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ARTICLE INFO ABSTRACT

Keywords: In this study, the diaqua-bis(indazole-KNz)bis(nitrato-KO)zinc(II) complex has been examined by using single-
IfldaZQIe crystal X-ray diffraction (XRD) and spectroscopic analysis methods (FT-IR, UV-Vis). The Zn(II) ion is hexa-
zinc nitrate coordinated, and the coordination environment around Zn(II) is best considered as a slightly distorted octahe-
];;g dral geometry. The theoretical calculations were carried out using the density functional theory (DFT) method.
AIM Hydrogen bonding in particular has been assessed through topological analysis using methods like electron

localization function (ELF), localized orbital locator (LOL), natural bond orbital analysis (NBO), and the atoms in
molecules method (AIM). Also, the reduced density gradient approach (RDG) has been used to determine the
strong and weak attractive, repulsive, and van der Waals interactions in the title complex. The Hirsfeld surface
analysis was used to investigate the nature of the crystal structure’s intermolecular interactions. The reactivity of
the complex was investigated through the use of MEP and HOMO-LUMO studies. The molar conductivity values
of the compounds provided evidence of their non-electrolytic nature, while thermal data indicated that the
complexes decompose into metal oxide residue in five stages.

1. Introduction

Indazole is a bicyclic, heterocyclic, and organic molecule consisting
of a pyrazole ring fused with a benzene ring. It belongs to the azole
family and contains carbon, hydrogen, and nitrogen atoms in its struc-
ture [1]. This molecule has three tautomeric structures: 1H-indazole,
2H-indazole, and 3H-indazole. However, the most widely used tauto-
meric form is 1H-indazole [2]. The majority of drugs used in the treat-
ment of diseases are heterocyclic molecules containing N atoms in their
structure [3]. Indazole molecule is used as a basic scaffold in pharma-
ceutical products [4] due to its many biological activities, such as
antimicrobial, antifungal, antiviral, anticancer, anti-inflammatory,
anticancer, and anti-HIV [5].

Zinc is probably appealing for application in chemistry catalysis due
to its low toxicity, low cost, abundance, and ease of distribution [6].
Also, Zn(II) is the second most abundant trace element in the human
body after iron and is essential in many biological systems [7].

The formation of complexes in coordination with the O- and N-
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terminals of biologically active organic compounds of transition metals
provides advantages in drug production by changing the coordination
number, geometry, and redox states [8]. In addition, metal complexes
have structural instability and are very sensitive to the molecular
environment. This allows them to react easily [9]. In the literature, there
are many transition metal complexes synthesized from indazole and its
derivatives. In a study, the silver nitrate complex of the indazole mole-
cule was synthesized, and characterization and DFT calculations were
carried out. Additionally, the antioxidant and antimicrobial activities of
the synthesized structure were evaluated [10]. In another study, the
silver (I) complex salt of the Bis(4,5-dihydro-1H-benzo[glindazole)
molecule that is an indazole derivative was synthesized, and structural
characterization and DFT calculations were performed [11]. Zn, Ni, Co,
Fe, and Mn metal complexes of the indazole-3-carboxylic acid molecule
were also synthesized in another study. Also, DFT calculations, molec-
ular docking, and molecular dynamics simulations were performed for
the obtained structures [12].

In many studies conducted today, different molecular modeling tools
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or computer simulations are used to explain or verify the physical and
chemical properties of a structure. Ab initio methods are calculation
methods that can be performed without knowing any experimental data
about the system [13]. DFT calculations, performed without the need for
any experimental data, are one of the calculation methods that allow us
to theoretically obtain the structural and spectroscopic properties of
organic or inorganic molecules obtained by experimental methods in the
most accurate way [14].

In this study, the diaqua—bis(indazole—KNz)bis(nitrato—KO)zinc(H)
complex was synthesized and its single crystal structure was obtained.
The characterization of the synthesized complex was performed by X-ray
crystallography and IR spectroscopy. DFT calculations for the title
complex were carried out and compared with the experimental spec-
troscopic data. In addition, the electronic and thermodynamic proper-
ties of the synthesized complex were explained by the theoretical
calculation method.

2. Material and Methods
2.1. Computational method

Geometric optimization, frequency, electronic, and thermodynamic
properties were calculated using a combination of B3LYP functional and
6-311++G(d,p) (for C, H, N, and O) and SDD (for Zn) basis sets in
density functional theory [15] with the Gaussian 09 package program
[16,17]. UV-Vis calculations were carried out at the
TD-DFT/B3LYP/SDD levels of theory in DMSO solvent using the IEFPCM
model [18]. Images of the optimized geometric structure, frontier mo-
lecular orbital, and molecular electrostatic potential (MEP) maps were
created with the Gauss View 5.0 program [19]. Electron localization
function (ELF), localized orbital locator (LOL) surface maps, and dual
descriptor images were created with the Multiwfn program [20]. To-
pological investigations of base pairs at various orientations were per-
formed using the Multiwfn [21] and molecular visualization VMD [22]
software programs. Analysis of the non-covalent interaction index (NCI)
also permits a thorough examination of the interactions between two
monomeric units within a complex. The NBO calculations were carried
out with the NBO program embedded in Gaussian 09 software [23].

2.2. Experimental methods

2.2.1. Synthesis method

Indazole and zinc nitrate were obtained from Sigma-Aldrich Chem-
ical Company and were used without any purification. In the synthesis
step, firstly, 2 mmol solutions of indazole in 20 ml of ethanol and 1 mmol
Zn(NO3)2 - 6H20 solutions in 10 ml of ethanol were prepared and
stirred at 50°C for about 15 minutes. Then the prepared Zn(NO3), 6H20
solution was added dropwise to the indazole solution and stirred at 50°C
for 2 hours. The resulting mixture was kept at +4°C for 3 months, and
white crystal structures were obtained. The chemical formula of the
resulting complex is Zn(CyHgN32)2(NO3)2(H20)9. The Differential Scan-
ning Calorimetry Thermogravimetry Analysis (TGA) was performed in a
dynamic N, atmosphere (40 ml/min) with a heating rate of 25°C/min
from a surrounding temperature of 1400°C/min using a Mettler Toledo
thermal analyzer.

2.2.2. Spectral analyses

Far-IR and FT-IR spectra were recored in the regions of 500-100
cm~! and 4000-500 cm ™! with the Bruker Vertex 80 FT-IR (the optical
system enables to collect data over a total range of 900 to 5 cm ™' with
resolution of 0.06 ecm™!, DTGS detector) and PerkinElmer Froniter
Optica spectrometers (the optical system enables to collect data over a
total range of 7800 to 350 cm~! (1.28 to 28 xm) with resolution of 0.4
cm ™}, LiTaOs detector), respectively. The Uv-Vis spectrum was recorded
between 190 and 1100 nm using an Agilent HP 8453 spectrophotom-
eter. With the Mettler Toledo thermal analyzer, differential scanning
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calorimetry and thermogravimetry analysis (DSC/TGA) were performed
in a dynamic N2 atmosphere (40 mL/min) with a heating rate of 25°C/
min from the 1400°C/min ambient temperature.

2.2.3. X-ray crystallography

X-ray diffraction data of the synthesized Zn(II) complex were
collected on a STOE IPDS II diffractometer at room temperature using
graphite-monochromated Mo Ka radiation by applying the w-scan
method. Data collection and cell refinement were carried out using X-
AREA [24], while data reduction was applied using X-RED32 [24]. The
structure was solved by a dual-space algorithm using SHELXT-2018 [25]
and refined by means of the full-matrix least-squares calculations on F>
using SHELXL-2019 [26]. The coordinates of the H atoms of the water
molecule were determined by a difference Fourier map and refined
isotropically. All remaining H atoms were located in difference maps
and then treated as riding atoms, fixing the bond lengths at 0.86 and
0.93 A for NH and CH atoms, respectively. The displacement parameters
of the H atoms were constrained as Ujso(H) = 1.2Uq of the parent atom.
The indazole ring of the complex, except for the coordinated nitrogen
atom at the 2-position, was disordered over two positions, and the
refined site-occupancy factors of the disordered atoms are 0.593(4)% for
the major position and 0.407(4)% for the minor position, respectively.
Crystal data, data collection, and structure refinement details are
collected in Table 1. Molecular graphics were created using OLEX2 [27].

3. Results and Discussion
3.1. Description of the structure

The solid-state structure of the synthesized Zn(II) complex has been
unambiguously determined by single-crystal X-ray diffraction analysis,
and its structural plot is presented in Fig. 1.

The asymmetric unit of the diaqua—bis(indazole—KNz)bis(nitrato—KO)
zinc(I) comprises an indazole ligand with a Zn(II) metal center as well
as one nitrate anion and a water solvent molecule that coordinate to the
metal atom. The Zn' ion occupies an inversion center with the symmetry

Table 1
Crystal data and structure refinement parameters for the diaqua-bis(indazole-
kN?)bis(nitrato-xO)zinc(ID).

CCDC depository 2286961

Color/shape Colorless/prism

Chemical formula [Zn(NO3)2(C7HgN3)2(0H,),]
Formula weight 461.70

Temperature (K) 296(2)

Wavelength (A) 0.71073 Mo Ka

Crystal system Monoclinic

Space group
Unit cell parameters

P2;/c (No. 14)

a b, c(A) 10.2679(11), 7.4896(5), 13.0226(14)
apy(® 90, 107.910(8), 90

Volume (A%) 952.94(16)

z 2

Deale. (g/cm®) 1.609

# (mm™) 1.345

Absorption correction None

Fooo 472

Crystal size (mm?>) 0.54 x 0.55 x 0.46

Diffractometer STOE IPDS II

Measurement method
Index ranges
6 range for data collection (°)

® scan
-13<h<13,-8<k<9, -16<1<16
2.084 < 6 <27.413

Reflections collected 14988

Independent/observed reflections 2168/1745

Refinement method Full-matrix least-squares on F>
Data/restraints/parameters 2168/356/215

Goodness-of-fit on F? 1.047

Final R indices [I > 26(I)] R; = 0.0333, wR, = 0.0835
R indices (all data) Ry = 0.0472, wR, = 0.0891
Apmas., Apmin. (€/A%) 0.30, —0.28
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Fig. 1. Molecular structure of the diaqua-bis(indazole-KNz)bis(nitrato-KO)zinc(II) showing atom-numbering scheme. Displacement ellipsoids are drawn at the 30%
probability level and only the major part of the disordered atoms is shown for clarity

code (i) = —x, —y+1, —z+1. Hence, the ligands in the complex molecule
are symmetry-related. The metal center exhibits a N»O4 coordination
environment that is established by two nitrogen atoms from two inda-
zole rings, two oxygen atoms from two nitrate ligands, and two oxygen
atoms from two water molecules. Although the trans angles in the co-
ordination sphere are all exactly 180° because of symmetry re-
quirements, the cis bond angles change from 83.95(7) to 96.05(7)°,
indicating that the octahedral coordination geometry around the metal
atom is distorted.

The Zn—Nijpdazole bond length is shorter than those found in bis

(hydrotris(indazol-1-yl)borato)-zinc(II) dioxane solvate (1/3.5) [2.157
(3), 2.156(3) and 2.149(3) 1°\] [28] and that found in diaqua-bis
(2-(indazol-1-yl)-2-thiazoline-N,N’)-zinc(II) dinitrate [2.185(2) ;\] [29],
but slightly longer than that found in catena-[(4,4-bipyridine)-bis
(p-indazole-5-carboxylato)-di-zinc  N,N-dimethylformamide solvate]
[1.987(4) Al and catena-[(p-3,6-di(pyridin-4-y1)-1,2,4,5-tetrazine)-bis
(p-1H-indazole-5-carboxylato)-di-zinc unknown solvate] [2.000(5) 1°\]
[30]. The Zn—Oyjtrate bond distance is longer than those found in
[1-(1-Naphthyl)-N,N-bis(pyridin-2-ylmethyl)methanamine]-(nitrato-O,
0)-(nitrato-0)-zinc(II) [2.079(1) and 2.114(1) A] [31], those found in

R3(10)

R3(10)

Fig. 2. Part of the crystal structure of the diaqua—bis(indazole—KNz)bis(nitrato—KO)Zinc(II), showing the formation of R%(IO) and R% (9) rings. For the sake of clarity, H

atoms not involved in the motifs shown have been omitted.
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4,7,13,16,21,24-hexaoxa-1,10-diazoniabicyclo[8.8.8]-hexacosane tetra
(nitrato)zinc(II) [1.999(2), 1.987(2), 2.010(2) and 2.008(2) A] [32] and
those found in bis(imidazole-xN®)bis(nitrato-x0)zinc(I) [1.966 (3) and
1.999 (3) A] [33]. The Zn—Owater bond length is similar to those
observed in aqua-bis(1,5-dimethyl-2-phenyl-4-(((E)-4-pyridyl-
methylene)amino)pyrazolidin-3-one-KN)-(nitrato-KO)-(nitrato-nczO,O’)
zinc (ID) [2.023(3) A] [34] and that in diaqua-bis(2-(indazo-
1-1-yl)-2-thiazoline-N,N’)-zinc(II) dinitrate [2.099(2) fo\] [29].

In the molecular structure of the synthesized Zn(II) complex, intra-
molecular C7—H7---O2 contacts lead to the formation of seven-
membered rings (Fig. 1) with a graph-set descriptor S(7) [35]. In the
crystal structure, water atom O1 in the molecule at (x, y, 2) acts as a
hydrogen-bond donor to atom O4 in the molecule at (—x, —y+2, —z+1)
and (x, —y+3/2, z+1/2), so forming a RZ(10) ring. In addition, atom N2
at (x, y, 2) acts as a hydrogen-bond donor to atom O2 in the molecule at
(x, y—1, 2), so forming a second ring motif together with the
O1—H1---O4 interaction, this time of R2(9) type. Propagation of these
hydrogen-bonding motifs generates a chain of edge-fused rings running
parallel to the [010] direction (Fig. 2). Full details of the
hydrogen-bonding geometry are given in Table 2.

3.2. Optimized geometric structure

The isolated molecular structure from the crystal lattice of the syn-
thesized Zn(II) complex was optimized in the DFT method by using
B3LYP functional with a combination of 6-311++G(d,p) (for C,H, N, and
O atoms) and SDD (for Zn atom) basis sets [15]. The optimized geo-
metric structure is given in Fig. 3. Selected bond lengths and bond angle
values from XRD data and theoretical calculations are listed in Table 3.
Also, the other geometrical parameters of the optimized structure of the
title complex were given in supplementary Table S1.

The Zn atom is coordinated from the N atom to the indazole molecule
and the O atom to the nitrate groups. While the bond lengths of Zn1—N1
and Zn1—03 bonds were obtained from XRD data of 2.0830 and 2.2416
A, respectively, these values were found to be 2.0752 and 2.4196 A in
theoretical calculations. In addition, the Zn1—O1 bond length was
determined as 2.0901 in the XRD data and was calculated at 2.2579 A in
theory. The bond angles of 01—Zn1—O1!, 03—Zn1—03!, and
N1—Zn1—N1' were found to be 180° in both experimental data and
calculations. The bond angles of Ol—an—Nli, 01—Znl1—N1,
OB—an—Nli, and O3—Znl1—N1 are determined as 90.40, 89.60,
86.37, and 93.63° in XRD data, respectively, while the theoretical values
corresponding to these experimental values were calculated at 90.97,
89.03, 91.72, and 88.27°. Only the experimental and theoretical data of
01'—Zn1—03 and 01—Zn1—03 bond angles differed. The root mean
square deviation (RMSD) values calculated for the experimental and
calculated bond lengths and bond angles presented in Table 3 and
Table S1 were found to be 0.0816,/0.0864 and 9.43/11.07, respectively.
According to this result obtained for bond lengths, we can say that the
experimental and theoretical values are in harmony with each other.
Experimental and theoretical bond angles of indazole rings are in good
agreement with each other. However, there are differences between

Table 2
Hydrogen bonding geometry for the diaqua-bis(indazole-kN®)bis(nitrato-kO)
zinc(II) complex.

D—H--A D—H (A) H--A (A) D--A (A) D—H--A (°)
C7—H7--02 0.93 2.49 3.193(7) 133
N2—H6---02' 0.86 2.23 3.032(6) 156
O1—H1.---04'" 0.82(4) 1.98(4) 2.802(3) 177(4)
01—H11--04" 0.80(4) 1.99(4) 2.782(3) 174(3)

Symmetry codes:
iy y-1,z
W, —y+2, —z+1;
Y x, —y+3/2, 2+1/2.
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theoretical and experimental data for some angles formed by the Zn
atom with nitrate groups, water molecules, and indazole rings. For this
reason, the RMSD values obtained were high [36,37]. The reason for this
difference can be explained as follows: the theoretical calculations are
carried out on an isolated molecule in the gas phase, and there is no
Coulombic interaction. However, the molecule in the crystal lattice is in
Coulombic interaction [38].

3.3. Vibrational analysis

Vibrational calculations of the optimized geometric structure of the
title complex were performed in the DFT method using the B3LYP
functional with the combination of the 6-311++G(d,p) (for C, H, N, and
O atoms) and SDD basis sets (for Zn atom) [15]. The theoretical and
experimental frequency values were assigned according to a total energy
distribution analysis (>10%) calculated with the Veda program [39].
Selected frequency values are presented in Table 4. Other frequency
values are listed in supplementary Table S2. Also, the calculated and
recorded IR spectra were given in Fig. 4.

While the O-H stretching vibrations were calculated at 4024, 3825,
and 3832 cm ™! for the synthesized Zn(II) complex, no value could be
obtained for this vibration mode from the FT-IR spectrum. However, the
observation of an expanding peak in the region between 3600 and 2800
cm ! in the spectrum also confirms the presence of water molecules in
the complex. The H-O-H bending vibrations of the H,O molecule in
complex structure are generally observed in the range of 1700-1500
em™! [40]. For the title complex, this vibration was observed as a
weak peak at 1785 (w) cm~! and was calculated at 1751 cm ™. Also, the
N-H stretching vibrations for the title complex could not be measured
due to broadening in this region of the spectrum. The values of the
calculated N-H stretching vibration are 3441 and 3445 cm ! [41]. The
N-H stretching vibrations of heterocyclic molecules are observed in the
region of 3500-3000 cm ', In another study, it was reported that the
N-H stretching vibration was observed at 3742 and 3148 cm™! for the
free indazole molecule and at 3753 and 3154 cm ™ for its silver nitrate
complex in the FT-IR spectrum [10].

The CH group causes three different vibrations (stretching, in-plane
bending, and out-of-plane bending). These vibrations occur in the re-
gions of 3125-3000 [41], 1300-1000 [42], and 1000-750 em™? [43],
respectively. For the synthesized Zn(II) complex, the C-H stretching vi-
bration was observed at only 3283 (s) crn’l, while these vibrational
modes were theoretically calculated at 3260, 3197, 3191, 3181, and
3171 em™ L. In the literature, these vibration values for the indazole
molecule were observed at 3053 and 2917 cm ™! and at 3070 and 2930
cm ™! for its silver nitrate complex [10]. For the title complex, in-plane
C-H bending vibrations were calculated at 1284, 1181, and 1149 cm,
while they were only observed at 1137 (vw) cm~!in the FT-IR spectrum.
While out-of-plane C-H bending vibrations were calculated at 1001, 997,
995, 971, 964, 858, and 723 cm’l, they were observed at 962 (s) and
716 (vw) cm L

The C-C stretching vibrations for the athomatic rings of heterocyclic
molecules are generally observed in the shade in the range of 1650-1200
cm ! [44]. The C-C stretching vibrations for the synthesized Zn(II)
complex were measured at 1634 (vs) and 1387 (w) cm~! in the FT-IR
spectrum. The theoretical C-C stretching vibrations corresponding to
these experimental values are 1628/1631 and 1399/1396 cm !
respectively. In addition, C-C stretching vibrations were determined at
1674, 1555, 1542, 1477, and 1284 cm ™! in theoretical calculations. The
C-C stretching vibrations for the silver nitrate complex of the indazole
molecule were reported at 1630, 1508, 1120, and 999 cm™! in the
previous study [10].

The C=N stretching vibrations are observed in the region between
1672 and 1566 cm ™+ [45,46]. These stretching vibrations for the syn-
thesized Zn(II) complex were observed at 1516 (m) and 1419 (w) cm and
were also calculated at 1519 and 1439 cm™'. In a previous study, the
C=N stretching vibration was observed at 1477 cm™* for the indazole
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Fig. 3. Optimized molecular structure of the diaqua—bis(indazole—KNZ)bis(nitrato—KO)zinc(II) complex.

Table 3
Selected experimental and calculated bond lenghts and bond angles of the dia-
qua-bis(indazole-kN?)bis(nitrato-k0)zinc(II) complex.

Parameters

Bond lengths A) Calculated XRD
Zn1—01 2.2579 2.0901(17)
Zn1—03 2.4196 2.2416(15)
Zn1—N1 2.0752 2.0830(19)
RMSD: 0.0816/0.0864

Bond angles (°)

01—Zn1—01! 180.00 180.00
03—Zn1—03' 180.00 180.00
N1—Znl—N1' 180.00 180.00
01—Zn1—N1' 90.97 90.40(8)
O1—Znl—N1 89.03 89.60(8)
03—Zn1—N1' 91.72 86.37(7)
03—Zn1—N1 88.27 93.63(7)
01—Zn1—03 61.65 83.95(7)
01—Zn1—03 61.65 96.05(7)
RMSD: 9.43/11.07

Selected geometric parameters for the diaqua-bis(indazole-kN2)bis(nitrato-k0O)
zinc(I) complex. Symmetry code:
b —x, —y+1, —z+1.

molecule [47]. Also, this vibration value shift to two different values
(1516 and 1419 ecm™ 1) indicates that the Zn atom is coordinated with the
N atoms of the indazole molecules in the complex.

In inorganic compounds, stretching vibrations of the nitrate group
are seen in the region of 1650-1221 cm~! [48]. The band observed at
1317 (vs) em ! in the Ir spectrum of the synthesized title complex and
not found in the spectrum of the free indazole molecule [10] is N-O
stretching vibration, which confirms the presence of the NO3™ group.
Another O-N stretching vibration was observed at 1075 (s) cm_l, and
the values of this stretching vibration were found at 1310/1316,
1279/1276, 1268, and 1065 cm ™! in theoretical calculations. In another
study, [Zna(L)2(NO3)] (L:  2,6-bis((E)-((furan-2-ylmethyl)imino)
methyl)-4 methylphenol) complex was synthesized. The N-O asym-
metric stretching vibration of the nitrate groups of this synthesized
complex was also observed at 1329 cm ! [49].Ina study in the litera-
ture, the [Zne2CO(NH2)2¢(NO3)2]e2H0 complex was synthesized and
characterized by the Ir spectrum, and it was reported that asymmetric
N-O stretching vibrations were observed at 1317 and 1047 cm ™! in the Ir
spectrum of this complex [50]. Additionally, in some nitrate com-
pounds, N=O stretching modes in the nitrate group are observed in the
region between 1460-1672 cm ™' [36]. This stretching vibration for the
title complex could not be observed in the experimental FT-IR spectrum,

but was calculated at 1555 and 1542 cm ™! in theoretical calculations.

The Zn-N stretching vibrations of the synthesized Zn(II) complex
were observed at 459 (w) and 150 (w) cm ! in the IR spectrum, while
the theoretical values corresponding to these values were calculated at
469and 164 cm L. Ina study in the literature, Zn(II) complexes of Schiff
base tetradentate macrocyclic ligands were synthesized, and IR spec-
trum analyses were performed to characterize the structures obtained. In
this study, it was reported that the weak low-frequency bands observed
in the 420-450 cm™! region belong to the stretching vibrations caused
by the formation of the Zn-N bond [51]. In another study, Schiff base
ligand (L) was obtained by mixing the solutions of N1-(2-(2-amino-
ethylamino)ethyl)ethane-1,2-diamine and (E)-3-(2-nitrophenyl). Then,
the Zn(I) complex of this ligand was synthesized. The Zn-N stretching
vibration for the ZnL(NOg3)2 complex has also been reported at 431 em !
[52].

The Zn-Onjitrate Stretching vibrations of the synthesized Zn(II) com-
plex were observed at 353 and 278 cm L. Also, the Zn-Oyater stretching
vibrations were recorded at 325 and 204 cm ™. The calculated vibration
values of this vibration were found to be 355, 273, 321, 207, and 185
em L. A study in the literature [Zn(6—mbipy)(n2—N03)2], [Zn(6,6'-
dmbipy)(nZ-N03)2] and [Zn(5,5"- dmbipy) (nz-N03)2(H20)2](N03).H20
complexes were synthesized, and their spectroscopic characterizations
were performed. In this study, Zn—Opjate Stretching vibrations for all
three complexes were measured at 365 and 340 em™!, 343 and 310
em™ !, and 335 and 314 cm™ Y, respectively. Also, Zn—Oyater Stretching
vibrations of the [Zn(5,5- dmbipy) (1’]2-N03)2(H20)2](NOg).HgO com-
plex were recored 360 cm™? [53].

To show the agreement between experimental and theoretical
wavenumbers, a correlation graph was drawn (supplementary Fig. S1),
and the R? value was calculated. The R? value was found to be 0.9998.
This result shows that the experimental and theoretical wavenumbers
are quite compatible with each other.

3.4. HOMO-LUMO molecular orbital analysis

The energy difference between the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) is
defined as the lowest possible excitation energy of a molecule [54]. The
difference between the HOMO-LUMO energy gap is used to determine
the chemical stability and electrical properties of molecules. The smaller
this energy gap, the greater its polarizability, and the molecule tends to
have high chemical reactivity and low kinetic stability [55]. Also, other
quantum chemical properties can be calculated with the equations given
below using the HOMO and LUMO values, known as the
electron-donating and electron-accepting abilities of a molecule [56].
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Table 4

Selected experimental and theoretical wavenumbers with their assigments ac-
cording to total energy distrubition (%) of the diaqua»bis(indazole»KNz)bis
(nitrato-kO)zinc(I) complex.

Experimental  Calculated Assignments
IR IR IR® TED"
62m 61/64 0.13 15 cnzno + 200 NNzno + 12T Hoznn +
12T Hozno
72s 82/86 0.00 17T enzno
98m 104 4.48 10T enzno
150w 164 0.00 10020y + 14T Hozan + 14THoz00
173vw 177 0.41 13l woznn + 14T HoZ00
185 0.00 100zno + 15T HozaN + 11T HOZO
204m 207 8.32 10020 + 17THozan + 15T Hozno
248w 242 0.54 10T Hoznn + 10T HOZRO
278w 273 0.57 10vzno + 15T ccee + 18T cecn + 10T wozan +
10T'xozno
304w 300 0.00 15T ccee + 13T ¢een + 10T enzno
325w 321 0.00 14vzn0 + 10Tgozan + 10 H0Z00
353w 355 0.35 13vzr0 + 10T HozaN + 10T HoZRO
377w 386 1.42 10C¢ccee + 10T HozZRO
425 427 3.20 25I¢ceec + 18l ¢cecn
459w 469 3.82 100z + 10T HozZRO
552w 544 1.00 25T ¢cece + 18T ¢cecn
572vw 572 0.00 23v¢e + 106¢ey + 10T oz + 10T Hozno
591w 587/592 1.11 12T Hozan + 13T HOZRO
615vw 626 2.24 14T coee + 26T ceen + 17T Hecn
680m 691 10.38 32I'nozan + 31T HozZRO
716vw 723 1.00 12T ccen + 12T goznn + 12T HoZ0o
740w 746 2.00 6950n0
777m 777 4.02 7480n0
817m 805/811 5.34 64510zn
826w 833/836 4.88 93T 000N
899m 889 11.02 14T conn
962s 964 15.03 13C¢ccee + 270 cecn + 17T vecn
1005m 1012 9.48 12I'ozan + 12T HoZRO
1040m 1029/ 1.56 10T ceee + 20T geen + 13T HocH
1032
1075s 1065 35.36 25v0n + 10I'Hozan + 10T HOZRO
1095m 1100 11.60 18T coen + 160z + 15T HOZRO
1137vw 1149 0.43 10v¢c + 168¢cu
1247m 1247/ 8.64 10v¢c + 328¢ch
1251
1317vs 1310/ 15.27 20von
1316
1387w 1396/ 2.89 41vce + 328¢ccH
1399
1419w 1439 1.00 200¢y + 128cnn + 326cen
1516m 1519 5.41 12v¢n + 106¢cH
1634vs 1628/ 40.82 260¢c + 126¢cc + 136cen
1631
1785w 1751 2.29 236n0n + 1381020
3283s 3260 25.02 48vcy + 198¢cu
- 3441/ 100.00 320nu + 516cNm
3445
- 3825/ 14.23 46v0n + 23T Hozan + 23T HoZHO
3832
- 4024 0.00 48von + 16I'nozan + 15T H0Z0O

v: stretching, §: in-plane bending, I': torsion, s: strong, m: medium, w: weak, v:
very.

# Relative absorption intensities normalized with highest peak absorption
equal to 100.

b Total energy distribution level (TED) less than 10% are not shown.
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1 = —Eyoumo ionizationpotantial [6))
A = —E;yno electronaffinity &)
n = ( — Enomo + Erumo) / 2 globalhardness 3)
U, = (Enomo + Erumo) / 2 chemicalpotential 4
X = —Ji, electronegativity (5)
o = 1/n globalsofmes 6)

Global hardness is a reactivity index that evaluates the degree of
chemical reactivity that stabilizes the system as a result of adding a
charge to the molecule. Chemical potential is a general index of reac-
tivity related to charge transfer from a system with a higher chemical
potential to a system with a lower chemical potential. Electronegativity,
which is the negative value of chemical potential, is the power to attract
electrons [57].

The energy values of the quantum chemical properties of the title
complex were calculated in the DFT method using the B3LYP functional
with a combination of the 6-311++g(d,p) (for light atoms (C, H, N, and
0)) and the SDD basis set (for the heavy atom (Zn)). The energy values of
the quantum chemical properties of the synthesized Zn(II) complex are
listed in Table 5.

The energy values of the HOMO and LUMO orbitals were calculated
as -6.51 and -1.77 eV, respectively. The energy gap between these two
orbitals was found to be 4.74 eV. Global hardness and global softness
values were determined as 2.37 and 0.42 eV, respectively. These results
show that the synthesized Zn(II) complex has low reactivity and high
chemical stability. When these results are evaluated with the studies in
the literature, it is concluded that this synthesized complex has a hard
structure [58]. In the other study, the energy gap, global hardness, and
global softness values for the free indazole molecule have been reported
as 5.17, 2.58, and 0.38 eV, respectively [10]. According to these results,
the synthesized title complex has a more reactive structure than the free
ligand. The electron distribution visualizations of the HOMO and LUMO
orbitals are given in Fig. 5. HOMO has been distributed on the Zn atom,
NOs, and H»0 groups with the pyrazole rings of the indazole ligands of
the synthesized complex. On the other hand, LUMO showed distribution
over the indazole ligands in the complex. In other words, this figure
shows how the electronic transition occurs between the highest occu-
pied molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) and how the electrons are distributed as a result of
charge transfer.

3.5. UV-Vis spectral analysis

The UV-Vis absorption spectrum of the synthesized Zn(II) complex
was recorded in the range of 190-1100 nm in ethanol solution, and
theoretical calculations were performed at the TD-DFT/B3LYP/SDD
level of theory in DMSO solution [18]. The experimental UV-Vis ab-
sorption spectrum is presented in Fig. 6, while wavelengths, excitation
energy, oscillator strength, and major contribution values obtained from
theoretical calculations are presented in Table 6. A broad absorption
band at 283 nm and a lower-intensity absorption band at 239 nm were
observed in the experimental spectrum for the title complex. The energy
values for these absorption bands are 4.38 and 5.19 eV, respectively. In
theoretical calculations, the wavelength was calculated at 268 nm with
an energy value of 4.62 eV resulting from the HOMO-1/Lumo+2 and
HOMO/LUMO+3 transitions. This wavelength corresponds to 283 nm in
the experimental spectrum. Also, another wavelength was calculated at
239 nm in theoretical calculations. The energy gap value for the syn-
thesized Zn(II) complex was calculated at 4.74 eV. It is also very
compatible with the energy of the UV-Vis absorption band observed at
283 nm in the experimental spectrum.
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Fig 4. Experimental Far-IR (a) and FT-IR spectra of the diaqua-bis(indazole-kN?)bis(nitrato-kO)zinc(IT) complex

Table 5

The energy values of the quantum chemical properties of the diaqua—bis(indazole—KN2)bis(nitrat0—KO)zinc(II) complex.
Molecular Energy Energy ITonization Electron Global Electronegativity Chemical Global Global
Orbitals (eV) gap (eV) potential (I) affinity (A) hardness (17) ) (eV) potential (u.) softness () electrophilicity

(eV) (eV) (eV) (eV) (ev'h (o) (eV)

H -6.51 AEq g, 4.74 6.51 1.77 2.37 4.14 -4.14 0.42 3.61
L -1.77
H-1 -6.76 AEy 1, 4.99 6.76 1.76 2.50 4.26 -4.26 0.40 3.63
L+1 -1.76
H-2 -6.77 AEy , 1, 5.32 6.77 1.45 2.66 4.11 -4.11 0.38 3.18
L+2 -1.45

H: HOMO, L: LUMO
3.6. Hirshfeld surface analyses

Using the Crystal Explorer 17 package program, Hirshfeld surface
and 2D finger drawing analyses were performed to determine intermo-
lecular interactions within the crystal structure [59,60]. In the analysis,
the CIF file of the synthesized complex was used as an input file. de is
defined as the distance from a certain point on the surface to the nearest
atom inside, while di is the distance to the closest atom outside. The

. . . . d;—rviw
normalized surface distance (dnorm) is obtained from thed,orm = ~ v
i

_pvaw . . .
+derv}w equation as a function of the de and di values and the Van der

Waals radius values of the atoms. [61-63]. Hirshfeld surface graphics
prepared according to the dporm, di, and de properties are presented in
Fig. 7. The red-colored areas on the dnorm surface plot correspond to the
O-H contacts that contribute the most to the Hirshfeld surface. Ac-
cording to the fingerprint drawing graphics presented in Fig. 8, it was
seen that 36.7% came to the Hirshfeld surfaces from O-H/H-O in-
teractions. These interactions are represented by the blue spike regions
on the lower left and right. Other top contributions to the Hirshfeld
surface come from the H-H/H-H interactions represented by the blue
spike in the middle region with 30.9% and the C-H/H-C interactions
represented by the upper right and left regions with 16.2%.



C. Kucuk et al.

ELumno=-1.77 eV

Eg=4.74 eV

Enoyo=-6.51 eV

HOMO
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Fig. 5. HOMO-LUMO distrubitions of the diaqua-bis(indazole-KNz)bis(nitrato-KO)zinc(II) complex.
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Fig. 6. The experimental UV-Vis absorbsion spectrum of the diaqua-bis(inda-
zole-kN?)bis(nitrato-k0)zinc(1l) complex.

Table 6

Experimental and calculated UV-Vis wavelength (1), excitation energy (eV) and
oscillator strength (f) for the diaqua-bis(indazole-KNz)bis(nitrato-KO)Zinc(II)
complex.

Experimental  Theoretical
A (nm) A(am) E(ev) f Symmetry  Major Contributions
283 268 4.62 0.3496 Singlet-A HOMO-1 —
LUMO+2
HOMO - LUMO+3
239 239 5.19 0.4913 Singlet-A HOMO-2 —
LUMO+2

HOMO-3 — LUMO

3.7. MEP analysis

The molecular electrostatic potential surface (MEP) map is a tool
used to predict the electrophilic and nucleophilic regions of a molecule
and provides extremely important information about its chemical sta-
bility and reactivity [64]. Electron densities are represented by different
colors on the map. The red color represents the electron-rich region,
while the blue color represents the electron-poor region. Green repre-
sents neutral regions, and yellow represents slightly electron-rich re-
gions [65,66]. The MEP map of the optimized complex structure created
based on electron charge is presented in Fig. 9. According to this map,
03, 04, 03/, and 04’ atoms of complex nitrate groups are located in the
red-colored electrophilic region. The N1 and N1’ atoms in the pyrazole
ring of the indazole molecules of the synthesized complex are located in
the blue-colored nucleophilic region. In addition, the carbon atoms in
the benzene ring are located in the yellow-colored region, that is, in the
slightly electron-rich region of this map.

In the MEP map created for the indazole molecule, the red (elec-
trophilic) region is on the N atom that has not bonded with the H atom.
The fact that the N1 and N2 atoms of the synthesized complex are in the
blue-colored region (positive) is an indication that they are coordinated
with the Zn atom. Also, the MEP map gives similar results to the HOMO
distribution map presented in Fig. 5. In both maps, the most electron-
dense regions are around the oxygen atoms of the nitrate groups.

3.8. Fukui Function analysis

Fukui functions are an important tool used to define the electrophilic
and nucleophilic regions of a molecule, or, in other words, to determine
the local reactivity of the atoms of the molecule [67]. The Fukui func-
tions for the neutral, cationic, and anionic states of the synthesized Zn
(II) complex were obtained from the Hirshfeld charges calculated in the
DFT method using the B3LYP functional and a combination of
6-311++g(d,p) and SDD basis sets with the following equations:

£2=0/2)[ge(N+1)—gi(N —1)] forneutralattack @
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Fig. 7. The Hirshfeld surfaces mapped over dporm (), d; (b), and d. (c) of the
diaqua-bis(indazole-xN?)bis(nitrato-kO)zinc(Il) complex.
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£F = q(N +1) — g(N) fornucleophilicattack (8

fi = ax(N) — g«(N — 1) forelectrophilikattack 9

In these equations, qkN, gqk(N+1), and qk(N-1) are the atomic
charges at the r position in a neutral, anionic, or cationic system [68].
The dual descriptor Af(r) provides the most accurate estimation of
electrophilicity and nucleophilicity, creating a clear distinction between
active sites in the molecule [69].

Af(r) =7 (r) = (r) (10)

The sign of this calculated dual descriptor is important to predict
electrophilic and nucleophilic regions. If Af(r) > 0, the site is likely to be
attacked by nucleophiles, while if Af(r) < 0, the site is likely to be
attacked by electrophiles [70]. The Fukui function values of the title
complex are presented in supplementary Table S3. Also, the dual
descriptor image created with the Multiwfn program is presented in
supplementary supplementary Fig. S2 [21]. In this image, blue indicates
electrophilic regions (favorite for nucleophilic attacks), while green in-
dicates nucleophilic regions (favorite for electrophilic attacks).

When we examine supplementary Fig. S1, the O atoms of nitrate
groups and the N2, C2, C4, and C7 atoms of the indazole molecule (with
their mirror-symmetry counterpart atoms) are in the blue region. That
is, these atoms behave as electrophilic and are preferred for nucleophilic
attacks.

Also, Fukui functions calculated for Hirshfeld charges (see in sup-
plementary Table S3) with the Gaussian 09 package program are
compatible with the image in supplementary Fig. S2. In the dual
descriptor obtained by Fukui functions, 03, 04, 031, and 04! atoms of
nitrate groups, N1, N2, N1}, and N2! atoms, and C2, C4, C7, C2!, C4}, and
C7' atoms exhibit electrophilic behavior. All the obtained results for
Fukui functions also confirm the MEP map.

3.9. Charge analysis

Charge analyses are used to predict the behavior of a chemical sys-
tem in electrophilic and nucleophilic reactions in a molecule [71,72]. In
this study, the charge values of each atom of the optimized structure of
the synthesized Zn(II) complex were calculated by atomic polar tensor
(APT), Hirshfeld, and natural bond orbital (NBO) charge analysis. Cal-
culations were performed in the DFT method using the B3LYP function
and the combination of 6-311++G(d,p) and SDD basis sets. The

O-H %36.7

C-H %16.2

E l’?’ - (RN 98

Fig. 8. Two-dimensional fingerprint plots of the diaqua-bis(indazole-xN?)bis(nitrato-kO)zinc(I) complex.
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Fig. 9. Electrostatic potential surface map of the diaqua-bis(indazole-xN?)bis(nitrato-kO)zinc(II) complex created using the DFT method. Isodensity value is 0.0004.

calculated charge values are presented in supplementary Table S4 and
given in supplementary Fig. S3.

According to all three charge analysis methods, the O atoms of the
NOj group and the N atoms of the indazole molecule have negative
values. In addition, the charge values of the C1, C1i, C7, and C7i atoms
in the complex are also negative. Znl, N3, and N3i are the atoms that
have the highest positive charge. The results obtained from the charge
analyses performed are similar to those obtained from the Fukui func-
tions and the MEP map.

3.10. Non-covalent intermolecular interactions

3.10.1. Natural bond analysis (NBO)

The electron density distributions in the atoms of molecular systems
were found using NBO analysis [73]. Additionally, it has been used to
determine which intra- and intermolecular interactions cause the system
under study to stabilize [74]. The NBO investigation of the Zn(II)
complex showed the interactions between the donor NBOi and acceptor
NBOj orbitals, which are listed in Table 7. Using second-order pertur-
bation theory, the interaction between non-Lewis acceptor and
Lewis-type donor NBOs is important for the synthesized complex. The
higher second-order perturbation interaction energy E@ suggests that
molecular electron donors and acceptors in the molecular system can
interact very well. Considering the calculated second-order interaction
energy values of metal-ligand bonds and H-bonds in the examined
complex, the maximum energy E? value was 32.64 kcal/mol, which
corresponds to LP(1) N— LP*(6) Zn. As can be seen in Table 7, N16 (N1),
N19 (N1, and 039 (03) and 042 (03’) atoms have the most negative
atomic charges. These electronic redistributions may be attributed to the
excited state intramolecular proton transfer process induced by the
hydrogen atom transfers from oxygen to nitrogen atom (formation of
N-H...O hydrogen bonding). In addition, we can notice that the

hydrogen atoms have the most positive atomic charges in the Zn(II)
complex. According to NBO analysis, an intramolecular interaction is
observed between the nitrogen atoms of the pyrazole ring and the nitrat
group (N19-H31.‘..039 and N16-H27....042).

3.10.2. Atoms in molecules analysis (AIM)

The electron density distribution of a molecular system can be used
by the well-known quantum theory of atoms in molecules (QTAIM)
approach to physically represent the forces acting on the molecular
system [75]. This method is commonly used to calculate interatomic and
intraatomic interactions. The calculated topological parameters that
provide a lot of information about the properties of RCPs and BCPs of the
synthesized complex are listed in Table 8, whereas the graphical rep-
resentation of AIM analysis is illustrated in supplementary Fig. S4.

According to AIM theory, the properties of the bonds, especially the
hydrogen bonds, are confirmed by three criteria proposed by Koch and
Popelier [76]: (i) The presence of a BCP between the acceptor group and
the hydrogen atom of the donor group confirms the existence of a
hydrogen bond. (ii) The value of p(r) at the BCP point should be low and
located in the range 0.0020-0.0400 a.u. (iii) The value of Vzp(r) should
be positive and located in the range 0.0240-0.1390 a.u. [77]. The AIM
topological analysis in Table 8 shows that the N-H---O hydrogen bonds of
our crystal are considered weak hydrogen bonds (V?p (r) > 0 and H (r) >
0), and Vzp(r) and p(r) indicate that the values are within the allowed
range [78]. The electron density and the Laplacian parameters are
important in defining the nature of interactions. Furthermore, for the
N19-H31...039 and N16-H27...042 bonds in the indazole molecule, the
ratio |V(r)|/G(r)>1 suggests that a local concentration of the charge
stabilizes the interaction. The interaction energy Ej,¢ (—27.974 kcal/-
mol) indicates a strong interaction between the nitrate group and the
N19 and N16 atoms of the pyrazole ring. The Zn-N18 and Zn-N17 bonds
are found to be stretched. It was found that V2p(r) > 0 and H(r) < 0,

Table 7
Second-Order perturbation theory analysis of Fock matrix in NBO corresponding to the selected charge transfer interactions of the complex
H-bonds donor—acceptor E®) (kcal /mol)* & — ei(a.u.)" F(i. j)(au)*
Nio-Hs;....030 LP(1)(O39)—0" (N1o — Hap) 1.02 1.03 0.029
Nie-Hay....042 LP(2)(042)—0* (N16 — Hay) 2.19 0.88 0.040
Metal-ligand bonds donor—acceptor E® (kcal /mol)* & — ei(a.u.)b F(@i. j)(auw)*
LP(1)(N1g)—LP* (6)(Zns) 32.64 0.65 0.132
LP(1)(Ny7)—LP* (6)(Znss) 32.64 0.65 0.132

o : sigma bonds, LP: lone pairs, LP*: anti-lone pairs

3E@ means energy of hyper conjugative interactions.

b Energy difference between donor and acceptor i and j NBO orbitals.
€ Fg,j) is the Fock matrix element between i and j NBO orbitals

10
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Table 8

Topological parameters of Zn(I) complex.
Interactions p(®) Vzp(r) H(r) G(r) V(r) Eint (kcal/mol) V()/G(r)
Zn-Nyg 0.06841 0.33054 -0.00326 0.08589 -0.08916 -27.974 1.03807
Zn-N;7 0.06842 0.33056 -0.00326 0.08590 -0.08916 -27.974 1.03795
O42....043 0.02503 0.12666 0.00410 0.02755 -0.02345 -7.357 0.85118
O3g....038 0.02503 0.12667 0.00401 0.02756 -0.02345 -7.357 0.85087
Nj9-Hs;....039 0.03032 0.10687 0.00117 0.02554 -0.02437 -7.646 0.95419
Nie-Hay....042 0.03032 0.10685 0.00117 0.02553 -0.02436 -7.642 0.95417
Ngp-O41....Has 0.02812 0.12861 0.00306 0.02908 -0.02602 -8.163 0.89477
Ni5-O40....Hss 0.02811 0.12858 0.00306 0.02907 -0.02601 -8.160 0.89474
N20-O42....043 0.02503 0.12666 0.00410 0.02755 -0.02345 -7.357 0.85118
NRCP1 0.01258 0.05381 0.00122 0.01222 -0.01100 -3.451 0.90016
NRCP2 0.01258 0.05381 0.00122 0.01222 -0.01100 -3.451 0.90016

D (A): Distance; p(r) (a.u.): Density of electrons; V2p(r) (a.u): Laplacian of electron density; V(r) (a.u): Potential energy density; (Eint) (kcal/mol): Interaction energy,

NRCP: new ring critical poin

which were used as descriptives to investigate the nature and strength of
these interactions. These findings characterize the closed-shell in-
teractions, including the extremely polar covalent character of the
examined bonds [79]. The critical point of the ligand-H20 is of the
hydrogen bonding type, with H > 0 and V(p) > 0, which seems to be
non-covalent. Furthermore, the presence of new ring critical points,
NRCP1 and NRCP2 cycles, which are created by interactions between
the organic group and the inorganic anion via hydrogen bonds, can be
detected in a molecular system using the AIM analysis.

3.10.3. Non-covalent interaction-reduced density gradient (NCI-RDG)

The reduced density gradient (RDG) is a dimensionless primary
quantity derived from the density’s first derivative. The study of non-
covalent interactions in the form of a scatter plot of the RDG with
respect to the real space function Sign(\y)p reveals the second-highest
Eigenvalue of the Hessian matrix Ay of the electron density [O-
50022286023000479]. The 3D visualization of the NCI interaction
given in supplementary Fig. S5 is mapped to a color coding scheme as
follows: blue-green-red, which represents Sign(A2)p > 0 (bonds or
halogen bonds), sign(A2)p < 0 (van der Waals interactions), and Sign
(A2)p =0 (steric repulsions) [80]. The steric effect and repulsive in-
teractions observed in the center of aromatic rings are depicted in the 3D
representation; these are related to n-r stacking interactions, which are
depicted as the red area in the RDG plot. Also, Van der Waals in-
teractions were located between (H31, 039), (H27, 042), (H25, 041),
(H35, 040), and (H43, 042). The RDG results were clearly in agreement
with the QTAIM and NBO findings.

3.10.4. ELF and LOL analyses

Electron localization function (ELF) and localized orbital locator
(LOL) surface analyses of the synthesized Zn(II) complex were per-
formed using the Multiwfn program [20]. The ELF and LOL surface maps
created for the title complex are given in supplementary Fig. S6. These
surface maps reveal the possibility of finding an electron pair on the
molecular surface and are related to kinetic energy density. However,
the ELF map is created depending on the electron pair density, while the
LOL map is created during the overlapping of the orbitals due to the
gradient of the localized orbitals [81]. ELF maps are designed in the
range of 0.0-1.0. It is expected that bonding and non-bonding localized
electrons are in the region of 0.5-1.0, and delocalized electrons are
expected to be in the region of 0.0-0-5 [82]. In Fig. S6a, the red color
surrounding the hydrogen atoms indicates the presence of bonding and
non-bonding localized electrons. The blue ring around the carbon and
nitrogen atoms of the indazole molecule indicates the presence of
delocalized electrons. Similar results were obtained from the LOL map
given in supplementary Fig. S6b.

3.11. Thermodynamic properties

The thermodynamic parameters of the Zn(II) complex, such as

11

Table 9
Thermodynamic properties at different temperatures in the range 100-500
Kelvin of the diaqua—bis(indazole—KNz)bis(nitrato—KO)zinc(II) complex.

T [oe] S0 W AH? (kJ AGeorr (kJ ezpp (kJ
NS 11 -1 -1 =
K mol k)  mol'KH  molh mol ™) mol ™)
100  159.89 419.20 2.21 802.96 834.75
200  268.07 568.95 7.72 753.34 834.75
300 379.20 702.10 15.65 689.76 834.75
400  480.80 827.86 26.15 613.25 834.75
500  564.69 946.36 38.87 524.54 834.75

Cy : Heat capacity, S3: Entropy, AH): Entalphy changes, Georr:Gibbs free en-
ergy, £zpg: Zero point energy

enthalpy change (AH), entropy (S), and heat capacity (Cp), were
calculated using theoretical information derived from vibrational anal-
ysis by the DFT method in the gas phase. These thermodynamic data
were evaluated in the temperature range of 100 K to 500 K, and the
results are given in Table 9. Looking at the results obtained, it was
observed that thermodynamic parameters (S, Cp, and H) increased as
the temperature increased. This previous research suggests that this is to
be predicted [83]. Thermodynamic properties provide information
about the stability and reactivity of the molecule, especially the concept
of entropy, which reveals that all chemical reactions direct the direction
towards disorder. Therefore, it determines how tightly a compound
binds to its target.

3.12. Thermal analysis

Thermal analysis yields insights into phase transitions, the presence
of water during crystallization, and various phases of decomposition
[84]. The TGA curve measured in the 20-800°C range for complex ex-
hibits several weight loss phases that cannot be attributed to any simple
decomposition process involving simply the initial component. The Zn
(II) complex decomposes into five steps, as seen in the TGA thermogram
of the title complex in supplementary Fig. S7. The first and second steps
occur with an experimental mass loss of 5.3% and 5% in the temperature
range from 50°C to 150°C. The thermal event in this step is the result of
nitrate anion decomposition. The third step occurs in the temperature
interval from 160°C to 200°C, with a mass loss of 19% corresponding to
the decomposition of O-H groups. The fourth step takes place between
350C and 400C which loses a mass of 23.3%, which is defined by the
removal of ligand molecules. In the last step, the remainder of the
complex was decomposed, which represents 41.3% of the mass.

4. Conclusion

In the present study, the Zn(II) complex of the indazol molecule was
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synthesized and then characterized by XRD, UV-Vis, and FT-IR UV-Vis
spectroscopy techniques. As a result of X-ray structure analysis, it was
determined that the bis(indazole-kN?)bis(nitrato-k0)zinc(IT) complex
was formed by two indazole ligands, two nitrate anions, two water
molecules, and the Zn(II) metal at the center. Structural investigation
reveals an octahedral geometry around the Zn(II) atom. Quantum
chemical calculations by using the DFT method confirmed the experi-
mental results and showed good agreement between the experimental
and theoretical results in terms of molecular geometry. The DFT, AIM,
and Hirsfeld surface analyses are used to investigate the presence of
metal-ligand interactions. The predominant interactions in the crystal
were identified using the AIM analysis and the NCI-RDG isosurface. By
creating ELF and LOL maps, the regions with localized and delocalized
electrons were determined for the synthesized structure. We can see that
these maps indicate a high degree of electron localization due to cova-
lent bonds around the hydrogen atom. The MEP map shows that the
negative potential sites are located at the oxygen atoms of the nitrate
group, while the positive potential sites are located at the N1 and N1’
atoms in the pyrazole ring. Hirshfeld surface analysis reveals the pos-
sibility of weak and longer intermolecular interactions in the crystalline
state. Also, this analysis method showed that H...H(30.9%), C...H
(16.2%), and O...H(36.7%) dominate their interactions in the overall
crystal packing.
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