculated and 

xamined categorically. Moreover, we carried out an in silico study 

n order to evaluate the binding effect of the Co(II) complex to- 

ards Staphylococcus aureus tyrosyl-tRNA synthetase and Pyrococ- 

us kodakaraensis aspartyl-tRNA synthetase. 

. Materials and methods 

.1. Synthesis 

To equimolar quantities of pyrazole (0.136 g, 2 mmol) and CoCl 2 
0.260 g, 2 mmol), separately dissolved in a mixture of methanol 

10 mL) and water (10 mL) and stirred together at 60 °C for one 

our, 5 mL of hydrochloric acid was added drop wise. The result- 

ng solution was then filtered and left at room temperature for sev- 

ral days leading to pinkish-purple block-like crystals of dichloro- 

etrakis (1H-pyrazole)-cobalt(II) ( 1 ). 

.2. Single-crystal X-ray diffraction 

Single-crystal X-ray diffraction data collection for the title com- 

lex was performed on an Agilent Xcalibur Gemini S single-crystal 

iffractometer, using MoK α radiation ( λ = 0.71073 Å) at room 

emperature. The crystal structure was solved by direct methods 

sing SIR2014 [37] and refined by full-matrix least-squares meth- 

ds against F 2 using SHELXL2014 [38] , implemented in the WinGX 

oftware package [39] . All non-H atoms were anisotropically re- 

ned, while H atoms were obtained from the difference Fourier 

aps and refined riding on their parent atoms with fixed isotropic 

isplacement parameters. The crystallographic calculations were 

arried out using the following programs: CrysAlis CCD for data 
2 
ollection, CrysAlis RED for cell refinement and data reduction 

40] . Diamond [41] was used for molecular graphics. Full struc- 

ural details might be found in the CIF deposited at the Cambridge 

rystallographic Data centre, CCDC No 2032295. These data can 

e obtained free of charge via http://www.ccdc.cam.ac.uk/conts/ 

etrieving.html , or from the CCDC, 12 Union Road, Cambridge, CB2 

EZ, UK: fax: ( + 44) 01223–336–033; e-mail: deposit@ccdc.cam.ac. 

.3. Theoretical calculations 

Interest in computational chemistry has been increased in the 

ecent years [42–44] . Quantum chemical analyses of the title com- 

ound were performed by using HF and B3LYP methods with 6–

1 + G(d)(LANL2DZ) mix basis set in vacuum. The optimized struc- 

ure and geometric parameters were obtained from these calcula- 

ion results and compared with the experimental ones. Quantum 

hemical calculations were performed by GaussView 5.0.9 [45] and 

aussian 09 AS64L-G09RevD.01 [46] programs. Hartree-Fock (HF) 

nd Becke-3-LeeYangParr (B3LYP) methods were used with mix ba- 

is set, LANL2DZ was used for metal atoms and 6–31 + G(d) was 

sed for the other atoms in the complex. Additionally, urea was 

ptimized using the same level of theory. Furthermore, quantum 

hemical descriptors were calculated by using Eqs. (1) – (9) . 

 = −E HOMO (1) 

 = −E LUMO (2) 

 GAP = E LUMO − E HOMO (3) 

= 

I − A 

2 

= 

E LUMO − E HOMO 

2 

(4) 

= 

1 

η
(5) 

O = 

1 

E GAP 

(6) 

= 

| I + A | 
2 

= 

| −E HOMO − E LUMO | 
2 

(7) 

P = −χ (8) 

N Max = −CP 

η
(9) 

.4. Physical measurements 

.4.1. UV spectroscopy 

The optical absorption spectrum of the studied compound was 

easured at room temperature using a conventional UV–vis ab- 

orption spectrometer (Shimadzu UV 3101). 

.4.2. Photoluminescence 

Solid photoluminescence spectra were measured using a time- 

esolved Edimbugh Instruments FLSP920 spectrofluorimeter with a 

ed-PMT detector and a Xenon bulb as excitation source. 

.5. Molecular docking 

Molecular docking calculations were done against Staphylococ- 

us aureus tyrosyl-tRNA synthetase and Pyrococcus kodakaraensis 

spartyl-tRNA synthetase by using Maestro 12.2 program [47-52] . 

he related proteins were selected from protein data bank web tool 

s 1JIL [53] and 1B8A [54] , respectively. 

http://www.ccdc.cam.ac.uk/conts/retrieving.html
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Table 1 

Crystallographic data for (1). 

Compound CoPz 4 Cl 2 

Systematic name dichloro- tetrakis (1H-pyrazole)-cobalt(II) 

CCDC No 2032295 

Empirical formula C 12 H 16 Cl 2 CoN 8 

Formula weight/g ·mol −1 402.16 

Temperature/K 293(2) 

Wavelength/ ̊A 0.71073 

Crystal system Monoclinic 

Space group C2/c 

Unit cell dimensions 

a ( ̊A) 13.6170(1) 

b ( ̊A) 9.2934(5) 

c ( ̊A) 14.9550(1) 

β ( °) 117.920(1) 

Cell volume/ ̊A 3 1672.2(3) 

Z 4 

Calc. Density/g ·cm 

−3 1.597 

Absorption coefficient/mm 

−1 1.36 

F(000) 820 

Crystal size (mm 

3 ) 0.25 × 0.15 × 0.15 

Theta range for data collection/ ° 3.4 to 31.4 

Index ranges −19 ≤ h ≤ 19, -13 ≤ k ≤ 12, 

−21 ≤ l ≤ 21 

Reflections collected 

Independent reflections 9782 

2744 [R(int) = 0.034] 

Completeness to θmax 98% 

Absorption correction Refined (XABS2) 

Max. and min . transmission 0.816 and 0.783 

Refinement method Full-matrix least-squares on F 2 

Data / restraints / parameters 2744 / 12 / 106 

Goodness-of-fit on F 2 1.04 

Final R indices [I > 2sigma(I)] R 1 = 0.0424, wR 2 = 0.0952 

R indices (all data) R 1 = 0.0634, wR 2 = 0.1057 

Largest diff. peak and hole/e ·Å −3 0.36 and −0.30 
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Table 2 

Selected experimental and calculated geometric parameters in ( 1 ) ( ̊A, 

°). 

Bond distances 

Experimental Calculated 

HF Method B3LYP Method 

Co1—N3 2.1052(17) 1.860 1.997 

Co1—N1 2.1253(18) 1.860 1.997 

Co1—Cl1 2.5700(6) 2.150 2.759 

N3—C6 1.323(3) 1.402 1.338 

N3—N4 1.337(3) 1.392 1.348 

N1—N2 1.334(3) 1.392 1.348 

N1—C3 1.337(3) 1.402 1.338 

N2—C1 1.362(4) 1.392 1.349 

N4—C4 1.333(3) 1.392 1.349 

C3—C2 1.366(4) 1.435 1.408 

C6—C5 1.380(3) 1.435 1.408 

C1—C2 1.355(5) 1.402 1.389 

C5—C4 1.357(4) 1.402 1.389 

Bond angles 

N3—Co1—N3 i 180 180.00 179.99 

N3—Co1—N1 87.51(7) 90.00 90.23 

N3 i —Co1—N1 i 87.51(7) 90.00 90.23 

N3 i —Co1—N1 92.49(7) 90.00 89.77 

N3—Co1—N1 i 92.49(7) 89.99 89.77 

N1—Co1—N1 i 180 180.00 179.99 

N3—Co1—Cl1 89.57(5) 90.00 91.21 

N3 i —Co1—Cl1 90.43(5) 90.00 88.79 

N3 i —Co1—Cl1 i 89.57(5) 89.99 91.20 

N3—Co1—Cl1 i 90.43(5) 90.00 88.80 

N1—Co1—Cl1 90.96(5) 89.99 91.18 

N1 i —Co1—Cl1 i 90.96(5) 90.00 91.20 

N1 i —Co1—Cl1 89.04(5) 90.00 88.81 

N1—Co1—Cl1 i 89.04(5) 90.00 88.81 

Cl1—Co1—Cl1 i 180 180.00 179.99 

Symmetry code ( i ): –x + 3/2, −y + 3/2, −z + 1. 

Table 3 

Hydrogen-bond geometry in the crystal structure of ( 1 ) ( ̊A, °). 

D—H 

•••A D—H H 

•••A D •••A D—H 

•••A 

N2—H2N 

•••Cl1 ii 0.86 3.05 3.739 (3) 139 

N4—H4N 

•••Cl1 0.86 2.53 3.138 (2) 129 

C3—H3 •••Cl1 0.93 2.74 3.324 (2) 121 

Symmetry code ( ii ): x + 1/2, y − 1/2, z . 
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. Results and discussion 

.1. Structural study 

.1.1. Crystal structure description 

The detailed crystallographic data and the structure refinement 

arameters are collected in Table 1 . Selected bond distances and 

ngles for ( 1 ) are given in Table 2 , while Table 3 records the

ydrogen-bonding networks. Fig. 1 a depicts the asymmetric unit 

ell, with the numbering of the atoms in ( 1 ), which contains 12

on hydrogen atoms, including one Co 2 + , one Cl − and two pyra- 

ole “Pz” groups (C 3 H 3 N 2 H). 

It is worth to be noted that the crystal structure of ( 1 ) was early

olved by Malecki [55] however it was never discussed and fully 

tudied. ( 1 ) is isostructural to its isoformular Mn ( 2 ), Ni ( 3 ) and

u ( 4 ) compounds [56–68] . They all crystallize in the monoclinic 

pace group C2/c, with the divalent 3 d ion (M 

2 + ) ion occupying 

n inversion center and their 3D framework is built upon discrete 

MPz 4 Cl 2 ] units as shown in Fig. 1 b. 

The four coordinated Pz ligands are arranged about the Co 2 + 

enter in a square-planar configuration with the two chloride ions 

ccupying the apical positions, according to a d 2 sp 3 hybridation of 

he Co 2 + ( d 7 ) ion in a distorted octahedral coordination scheme at 

n average distance of 2.15 Å ( Fig. 1 b, Table 2 ). The d Co–N distances

ange between 2.1052(17) and 2.1253(18) Å, typical of M(II)–N dis- 

ances (av. 2.01045 Å [66] and 2.008 Å [67] ) in ( 1 ). The M(II) –Cl

onds appear to be slightly longer, 2.5700(6) Å, which might origi- 

ate from the lone-pair electrons on Cl − and the hydrogen bonding 

etween the Cl − ions and N 

–H groups of two Pz ligands [69] . It is

owever shorter than such bonds in the Cu homologous complex 

e previously reported; 2.8226(4) Å [66] . 
3 
A bibliographical survey showed that twelve structures with 

o 2 + -containing Pz ligands have been reported in the literature. 

he most common coordination for Co(II) in these structures is 

etrahedral, except in four cases, where the coordination is octahe- 

ral [70–73] . The Co–N bond distances in ( 1 ) are similar to those

ound in these four structures. 

According to the formula �oct = 1/6 ∗�[( d i - d m 

)/ d m 

] 2 [ 74 , 75 ], the

ond-length distortion for the Co 2 + octahedron is of 1.03 •10 −2 , 

hich indicates slight distortion, with N1 –Co –N1 i and N3 –Co –N3 i 

ngles almost planar ( Table 2 ). Such value is to compare with the 

istortion in known [MPz 4 Cl 2 ] complexes; Mn: 4.6 •10 −3 [56] , Ni: 

.5 •10 −3 [59] and Cu: 2.9 •10 −2 [61] . 

This structure is stabilized by weak inter- and intramolecular 

ydrogen bonds ( Table 3 ). Opposing Pz ligands are coplanar with 

ne another but inverted through Co 2 + , with no significant cant- 

ng of the ligand with respect to the Cl–Co(II)–Cl axis. The crystal 

acking involves intermolecular π–π stacking between Pz ligands 

f neighboring complexes along the crystallographic c -axis, form- 

ng repeating sets of two mirrored columns of complexes along 

he crystallographic a -axis ( Fig. 1 c). The channels are slightly cant- 

ng to accommodate the ligand interactions, the dihedral angle be- 

ween the facing Pz is of 75.2 ° Hydrogen bonding between Cl − and 

he Pz N–H proton occurs with a Cl…H distances as depicted on 

able 3 . Similar such H-bonds ensure the cohesion between neigh- 

oring channels as shown in Fig. 1 c. 
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Fig. 1. (a) Asymmetric unit of ( 1 ), ellipsoids drawn at 50%; (b) discrete [MPz 4 Cl 2 ] unit in the crystal structure of ( 1 )-M(II), M = Mn, Co, Ni and Cu; and (c) a projection along 

[010] of the crystal structure of ( 1 ), dashed lines represent the H-bonds forming and linking the defined channels. 
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.1.2. Topological analysis 

The crystallographic packing can be more conveniently de- 

cribed using a typical topological approach in which the networks 

re simplified to central nodes and bridging rods. Based on pure 

athematical concepts applied to crystal chemistry and by tak- 

ng into consideration the connectivity of the individual building 

locks, this procedure provides the immediate taxonomy of the 

tructural frameworks, allowing consequently the comparison of 

he studied structures with the similar ones reported in the lit- 

rature [76–80] . The topological studies were performed using the 

oftware package ToposPro [81] . 

Accordingly, the standard representation of the title compound 

erformed by taking into account the cobalt cations, the pyrazole 

igands and the counter-ions as the central nodes of the net, where 
4 
he nodes are the gravity centers of each unit, gave a 0-periodic 

inodal 1,6-connected 〈 13:bold 〉 1,6M7 –1 〈 /13:bold 〉 underlying net, 

ith stoichiometry (1-c) 6 (6-c) ( Fig. 2 a). The title compound share 

his topology with the other isostructural complexes mentioned 

bove ( 2 ) [ 56 , 57 ], ( 3 ) [ 58 , 59 ] and ( 4 ) [60–68] , assuming that they

ll were analyzed over the standard representation of coordination 

ompounds and valence-bonded MOFs. 

In order to simplify the structure further ( Fig. 2 b), it could be 

nalyzed over another simplified description by adopting the same 

implification means of the molecular structure linked through all 

he existing hydrogen bonds and van der Waals interactions built 

p from the counter-ions as acceptors ( Fig. 3 a). Thus, if the dis- 

rete molecules of the title complex are regarded as 14-connected 

odes ( Fig. 3 b), the resulting three-dimensional framework can be 

https://topcryst.com/i.php?show=0874c696-3a5a-4baa-b408-553d277c2c47cedbname=sctmscetopology=1,6M7-1cettdcode=850412cexrefcode=undefined
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Fig. 2. Topological views through the c -axis of (a) the 0-periodic binodal simplified net; and (b) the three-dimensional bcu-x framework. 

5 
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Fig. 3. (a) Hydrogen bonds and van der Waals interactions around the discrete complex molecules adopted in the simplification procedure; (b) a schematic representation of 

the resulting 14-connected nodes; and (c) the new 7-nodal topology resulting from the standard representation of covalent and ionic compounds. 
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ltimately reduced to a 14-connected uninodal body-centered cu- 

ic bcu–x net [82] (referenced as sqc38 in the EPINET [83] ), as 

hown in Fig. 2 b, with the point symbol (3 36 .4 48 .5 7 ). Furthermore,

y considering the centroids of each atomic entity composing the 

itle complex, the structure could be simplified to a new topo- 

ogical 7-nodal 1 3 ,3 3 ,6-connected underlying net, with stoichiome- 

ry (1-c) 8 (1-c) 8 (1-c) 2 (3-c) 8 (3-c) 8 (3-c) 4 (6-c), as a standard represen- 

ation of covalent and ionic compounds, as depicted in Fig. 3 c. 

.1.3. Hirshfeld surface analysis 

Traditional hydrogen bonding, van der Waals forces, and non- 

lassical π…π and C 

–H…π interactions play important roles in 

tabilizing the crystal packing of solid-state materials. In order to 

xplore the nature of the intermolecular interactions found in the 

itle compound, to quantify them and estimate their contribution 

oward its crystal structure stability, a detailed Hirshfeld surface 

nalysis of ( 1 ) was performed. The Hirshfeld surfaces HS s, the fin-
6 
erprint plots FP s, the interaction energies and the energy frame- 

orks [84] were calculated using CrystalExplorer17 [85] . The com- 

lete and the decomposed 2D FP s for the title complex visualiz- 

ng the overall distribution and the percentage contribution of each 

ontact are shown in Fig. 4 . The largest contribution over the to- 

al HS of 54.2% was observed for the H…H contacts, which are 

ound to be located in the middle of the scattered points in the 

P ( Fig. 4 b) with a shortest distance corresponding to d e = d i ~

.18 Å and the close interaction C1—H1…H3—C3/C3—H3…H1—C1 

ighlighted on the curvedness representation ( Fig. 5 a). 

The next two contacts with the second significant contribu- 

ions to the total HS are H…C/H…C ( Fig. 4 c) and H…Cl/Cl…H 

 Fig. 4 d) which cover respectively 21.8% and 11.0% of the over- 

ll surface. They consequently reveal the existence of the N—

…π / π…H—N (and C—H…π / π…H—C) and C—H…Cl/Cl…H—C 

and N—H…Cl/Cl…H—N) interactions which are visualized as deep- 

ed spots between the corresponding donors and acceptors on the 
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Fig. 4. Graphical representation of the (a) 2-dimensional fingerprint plot and the decomposed ones showing the relative contribution of the various (b) H…H, (c) C…H/H…C, 

(d) Cl…H/H…Cl, (e) N…H/H…N, (f) C…N/N…C, (g) C…C and (h) N…N contacts around the cocrystal of the title compound. 
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S mapped over d norm 

( Fig. 5 b). This is confirmed by the HS dis-

layed as the d i and d e representations showing the reciprocal 

hortest interactions N4 –H4…C2 ( Fig. 5 c) and C2…H4 –N4 ( Fig. 5 d)

ppearing at d e + d i ~ 2.70 Å. Additionally, the HS mapped over 

 norm 

( Fig. 5 b) exhibits another short interaction, being 2.70 Å long, 

nvolving N4 as a donor and C3 as an acceptor. As for the shortest 

ydrogen bond C3—H3…Cl1 described above in the crystal struc- 

ure description section, it appears as two sharp long spikes in the 

orresponding FP ( Fig. 4 d) at about d e + d i ~ 2.80 Å and is depicted

n Fig. 5 b by generating a d norm 

surface. 

Fig. 4 e shows the distribution of the N…H/H…N contacts in- 

icated as two wings, in the upper left and lower right of 

he FP , and their proportion of about 8.9% resulting from the 

4 –H4…N2/N2…H4 –C4 intermolecular interactions which corre- 

pond to a short length of around 2.8 Å. Furthermore, the pres- 

nce of the C…N/N…C and N…N contacts reflects the presence of 

he van der Waals π…lp / lp …π and lp …lp interactions, which com- 

rise respectively 2.5% ( Fig. 4 f) and 0.2% ( Fig. 4 h) of the total HS

rea with respectively d e + d i ~ 3.55 Å and d e = d i ~ 2.5 Å. The

…C contacts count only for 1.3% of the overall HS ( Fig. 4 g). Ac-

ordingly, no significant π…π stacking are observed and the clos- 

st ring centroid-to-ring centroid distance is about 3.68 Å. 

.1.4. Interactions energy (IE) and energy frameworks (EF) analysis 

In order to shed a light on the interaction topology in the crys- 

al packing of ( 1 ), energy framework analysis was performed, in 

hich the values of interaction energies IE are used to construct 

he three-dimensional topology of interactions that are termed as 

nergy frameworks EF s [ 84 , 86 ]. Therefore, the IE s between pairs

f molecules were obtained by applying the CE-B3LYP/6–31G( d,p ) 

unctional/basis set combination. The IE is broken down as: 

 tot = E ele + E pol + E dis + E rep 

 ele E ′ ele + k pol E ′ pol + k dis E ′ dis + k rep E ′ rep 
7 
here the k values are scale factors with E ele stands for the electro- 

tatic component, E pol the polarization energy, E dis the dispersion en- 

rgy and E rep the exchange-repulsion energy [ 86 , 87 ]. Table 4 shows

he results of the IE calculations for ( 1 ) given by respective colors. 

he total energies of the possible intermolecular interactions are in 

he range [ −0.5, −41.1] kJ •mol −1 , whereas, the lattice energy for the 

itle complex is found to be −191.4 kJ •mol −1 . The magenta-colored 

olecule with symmetry operation ( x + ½, y + ½, z ) located at about

.24 Å from the centroid of the selected molecule has shown the 

ighest total interaction energy E tot of −41.1 kJ •mol −1 , while the 

lue-colored one, being at a distance of 12.25 Å from the same 

entroid and having the symmetry code (- x, y , - z + ½), has displayed

he lowest total interaction energy of −0.5 kJ •mol −1 . 

A view along the c -axis of the symmetry molecules around the 

entral one are graphically highlighted in Fig. 6 a by respective col- 

rs and the EF diagrams are further represented. In an EF , the 

ylinder radius correlates with the strength of the intermolecu- 

ar interaction. Consequently, the weaker interactions are running 

hrough the vertical columns along [010] and the ones emerging 

ransversely. However, the much stronger interactions are observed 

etween molecules making up bigger bundles developing diago- 

ally and crosswise the previously mentioned ones. Here, two dif- 

erent types of interactions interconnecting the vertical tubes in a 

igzag fashion with different energies are observed; the large cylin- 

rical tubes of the total energy, dispersion and electrostatic terms 

 E tot = −41.1 kJ •mol −1 , E dis = −13.9 kJ •mol −1 and E ele = −28.0

J •mol −1 ) and the large diameter ones with ( E tot = −37.7 kJ •mol −1 ,

 dis = −49.5 kJ •mol −1 and E ele = −11.1 kJ •mol −1 ). Thus, these

ig diagonal cylinders, made of the N 

–H…Cl hydrogen bonding, 

ave greater electrostatic components ( E ele = −28.0 kJ •mol −1 ) which 

hows that these hydrogen bonds result in significantly favor- 

ble intermolecular attractive forces, surpassing the strength of 

he columnar H…H contacts ( E ele = −8.2 kJ •mol −1 ) and the inter- 

olumnar van der Waals C—H…π , C—H…lp ( E ele = −11.1 kJ •mol −1 ) 

nteractions. Furthermore, the total interaction energy and the dis- 
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Fig. 5. (a) Shortest H…H contact drawn on the curvedness representation; (b) HS mapped with d norm showing the N—H…π / π…H—N and C—H…Cl/Cl…H—C interactions; (c) 

d i ; and (d) d e surfaces resulting from the shortest N4 –H4…C2 and C2…H4 –N4 interactions. 

Table 4 

Interaction energies in the framework of (1) (kJ •mol −1 ). N refers to the number of molecules with an R molec- 

ular centroid-to-centroid distance ( ̊A). 

N Primary interaction Symmetry code R E ’ ele E ’ pol E ’ dis E ’ rep E ’ tot 

2 H…H x, y, z 9.29 −12.2 −3.5 −15.6 11.7 −21.9 

4 C –H…Cl, H…H - x + ½, y + ½, - z + ½ 8.80 −8.2 −2.2 −29.2 17.5 −24.9 

2 N—H…π , C –H…Cl - x, y , - z + ½ 7.39 −16.9 −8.9 −46.6 39.9 −40.4 

2 C—H…π , C—H…lp x + ½, y + ½, z 8.24 −11.1 −2.7 −49.5 31.0 −37.7 

2 π…π , C—H…π - x, y , - z + ½ 12.25 1.1 −0.1 −1.8 0.0 −0.5 

2 N 

–H…Cl x + ½, y + ½, z 8.24 −28.0 −6.5 −13.9 8.7 −41.1 

Scale factors used to calculate E tot : k ele = 1.057, k pol = 0.740, k dis = 0.871 and k rep = 0.618 [87] . 

8 
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Fig. 6. (a) Color coding of neighboring molecules with respect to the central molecule; (b) EF diagrams viewed through the c -axis of the separate electrostatic; (c) dispersion 

components of (1); and (d) the corresponding total interaction energy. The energy factor scale is 80. 

9 
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Fig. 7. A perspective view of the voids in ( 1 ) mapped at the 0.002 a.u. isosurface. 
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ersion term for ( I ) show parallel horizontal cylindrical tubes with 

arge diameters across the ( ac ) planes in which the intercolumnar 

—H…π and C 

–H…Cl interactions occur ( E tot = −40.4 kJ •mol −1 

nd E dis = −46.6 kJ •mol −1 ). 

From the EF analysis, it can be said that the dispersion compo- 

ents dominate the electrostatic ones of the total interaction ener- 

ies , with one exception, namely the diagonal crosswise interaction 

ound at 8.24 Å, which indicates the strength of the N 

–H…Cl hy- 

rogen bond. These findings show that it can be consequently said 

hat the magnitude of the dispersion energies closely mirrors the 

otal energies ; and thus the electrostatic term is mainly canceled by 

epulsion. 

.1.5. Void mapping 

The empty space in the crystal lattice of ( 1 ) was analyzed using 

oid mapping which is related to the anisotropic properties of the 

olecular solid. The mapping of void space in the crystal lattice is 

resented by rolling a probe sphere of the variable radius over the 

S [88] . Hence, Fig. 7 highlights the voids within the title complex 

apped by constructing isosurfaces of the procrystal electron den- 

ity of 0.002 a.u. The surface area is found to be 546.66 Å 

2 and the

alculated voids volume is 141.35 Å 

3 , while the volume of the unit 

ell is 1672.2 Å 

3 leading consequently that the percentage of the 

oids in the unit cell of ( 1 ) worth 8.45% which confirms that the

avities are not large. 

.2. Computational results 

.2.1. Geometric structure at ground state 

The optimized structures of the title complex are calculated 

t the mentioned calculation levels and represented in Fig. 8 a. 

he experimental and calculated geometric parameters given in 

able 2 compare well. 

In order to determine the best calculation method which will 

e adopted for the remaining calculations, the distribution graphs 

ere plotted by using both the experimental and calculated re- 

ults. Thus, the regression coefficients (R 

2 ) are calculated as 0.7268, 

.9985, 0.9348 and 0.998 for bond lengths in HF method, bond an- 

les in HF method, bond lengths in B3LYP method and bond an- 

les in B3LYP method, respectively. These graphs are represented 

n Fig. 8 b, and show that the best method reproducing the experi- 

ental data is B3LYP. Especially, for the bond lengths in the B3LYP 

ethod which are calculated quite well. However, the bond angles 

re similar in each calculation level. Therefore, B3LYP method is 

aken into consideration for the other calculation stages. 

.2.2. MEP map and contour diagram of SOMO and LUMO 

Molecular electrostatic potential (MEP) map are important to 

nvestigate the active regions, hence, the MEP map of ( 1 ) was cal- 
10 
ulated and represented in Fig. 9 a. In this map, electronically rich 

egions are mainly displayed in red or yellow while electronically 

oor ones are shown in blue. Blue regions are dominant around 

he hydrogen atoms in the title complex, while red regions, ap- 

ropriate for nucleophilic attacks, are mainly situated around the 

hlorine atoms. 

Energy diagram of molecular orbitals, contour diagram of α- 

OMO and α-LUMO are represented in Fig. 9 b which shows that 

he energy gap is calculated as to be 4.493 eV. The α-molecular 

rbitals play an important role in the determination of the studied 

omplex reactivity. Therefore, there is an electron in the SOMO de- 

ocalized on the cobalt and the chlorine atoms. Additionally, there 

re big balloons around the chlorine atoms than that of the cobalt 

enter, implying that the chlorine atoms will be more reactive if 

he complex provides electron. As for the LUMO, the title complex 

ay accept electrons which will be delocalized on the cobalt and 

he nitrogen atoms. 

.2.3. Estimation of the NLO properties 

Non-linear optical properties (NLO) are significant in telecom- 

unications and optical interactions. NLO properties increase with 

he delocalization of the π electrons and the molecular pla- 

arity. We investigated the NLO properties of the studied complex 

hrough some quantum chemical descriptors (QCDs), which are the 

nergy of the highest occupied molecular orbital (E HOMO ), the en- 

rgy of the lowest unoccupied molecular orbital (E LUMO ), the ion- 

zation energy (I), the electron affinity (A), the energy gap (E GAP ), 

he absolute hardness ( η), the absolute softness ( σ ), the optical 

oftness ( σ O ), the absolute electronegativity ( χ ), the chemical po- 

ential (CP), the additional electronic charges ( �N Max ) and the po- 

arizability ( α) calculated by applying Eqs. (1) – (9) and given in 

able 5 . 

QCDs are useful in the determination of the NLO properties in 

he gas phase. These parameters only give suggestion about the 

tudied complex. Thus, the first descriptor is the energy of HOMO. 

f the energy level of HOMO is high, the electrons in HOMO move 

ore easily and can pass to upper levels. Since NLO activity of 

olecules increases with the increasing of electron mobility, the 

LO properties of molecules will increase with the increasing of 

he energy level of HOMO. The second parameter is the energy 

f LUMO. The lower energy level of LUMO means that the elec- 

rons can be easily indwelled in LUMO. Therefore, the NLO activ- 

ty increases with the decreasing of the LUMO energy level. The 

ther parameter is the energy gap between HOMO and LUMO. The 

ecreasing of this parameter means the increasing of the elec- 

ron mobility and this supports the increase of the NLO proper- 

ies. The absolute chemical hardness and softness are other impor- 

ant parameters. Therefore, the increasing of the chemical softness 

r the decreasing of the chemical hardness means the increasing 

f the molecules polarizability, which is directly correlated with 

he NLO activity. Additionally, the increasing of the optical softness 

eans the increasing of the NLO properties. Furthermore, the elec- 

ron delocalization increases with the decreasing of the absolute 

lectronegativity. Moreover, there is a direct correlation between 

he NLO activity and the chemical potential. As for the electronic 

harge, it is related to the polarizability of molecule; the higher the 

alue is, the more active the compound is in NLO applications. The 

ast parameter is the polarizability; the NLO properties increase 

ith the increasing of the mentioned descriptors. Thus, the gen- 

ral ranking is given as follow: ( 1 ) > Urea. The opposite ranking is

btained in terms of electronegativity and chemical potential. Ac- 

ording to the above ranking, the NLO properties of ( 1 ) are better 

han that of urea and the title complex could be considered as a 

ood candidate for NLO applications. 
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Fig. 8. (a) Optimized structures of the title complex at mentioned calculation levels in vacuum; and (b) distribution graphs of experimental and calculated results. 

Table 6 

Obtained data (in kcal •mol −1 ) of the molecular docking calculations. 

Protein Docking Score van der Waals Energy Coulomb Energy Total Interaction Energy 

1JIL −2.690 −27.127 0.000 −27.127 

1B8A −3.072 −31.415 0.000 −31.415 
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.3. Optical and photoluminescence properties 

The optical properties evaluation of the title complex is car- 

ied out by measuring its absorbance UV spectrum which ex- 

ibits an absorption band maximum at 313 nm resulting from 

he π → π ∗ electron transitions characteristic of aromatic com- 

ounds. Whereas, the same transition was observed between 200 

nd 240 nm in the free ligand UV–Vis spectrum, which was exper- 

mentally investigated in the literature [ 89 , 90 ]. This bathochromic 
11 
ffect detected in the pyrazole complex demonstrates that under 

he influence of a 3 d metal the electronic system of the ligand 

s stabilized and the aromaticity increased [ 91 , 92 ]. The same ab- 

orption band could be described as d → π ∗ metal–ligand charge 

ransfer transitions [93] . The absorption spectrum of the studied 

omplex, given in Fig. 10a , shows another absorption band cen- 

ered at 426 nm, corresponding to the n → π ∗ ligand–ligand elec- 

ronic transitions [94] . Additionally, ( 1 ) absorbs at 521 nm (with a 

houlder at approximately 537 nm), an absorption band attributed 
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Fig. 9. (a) The MEP map of ( 1 ) at the same level of theory in gas phase; and (b) energy diagram of molecular orbital, contour diagram of α-SOMO and α-LUMO. 
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o the d → d transition indicative of a high spin octahedral Co(II) 

nvironment [ 95 , 96 ]. Furthermore, an absorption band pattern was 

bserved at around 628 nm, which is probably due to the ligand- 

eld transition [97] . 

The emission spectrum of the title complex measured at room 

emperature is shown in Fig. 10b It can be seen that the spec- 

rum displays five photoluminescence bands and is hence domi- 
12 
ated by the highest luminescence intensity centered at 652 nm 

hich confirms the red light emission of the material originat- 

ng tentatively from the ligand-field transition. Furthermore, the 

ompound exhibits yellow-green photoluminescence bands con- 

entrated at 533 and 551 nm, which were assigned to d → d 

ransitions. A blue photoluminescence highlighted by the wave- 

ength located at around 450 nm was additionally observed and as- 
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Fig. 10. (a) Optical absorption spectrum measured at room temperature; and (b) fluorescence emission spectrum of the title compound. 

Table 5 

Calculated quantum chemical descriptors at the same level of theory in gas 

phase. 

Compound E HOMO 
a E LUMO 

a I a A a E GAP 
a ηa 

(I) −6.118 −1.685 6.118 1.685 4.433 2.216 

Urea −7.314 −0.372 7.314 0.372 6.942 3.471 

Compound σb σO 
b χa CP a �N Max αc 

(I) 0.451 0.226 3.902 −3.902 1.760 245.662 

Urea 0.288 0.144 3.843 −3.843 1.107 32.505 

a in eV. 
b in eV −1 . 
c in a.u. 
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igned to the intra-ligand electronic transitions. Whereas, the band 

ecorded at 368 nm, it arises from metal-to-ligand charge trans- 

ers. Accordingly, it can be concluded that the result of the strong 

ed emission at 652 nm suggests that the studied compound can 

e used as a new red light emitting material. 
13 
.4. Molecular docking 

Molecular docking calculations are the most popular way to 

how the biological properties of compounds. In this manuscript, 

he activity of the title complex against 1JIL and 1B8A proteins was 

nvestigated. The receptor-ligand complex structures are shown in 

ig. 11 . Additionally, the docking score, the van der Waals energy, 

he coulomb energy and the total interaction energies are given in 

able 6 . 

According to Table 6 , there are no charge interactions in the re- 

ults due to the fact that the coulomb energy is found to be zero. 

s for the van der Waals interactions, the calculated interaction en- 

rgy is well for the ligand-receptor interaction. The main interac- 

ion types are determined as the polar interaction, the π stacking 

nteractions and solvent exposure in the calculations. Furthermore, 

he docking score implies the key-lock compatibility in the inter- 

ctions. The calculated results of this parameter indicate that there 
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Fig. 11. Receptor-ligand structure in the studied Co(II) complex. 
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s a good compatibility between the receptor and the ligand. Con- 

equently, the studied complex is appropriate in the inhibition of 

yrococcus kodakaraensis aspartyl-tRNA synthetase. 

. Conclusions 

Block-like single crystals of a novel pyrazole-based Co(II) com- 

lex [CoPz 4 Cl 2 ] ( 1 ) were obtained and characterized. The X-ray 

rystal structure of the prepared material showed the presence 

f discrete [MPz 4 Cl 2 ] units linked together through weak inter- 

nd intramolecular N—H…Cl and C—H…Cl hydrogen bonds form- 

ng a 14-connected uninodal bcu-x topology. By estimating the 

ypes and strengths of the non-covalent interactions found in this 

ramework via the Hirshfeld surface analysis, non-classical H…H, 

 

–H…C, C 

–H…N interactions and N—H…π , π…lp / lp …π , lp …lp 

an der Waals forces were observed in addition to the mentioned 

—H…Cl and C—H…Cl hydrogen-bonding networks. Furthermore, 

he analysis of the optical properties of the title complex investi- 

ated at room temperature using optical absorption UV-visible and 

hotoluminescence spectroscopy pointed out its interesting photo- 

uminescence behavior with different emission intensities, partic- 

larly a bright red relaxation. The computational investigation of 

he title complex was performed by using HF and B3LYP meth- 

ds with 6–31 + G(d)(LANL2DZ) mix basis sets in gas phase. The 

tructural analyses were performed in detail and the structural re- 

ults in B3LYP/6–31 + G(d)(LANL2DZ) was found to be better than 

hat of HF method. The MEP maps, MOED, contour diagram of 

ome molecular orbitals of ( 1 ) were examined. The NLO proper- 

ies were investigated and the obtained results suggest that the 

tudied complex could be a candidate for NLO applications. The 

olecular docking calculations were performed and show that the 

tudied complex display an inhibition activity against Pyrococcus 

odakaraensis aspartyl-tRNA synthetase. 
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