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ABSTRACT: A novel organic—inorganic hybrid non-centrosym-
metric superconductor material [2-ethylpiperazine
tetrachlorocuprate(II)] has been synthesized and investigated by
means of Fourier transform infrared spectroscopy, single-crystal X-
ray crystallography, thermal analyses, and density functional theory
(DFT) studies. The single-crystal X-ray analysis indicates that the
studied compound crystallizes in the P2,2,2, orthorhombic space

group. Hirshfeld surface analyses have been used to investigate (.o « - («{%
non-covalent interactions. Organic cations [C¢H;¢N,]** and © o " L Y

Card ; P,
inorganic moieties [CuCl,]*~ alternatively connect N—H--Cl and @0 = ¢® 797315333 o
C—H:--CI hydrogen bonds. In addition, the energies of the frontier I
orbitals, highest occupied molecular orbital, lowest unoccupied Semi conductor R

molecular orbital, the reduced density gradient analyses and

quantum theory of atoms in molecules analyses, and the natural bonding orbital are also studied. Furthermore, the optical
absorption and photoluminescence properties were also explored. However, time-dependent/DFT computations were utilized to
examine the photoluminescence and UV—vis absorption characteristics. Two different methods, 2, 2-diphenyl-1-picryhydrazyl
radical and 2,2-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid radical scavenging, were used to evaluate the antioxidant activity of
the studied material. Furthermore, the title material was docked to the SARS-CoV-2 variant (B.1.1.529) in silico to study the non-
covalent interaction of the cuprate(II) complex with active amino acids in the spike protein.

H INTRODUCTION including antidepressants, antibiotics, antifungal, anticancer,
and antipsychotic drugs."

Herein, we describe the synthesis and structure inves-
tigations of a new hybrid inorganic—organic material
(CgH4N,)[CuCl,], abbreviated as 2EPCU, based on the
piperazine cation and Cu’* metal ion. Hirshfeld surface
analysis has been proposed to understand the various
intermolecular interactions. In addition, vibrational, UV—vis
optical absorption, and photoluminescence (PL) studies were
also performed. Furthermore, theoretical investigations em-
ploying quantum theory atom in molecule (QTAIM), reduced
density gradient (RDG), natural bond orbital (NBO), and
molecular electrostatic potential were carried out to assess the
structural topology. In addition, the antioxidative properties of

Over the years, crystal engineering approaches to integrate the
inherent features of organic and inorganic materials into one
material have drawn significant interest in the design of
organic—inorganic materials. The hydrogen bonds N—H:--Cl
and C—H:--Cl dominate the cohesive forces in these hybrid
materials. Copper is an alluring transition metal with a d’
electron system and exhibits a wide range of coordination
compounds, particularly with coordination numbers four, five,
and six.'~* Moreover, Cu(II) complexes can be used for a
variety of biological and catalytic applications.*°

Piperazines and their derivatives have intriguing pharmaco-
logical, cardiovascular, and autonomic properties. In addition,
it has a wide range of applications due to its combination of
organic and inorganic molecules, considering their pharmaco-

logical, optical, thermal, biological, and electrical properties, Received: November 17, 2022
including photocatalysis and medicine.””'* Furthermore, the Accepted:  February 10, 2023
piperazine derivatives are a group of strongly basic amines Published: February 17, 2023

capable of forming dications with normally all NH bonds
capable of forming H bonds and have been used in
pharmacological substances in a variety of therapeutic fields

© 2023 The Authors. Published b
American Chemical Societ¥ https://doi.org/10.1021/acsomega.2c07389
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the investigated material were also examined using the DPPH
and ABTS radical scavenger methods.'®'” Moreover, molec-
ular docking studies were also conducted to cure illnesses
caused by coronavirus. The SARS-CoV-2 main protease and its
variant were obtained as a target. It is expected that the binding
of metal ions to active sites could be lethal for different spike
protein variants.'®”>' The findings reveal that the isolated
material has significant potential in both the pharmaceutical

and optical fields.

B EXPERIMENTAL SECTION

Material and Methods. The infrared spectra were
analyzed with a Nicolet IR 200 FT-IR spectrophotometer,
which measures infrared wavelengths from 500 to 4000 cm™"
at room temperature, while a Perkin Elmer Lambda 35 UV /vis
spectrophotometer was used to measure the absorption at
room temperature at wavelength 200—1000 nm. The Perkin
Elmer LSS5 Spectrofluorometer was used to perform the PL
analyses at room temperature.

Synthesis of (C¢H,¢N,)[CuCl,]. CuCl,.2H,0 (47.58 mg,
0.2 mmol) dissolved in 10 mL of deionized water was added to
a solution of (2-ethyl) piperazines (60.58 mg, 0.1 mmol) in 5.0
mL of deionized water containing 2 mL of strong hydrochloric
acid (37%). After 30 min of stirring, a yellow color solution
was obtained, which yielded beautiful yellow crystals suitable
for X-ray diffraction on slow evaporation at room temperature.
Yield 85%; Anal. calcd: C, 22.39%; N, 8.71%; Cl, 32.65%; Cu,
19.76%; (IR, KBr, cm™): v, 3036—2987; vy, 2751;
V(cHay 2790; v(cus) 2722; (UV/vis, nm): 423, 650.

X-ray Single-Crystal Structural Analyses. X-ray dif-
fraction studies were conducted on appropriate single crystals
to determine the structure of the title compound. Crystallo-
graphic data were acquired using a (CMOS) PHOTON
monochromated Mo-Ka radiation (1 = 0.71073 A) on a D8
Venture diffractometer at 150 (2) K. A dual space algorithm in
the SHELXT program”” was used to solve the structure and
refined using full-matrix least-squares techniques with the F2
SHELXL prograrn23 (CCDC-2069447). Anisotropic atomic
displacement parameters were used to refine all non-hydrogen
atoms. H atoms were eventually inserted in their calculated
places and handled using appropriate riding models with
restricted thermal parameters, excluding the hydrogen atom
associated with nitrogen atom N6, which was incorporated
into the structure using Fourier difference map analysis. A final
refinement of F2 with 2961 unique intensities and 122
parameters converged at @R (F2) = 0.0769 (RF = 0.0330) for
2758 observed reflections with (I > 26). Diamond®* was
utilized to make the drawings.

Quantum Chemical Calculations. The density functional
theory (DFT/B3LYP)>~* at the LanL2DZ basis set was used
to optimize the parameters of the non-centrosymmetric
compound (C¢H¢(N,)[CuCl,] using the Gaussian 09 W
program package.”” The chosen cluster consists of a tetrahedral
[CuCl,]* and an organic [C¢H ¢N,]* cation. All parameters
were relaxed, and all calculations resulted in an optimized
geometry. Vibrational analysis calculations failed to show any
fictitious modes, validating local minima. Potential energy
distributions were used to interpret the theoretical vibrational
spectra of the title compound using the VEDA4 program.””
The calculations for the time-dependent (TD)-DFT were
performed at a similar theoretical level. Vertical excitation
energy and frontier molecular orbital methods have been used
to investigate the optical characteristics of 2EPCU, specifically

7739

the intermolecular orbital interaction and the charge transfer
event.

Molecular Docking. Molecular docking of the title
compound with spike protein was performed using a demo
version of Genetic Optimization for Ligand Docking (GOLD).
A 3D crystal structure of SARS-CoV-2 spike protein coupled
to angiotensin-converting enzyme 2 (ACE2) (PDB ID: 6M0J)
with a resolution of 2.45 A was downloaded from the Protein
Data Bank to begin the docking study. The spike protein with
the reference molecule associated with ACE2 was detached
from the 3D structure of the receptor using Discovery studio’
to perform an in-silico study. A CIF file of the 2EPCU was
converted to an acceptable *mol2 format for use in docking
processes. The Hermes visualize is an interface of the GOLD
suite that was used to prepare the 3D structure of spike protein
such as missing loops, side, and chains, adding hydrogen to
amino acids, and deleting water. The position of the reference
molecule coupled to the spike protein was used to confirm the
active site for the spike protein. All other parameters were left
at their default levels, and the complexes were subjected to 10
genetic algorithm runs using the GOLD Score fitness function.
The best-docked pose obtained from the docking method was
employed to visualize the interactions of the complex with the
spike protein using the Discovery studio visualization.

In Vitro Antioxidant Study. The DPPH™ and ABTS™
assays were used to assess the antioxidant activity of 2EPCU.
The DPPH™ (2, 2-diphenyl-1-picryhydrazyl radical) assay was
carried out using a slightly modified method developed by
Dhieb et al.’' The absorbance at 517 nm was set to 0.70 +
0.020 after stirring for 40 min with a 0.1 mM DPPH™ solution
in methanol. Finally, 3 mL of the DPPH™ solution was added
to 100 uL of the diluted sample (10 to SO mg.mL ™" of varied
concentration were) and the mixture was left to incubate for 30
min in the dark under aluminum foil. A Shimadzu UV—vis
160A spectrophotometer was used to measure the absorbance
of the final solutions at 516 nm relative to the control solution
(MeOH instead of extract in DPPH™ solution). The
antioxidant activity of the title compound was measured in
terms of its ability to inhibit DPPH™ radical by a percentage
and determined using the following equation

DPPH™* radicals scavenged activity (%)
= [(Ay — A)/A,] X 100

The absorbance values for the blank and the title compound
are denoted by A; and A}, respectively. Guesmi et al. revealed
that it is possible to scavenge the ABTS * (2,2-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) using a modified meth-
od.” After 16 h of dark incubation (4 °C), the interaction of
ABTS™ (7 mM in 20 mM sodium acetate buffer, pH 4.5) with
an oxidizing agent (2.45 mM potassium persulfate) results in a
persistent, dark blue-green radical solution. The test reagent
was prepared from a diluted solution with an absorbance of 0.7
+ 0.02 at 734 nm. The reaction mixture was supplemented
with 20 uL of sample and 3 mL of reagent, and it was then
incubated for half an hour at 30 °C in a water bath. The test
solution becomes colorless when unpaired electrons in the
sample are sequestered by antioxidants and the absorbance at
734 nm decreases. Three hundred microliters of a diluted
sample at different concentrations (0.5 and 100 mg.mL™") was
added to 3 mL of ABTS™ working solution. Each mixture was
shaken vigorously before incubating in the dark at room
temperature for 6 min. Each supernatant’s absorbance was

https://doi.org/10.1021/acsomega.2c07389
ACS Omega 2023, 8, 7738—-7748
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determined at 734 nm. The following equation was used to
determine the percentage of ABTS™ scavenged

ABTS™ radical scavenging activity (%)
= [(Ag — A;)/A,] X 100
where A, and A; stand for the absorbance of the reaction
mixture before and after the addition of the test compound,
respectively.

B RESULTS AND DISCUSSION

X-ray Crystal Structure. The X-ray crystal structure
analysis of (C4H¢N,)[CuCl,] reveals the complex to be
crystallized in the orthorhombic space group P2,2,2, with the
unit cell volume being 1292.2 A (Table 1). The asymmetric

Table 1. Refinement Details for (C4H4N,)[CuCl,]

crystal data

chemical formula (C¢H4N,)[CuCl,]

crystal color yellow

formula weight (g/mol) 321.55

crystal system orthorhombic

space group P2,2,2,

a b, c(A) 7.4489 (8), 9.9144 (10), 17.4977 (16)
a=p=y(°) 90

volume V (A3) 1292.2(2)

VA 4

crystal size (mm?®) 0.330 x 0.120 X 0.070
radiation (wavelength (A)) 0.71073

F (000) 652

density (calculated), (mg/m?) 1.653

diffractometer D8 venture diffractometer
theta range for data collection (°) 2.361-27.483

reflections collected 7813

index ranges h=-9/9; k=—-12/12; 1 = =20/22
no. of measured, independent & 2961

observed [I > 2 s(I)] reflections 2758

absorption coefficient/[mm™"] 2.479

abs. correction multi-scan

max and min. Transmission 0.841 and 0,662
goodness-of-fit on F* 1.074

final R indices [I > 2 s(I)]
R indices [all data]
largest diff. Peak and hole [e A’]

R1 = 0.0330, wR2 = 0.0769
R1 = 0.0380, wR2 = 0.0796
—0.566, 0.435

unit is formed by one [CuCl,]*” anion and one [C¢H;¢N,]**
cation, as depicted in (Figure 1). An analysis of the structure of
2-ethylpiperazin-1,4-ium tetrachloridocuprate(II) clearly dem-
onstrates that the structural arrangement may be explained by
an isolated CuCl, unit and organic groups through a network
extremely rich in N—H:--Cl and C—H---Cl hydrogen bonds.
This type of arrangement creates tunnels bounded by eight
groups (four anions and four cations), as shown in Figure 2a.
According to the direction (Figure 2b), the same structure also
produces tunnels, but this is time-limited by four entities (two
anions and two cations). The N--Cl distances range from
3.164(4) to 3.412(4), while N—H ---Cl angle values range from
126.2° to 152.2°. The C---Cl distances range from 3.528(5) to
3.726(5), while C—H --Cl angles range between 132.7° and
170.6° (Table 2).

In addition, the inorganic anion has a tetrahedral structure
with four chlorine atoms [CuCl,]*” bonded to a copper atom
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(Cu25). Cu25—Cl bond lengths range from 2.2253(13) to
2.2670(14) A, while the CI—Cu25—Cl bond angles range
between 95.67(5) and 142.47(5)°. These bond distances and
angles of the CuCl,>” anion are consistently found in other
compounds.”** Mean distortion indices and angles in
[CuCl,] were calculated to be 0.0104 for Cu25—Cl and
0.1548 for Cl—Cu25—Cl and were described using the Baur
technique.”® These values show the disphenoidal geometry for
CuCl,. In addition, the examination of the organic entity 2-
ethylpiperazine-1,4-ium shows interatomic distances C—C and
N—C between 1.505 (7)—1.509 (6) and 1.490 (6)—1.504 (6),
respectively. The values of the N-C-C angles range from 109.4
(4) to 113.0 (5)° and those of C—N—C angles are between
110.4 (4)° and 110.9 (4)°. All bond angles and distances are of
the same order of magnitude as those found in hybrid
compounds containing piperazine derivatives.”*™*" Table 3
summarizes the most important experimental and theoretical
geometrical properties of 2EPCU units. The analyses of
organic cation show that the piperazine fragment is cyclic and
it has the best puckering chair conformation: q1 = 0.5966 A;
g2 = 0.1946 A; g3 = 0.5966; 0 = 19.04°; and @2 = — 121.99°
and @3 = —104.67."

Hirshfeld Surface Analyses. Hirshfeld surface analyses
were performed on (C4H;¢N,)[CuCl,] to investigate the role
of the organic base in structure propagation. Crystal Explorer
3.1" was used to compute the Hirshfeld surface. d,,, can be
calculated as follows***

doorm = (di = ") /ri'® + (de — re"®) /re"™where ri"™ and
re"™ represent the Van der Waals radii of the atoms inside or
outside the surface, respectively, while di and de are the
separations between the closest atoms inside and outside the
surface. The 3D d,,, surfaces enable the identification of
previously characterized contacts between the organic
[CeH 4N, ]** and inorganic [CuCl,])*” units. The enormous
circular depressions (deep red) can be seen on the Hirshfeld
surface of the asymmetric unit mapped with the d, ., property.
These depressions are evidence of hydrogen bonding contacts
resulting from the N—H --Cl and C—H --Cl interactions
(Figure 3). The d, and d; distance scales were shown as the
default view for the 2D fingerprint plots on the plot axes
generated by the Hirshfeld surface analysis. Cl---H and H---H
interactions dominated the crystal packing (66.4 and 27.1%,
respectively) (Figure S1).

These interactions are attributed to hydrogen bonds, N—
H---Cl and C—H---Cl at the cation [C4H4,N,]** and anion
[CuCl,]™ in the asymmetric unit, respectively. The enrich-
ment ratio (E) was used to examine the numerous
intermolecular interactions occurring during the packaging of
the crystal formation of the title compound. The enrichment
ratio of an element pair is described as the ratio between the
proportion of actual contacts in 2EPCU (% C) and the
theoretical proportion of random contacts (% R).** As a result,
the CI—H contacts, which account for 66.4% of the Hirshfeld
area, have the highest enrichment ratio E = 61.25. Therefore,
Cl---H drives the molecular arrangement, which is made up of
N-H--Cl and C—H--Cl types of hydrogen bonds. The
percentages of Cu—H interactions (3.7%) are not significant,
and the largest enrichment ratio E = 6.446 shows a modest
over-representation. Furthermore, the H---H contact which has
an E = 0.70 deviates from the Jelsch expectation.*® It turns out
that van der Waals forces have a significant impact on the
packing stabilization in (C4H;¢N,)[CuCl,]. The electrostatic
interactions between two chlorine atoms are repulsive in the

https://doi.org/10.1021/acsomega.2c07389
ACS Omega 2023, 8, 7738—-7748
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Figure 1. (a) Asymmetric unit with atom labeling and (b) optimized structure used in theoretical studies.
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Figure 2. (a) Projection along the b-axis and (b) projection of the a-
axis of (C¢H4N,)[CuCl,]. Hydrogen bonds are indicated by dotted
lines.

CI-Cl (1.3%) with a weak enrichment ratio E = 0.107. The
random contacts and enrichment ratios of (C¢H;¢N,)[CuCl,]
generated from Hirshfeld contact surfaces (HS) are listed in
Table 4.

Vibrational Analyses. IR absorption spectroscopy was
performed to get more information about the structure of
(C¢H6N,)[CuCl,] and to more accurately assign its vibra-
tional modes on the basis of theoretical calculations (DFT)
and previous findings reported by the literature for similar
compounds.”*” Figure S2 shows the experimental (a) and
theoretical (b) infrared spectra. In addition, IR vibrational
modes are presented in Table S1 and are mostly based on
theoretical results. Four absorption bands in the 3500—2500
cm™' regions of the Fourier transform infrared spectroscopy

spectrum are attributed to the symmetric and asymmetric
vibrational modes v(nm2) Ynmy VY(cmy and Y(cps). These
vibrational modes confirm that the hydrogen bonds decrease
the strength of the bonds and lower their wave number.
Moreover, the peaks located between 1625 and 1414 cm™ are
due to the deformation vibrations §,(NH2), §,(NH), 5,(CH,),
6,.(CH,), and 6,(HCC). The bands at 1421 and 1290 cm™*
are assigned to the vibrations 7,(HCCN) and §,(HCC),
respectively. Furthermore, the bands observed at 1119 and
1106 cm™" can be assigned to C—C and C—N vibrations. The
positions and their assignments for other peaks are 1023 cm™"
7,(NCCN), 1030 cm™ 7,,(CCNC), 920 cm™* 7,(HNCC), and
800 cm™' 7, (HCNC). The symmetric and asymmetric
stretching of CCN is observed between 900 and 470. The
bands between 300 and 250 cm™ corresponded to v,(CuCl),
7,(HNCC), 7,(HNHCI), and 7,(NCCN). The deformation
vibrations to CuCIH, CIHN, and CICuCl located in the range
220—100 cm™’. Finally, the bands at 100 and 43 cm™ are
attributed to 7,(CNCC), 7, (CNHCI), and 7,(CCNC). The
various bands can be assign7ed by comparing them with those
of similar materials in the literature.*®*” It is evident from the
correlation diagram in Figure S3 that there is a strong
correlation between observed and calculated vibrational
frequencies (the calculated coefficient of correlation (R) is
0.99453).

Optical Study. The compound (C¢H¢(N,)[CuCl,] shows
a broad optical absorption at 200—1000 nm. Figure S4 shows
the calculated and experimental absorption spectra for the

Table 2. Hydrogen Bonding Parameters (4, °) for (C¢H,4N,)[CuCl,]

D-H - A D—-H (A) H - A (A) D - A (A) D-H - A (°)
C1-H1B...CI29 0.99 2.75 3.726(5) 170.8
C4—H4B...C126 0.99 2.75 3.586(5) 141.4
N7-H7A..CI29 091 2.62 3.238(4) 1262
N7-H7A..C128 091 2.51 3.344(4) 1522
N7-H7B...CI27 091 2.72 3.316(4) 124.1
N7-H7B...CI28 0.91 2.40 3.204(4) 147.4
C10—H10B...CI29 0.99 2.67 3.649(3) 170.6
C10—H10B...CI27 0.99 2.79 3.537(5) 132.7
C13—HI13A..CI27 0.99 2.77 3.653(5) 149.0
C13—H13B..CI28 0.99 2.71 3.528(5) 140.8
N16—-H16...CI26 0.85(6) 2.41(6) 3.164(4) 147(5)
N16—-H16...CI127 0.85(6) 2.77(6) 3.412(4) 133(5)
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Table 3. Selected Experimental and Theoretical Bond Lengths (A) and Bond Angles (°) for (C4H,(N,)[CuCl,]

band exp theo

distances (A)

C1-N16 1.497(6) 1.51227
C4-N7 1.490(6) 1.52704
C10-C13 1. 509(6) 1.52985
N16-C18 1.504(6) 1.53188
Cu25-CI29 2.2253(13) 2.34885
Cu25—CI27 2.2638(13) 2.43997
angles (°)

N16—C1-C4 111.5(4) 111.30651
N7-C4-Cl 109.4(4) 115.31497
C4-N7-C10 110.9(4) 116.56601
N7-C10-C13 111.0(4) 113.85288
N16—C18—C21 113.0(5) 112.69689
Cl29—Cu25-CI26 97.52(5) 94.15286
CI26—Cu25—CI27 95.71(S) 101.12489
Cl26—Cu25—CI28 140.75(6) 143.26344

band exp theo
C1-C4 1.505(7) 1.5322
N7-C10 0.491(6) 1.5239
C13-N16 1.496(6) 1.5157
C18—C21 1.508(9) 1.5336
Cu25—CI26 2.2318(13) 2.5607
Cu25—-CI28 2.2670(14) 2.2429
C1-N16-C18 110.4(4) 113.682
C13-N16—-C18 112.6(4) 111477
C13-N16—Cl1 110.4(4) 108.768
N16—C13-C10 112.0(4) 109.941
Cl27—Cu25—CI28 95.67(S) 101.460
C29—Cu25—CI27 142.47(5) 109.5787
Cl29—Cu25—CI28 95.90(5) 105.0031

Whele molecale

|
|
|
100%. dl

U URITUYT YA TS I8 ZU 27 ZA

(a)

(b)

Figure 3. (a) FP plot illustrating the total percentage contribution of various interactions to HS area and (b) mapped d,,.,, quantity on Hirshfeld
surface of the asymmetric unit.

Table 4. Random Contacts of Hirshfeld Surfaces and
Enrichment Ratios for (C4H,4N,)[CuCl,]

H Cl Cu
atoms
surface (S %) 62.15 34.9 1.85
contacts (C %)
Cl 66.4 1.3
H 27.1 3.7
contacts imaginaries (R %)
H 38.63 0.574
Cl 1.084 12.18
enrichment (E)
By 0.70 6.446
Ecp 61.25 0.107

2EPCU. The intense binding observed at around 500 nm must
be attributed to ligand-to-metal charge transfer; the band at
720 nm is assigned to the d—d transition of the metal ion Cu**.
These findings are similar to those obtained for the hybrid
material (C,H4N,)[CuCl,],>° in which the organic compo-
nent is transparent in the UV—visible range. The TD-DFT
calculation predicts two absorption bands at 420 nm and 675
nm. Diffuse reflectance spectra of poorly absorbing compounds
are commonly analyzed using the Kubelka—Munk theory. The
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following formula represents the Kubelka—Munk reflectance
function™'

F(R) = (1 — R)/2R

R stands for the reflectance of 2EPCU, while F(R) shows the
Kubelka—Munk function.

Figure S5a,b exhibits the diffuse reflectance spectra and the
Kubelka—Munk curve of (C¢H;4N,)[CuCl,] at various
wavelengths, respectively. The linear portion of the extraction
must be extrapolated>” in order to produce a band gap energy
E, = 2.10 eV utilizing the direct band gap energy of 2EPCU
[(gP(R) hv)* = hv] from the TAUC plot approach extraction®”
(Figure 4).

The highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) make up the
Frontier Molecular Orbitals (FMOs). The chemical stability of
molecules can be quantified by measuring the gap energy
between their two orbitals. A larger gap signifies that a
molecule is more stable and therefore less reactive. Figure 5
shows the computed HOMO, HOMO-1, HOMO-3, HOMO-
4, HOMO-5, HOMO-6, HOMO-7, and LUMO orbitals and
the gap energy in the gas phase. The red and green areas show
the positive and negative phases, respectively. According to the
TD-DFT approach using the B3LYP/LanL2DZ basis set, the
HOMO and LUMO energy values, both equal to 2.1265 eV,
are as follows: Eyono = —6.128616 eV; E yyvo = —4.001664

https://doi.org/10.1021/acsomega.2c07389
ACS Omega 2023, 8, 7738—-7748


https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c07389/suppl_file/ao2c07389_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07389?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07389?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07389?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07389?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c07389?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf
6000

Table 5. Calculated HOMO, LUMO, Energy Values,
HOMO-LUMO Energy Gap, Chemical Potential, Chemical

(F (R) hv)’

hv(eV)

Figure 4. Energy dependence of (F(R) hv)® versus photon (hv).

eV. The studied material exhibits a small HOMO—-LUMO
energy gap, indicating its semiconductor nature. In addition,
the Eyomo and Eyyo values can also be applied to determine
the chemical hardness, global softness, electron affinity, and
ionization potential. Electronegativity can be calculated using
either the Mulliken definition (y = (I + A)/2) or the global
chemical potential (u = —(I + A)/2) and global electrophilicity
(@ = p2/2n) established by Parr et al.>** Table 5 summarizes
all calculated chemical reactivity descriptor values. The
absorption spectrum was used to calculate the optical
transmittance spectrum of the 2EPCU compound (Figure
S6). The optical transmission range, transparency limit, and
absorbance band are the three essential optical characteristics
for laser frequency conversion applications for any material.
Figure S6 shows that the crystal transmits 100% of visible light
and that the cut-off wavelength is 439.04 nm. Due to the lack
of absorption in the visible range, our crystal may be suitable
for optical uses.
PL Properties. PL measurements of the title compound
were carried out in the solid state at room temperature. Figure
6 illustrates the simultaneous emission and excitation spectra.

Hardness, Electrophilicity Index, Softness, and
Electronegativity of (C¢H;¢N,)[CuCl,]

parameters values (eV)
Enomo —6.12816
Buoso —4.001664
energy band gap |Eyomo—ELumol 2.1265
chemical hardness n = @ 1.0632
chemical potential for the molecule y = # —5.0649
softness § = i 0.4703
2
electrophilicity index of the molecule W = Z— 1204489
R () 5.0649
electronegativity y = ——
08
04 4 ’l
) |
; \ 415 nm I
= \ ’
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02 VA e’
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Figure 6. Emission spectra of (C¢H4N,)[CuCL,].
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Figure 5. Molecular orbital surfaces for the HOMO, HOMO-1, HOMO-3, HOMO-4, HOMO-S5, HOMO-6, HOMO-7, and LUMO
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There are several distinct bands in the emission spectrum upon
excitation at 280 nm. The various bands observed in the PL
spectrum can be attributed to excited-to-ground-state tran-
sition. The broad and intensive emission peak observed at 415
nm is due to charge transfer between the anionic groups
[CuCl,]*" and the organic cation [C¢H (N,]**, as well as the
charge transfer metal to ligand (CTML). In addition, the
emission wavelength at 451 nm can be attributed to the charge
transfer ligand to metal. In contrast, the lowest emission bands
at 375 and 352 nm indicated CTML and charge transfer anion
to cation, respectively. Finally, the investigated compound
exhibits violet luminescence at an excitation wavelength of 280
nm. This description agrees well with a similar compound
reported in literature.”

NBO Analyses. The NBO study of (C¢H;¢N,)[CuCl,]
shows that both chlorine and nitrogen are highly electro-
negative, resulting in high polarization coefficients (Table S2).
A change in the electronic doublets within the CuCl, unit is
visible in a second-order perturbation study of the Fock matrix
using NBOs. This shift indicates that the chlorine atoms (CI26
and CI28) are transferred using one of their doublets,
stabilizing the system. The perturbation energies of the
donor—acceptor interaction are shown in Table S3. In the
title compound (C4H,(N,)[CuCl,], the LP(4)CI26-LP*(6)-
Cu25 has 17.23 kcal.mol ™", LP(4)CI26-LP*(7) Cu25 has 16.19
kcal.mol™, LP(3)CI28-LP*(6)Cu2S has 14.05, and LP(3)-
ClI28-LP*(7)Cu25 has 12.52 kcal.mol™. Furthermore, the
stabilization energies of the LP(4)Cl28—c*(N7—H9) and
LP(3)Cl26—0*(N16—H17) interactions are 24.36 and 8.28
kcal.mol™!, respectively, indicating the existence of an
intermolecular N—H ---Cl hydrogen bond in 2EPCU.

Molecular Electrostatic Potential Surfaces. B3LYP was
used to calculate the molecular electrostatic potential of
2EPCU. The blue color indicates the maximum positive
region, susceptible to nucleophilic attack symptoms, and the
red color indicates the maximum negative region, which has a
higher potential to be attacked by electrophiles. The molecular
electrostatic potential is useful as a measure of molecular shape
and size because it reveals the presence of both negative and
positive regions of electrostatic potential. Molecular electro-
static potential surface analysis identifies electron donor and
electron acceptor regions that can be utilized to study
intramolecular and intermolecular interactions, like hydrogen
bonds. The chlorine atoms surrounding the [CuCl,]*” moiety
has the negative electrostatic potential of sites in 2EPCU. The
electrostatic potential of the cation [C4H,¢N,]** is positive at
the hydrogen sites of nitrogen atoms (Figure 7). The potential
dispersion in (C¢H,(N,)[CuCl,] is —0.116 to 0.116 a.u. These
results are similar to compound (C,oH,sN,) [CoCl,],.>

RDG Analyses. A wide variety of chemical, physical, and
biological reactions are influenced by weak interactions.>®
There are a variety of ways to use them, including storing
hydrogen for renewable energy.”” RDG, which uses the
introduced charge density as a color coding method, is
commonly used to analyze weak interactions, including van der
Waals contacts, repulsive interactions, or hydrogen bonds.”>""
Figure 8a,b, generated with the VMD and Multiwfn programs,
illustrates the non-covalent interactions between molecules of
(CH4N,)[CuCl,).°*%* A graph of the RDG function versus
electron density p multiplied by the sign of the second
eigenvalue of 4, 2EPCU is shown in Figure 8b. In this figure,
we can distinguish different interaction regions using a color
code in this figure; color-coded areas indicate the type of
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Figure 7. Molecular electrostatic potential surface (—0.0116 to 0.116)
of (CgHN,)[CuCl,].

interaction. An attractive interaction occurs when (4,)p has a
negative value (blue color). For example, the van der Waals
interaction is observed when sign (4,)p approaches zero
(green), while when the sign (4,)p is positive (red), strong
repulsive interactions are observed. Furthermore, van der
Waals interactions are attributed to the light brown and green
plates between the anionic and cationic units, while repulsive
interactions are ascribed to the elliptical red plate found in
[CuCl,].” An image of the blue spot formed when a hydrogen
atom is paired with a nitrogen atom and a chloride atom,
demonstrating the presence of an attraction between N—H -
ClL

QTAIM Analysis. The QTAIM technique is a powerful
approach for determining the existence of critical points (CPs)
used to identify chemical bonds and interatomic interactions.
To evaluate the characteristics of the bonds, specifically the
hydrogen bonds, the program Multiwfn may calculate the
topological parameters at a CP of the bond, namely, electron
density p(r), Laplacian values V2p(r), and ellipticity (g).5%%*
However, the latter can be classified as strong or extremely
strong hydrogen bonds when V,p(rgcp) < 0 and H(rgcp) < 0,
moderate hydrogen bonds when V,p(rgcp) > 0 and H(rpcp) <
0, and weak hydrogen bonds, when V,p(rgcp) > 0 and H(rpcp)
> 0.9 QTAIM, at variance, fails to diagnose the different
nature of the H...H interaction.’® Figure S7 depicts the analysis
of the 2EPCU compound using the QTAIM method, whereas
Table 6 displays the calculated topological parameters. The
topological analysis of the QTAIM shows that two hydrogen
bonds N—H ---Cl stabilize the 2EPCU compound. The BCP
analysis in Table 2 reveals that the only hydrogen bond is N—
H9--Cl28, which possesses an energy of —4.033 kcal.mol™
and a density of electrons equal to 0.8926 X 107> a.u. These
results demonstrate that, in contrast to other compounds, the
title compound exhibits strong hydrogen bonding.®”*® The
Rozas criterion indicates that these values exceeded zero.
Furthermore, QTAIM analysis detects the existence of new
RCP and NRCP cycles at the critical ring point, established by
hydrogen bonding interactions in 2EPCU. Our investigations
reveal that the title compound exhibits H—H Pauli repulsion
rather than H—H bonding.

Thermal Studies. The thermogravimetry differential
thermal analysis for the (C¢H;¢N,)[CuCl,] compound was
performed in an argon atmosphere at a heating rate of 5 °C
min~' between 25 and 700 °C (Figure S8). The release of a
hydrochloric acid molecule is attributed to the first
endothermic peak at 210 °C. The experimental mass loss
(11.27%) and the estimated mass loss (11.35%) are in good
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Figure 8. Reduced density gradient (a) and isosurface density (b) plot, combined with the color-filled scale bar, defining the limits of interaction

for the 2EPCU compound.

Table 6. Topological Parameters for the (C¢H (N,)[CuCl,] Compound”

bond D (A) p(r) (au) V2 p(r) (au)
H9 ... CI28 1.9056 0.8926 X 1072 0.2986 x107!
RCP 0.523 x1072 0.1707 x 107!
NRCP 0.8926 x1072 0.2986 x 107!

V(r) (au) E. (kcal.mol ™) (¢) ©
—0.52097 x 107> —4.033 0.9508 0.148
—0.23864 x1072 0.1947 0.154
—0.19228 x10*! 0.0007 —1.0853

“D (A): distance; p(r) (au.): density of electrons; V? p(r) (au): Laplacian of electron density; V(r) (au): potential energy density; (Ei,)
(kJ.mol™): interaction energy; (&): ellipticity; ({): eta index, RCP: ring critical point and NRCP: new ring critical point.
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Figure 9. (a) Crystal structure of SARS-CoV-2 spike receptor-binding domain bound with ACE2, (b) copper complex as a ligand, (c) best receptor
binding domain-ligand complex binding pose, and (d) 2D interaction map indicates the major participating amino acid in the binding pocket.

agreement. The mass loss observed experimentally (11.30%) is
extremely close to the mass loss calculated (11.35%),
indicating that the release of the second molecule of
hydrochloric acid is due to a series of small endothermic
peaks, the most significant of which occurs around 285 °C.
Finally, the decomposition or combustion of the organic part is
indicated by an endothermic peak near 360 °C and a series of
exothermic peaks, the most significant of which is at 460 °C.
Finally, the experiment shows that mass loss has taken place
when black powder and CuCl, are combined. Several
thermochemical characteristics, including rotational temper-
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atures and constants, entropy, zero-point energy, thermal
energy, enthalpy, heat capacity, and Gibbs free energy of
molecular systems, can also be determined utilizing the
Gaussian software. The thermochemical characteristics are
shown in Table S4.

Using the equation, the corrected enthalpy term (AH)
associated with the total energy of the system can be
determined.

H

corr.

= Etota] + kb X T
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AH in (C4H4N,)[CuCl,] was determined to be 0.257024
Hartree/particle. The vibrational energy of (C¢H(N,)
[CuCl,] at zero points was calculated to be 149.33456
kcalmol™. The corrected total electronic energy, E. +
ZPE_,., was calculated to be —603.569556 a.u. The values
determined for thermal energy, heat capacity, and entropy
were 160.693, 60.206, and 143.071 kcal.mol ™, respectively. As
a result, entropy has a significant effect on the reactivity of
2EPCU. Finally, this finding emphasizes the significance of
vibration analysis studies of molecular systems.

Antioxidant Study. DPPH™ radical and ABTS™ radical
cation assays are commonly used to determine antioxidant
activity. The DPPH™ scavenger properties showed the same
relationships as the ABTS™ method. The observed DPPH™
scavenging capacity reached up to 24.19% +3.3 at10 mg.mL ™'
and 47.71% =+ 0.5 at 50 mg.mL™". The ABTS™ test showed a
higher percentage of inhibition 51.31% =+ 2.28 at 50 mg.mL™".
However, in both tests, the IC, of the sample was greater than
45 mg.mL™" as shown in Figure S9.

Molecular Docking Analyses. The receptor-binding
region of the SARS-CoV-2 spike is an essential component
for viral entrance into the host cell because of its interaction
with the ACE2 receptor. Recent findings on the X-ray crystal
structure of the SARS-CoV-2 spike receptor have opened up
the prospect of developing medications to block viral entry
into the host cell by targeting the SARS-CoV-2 spike receptor-
binding domain based on the receptor’s amino acid sequence.
As illustrated by Discovery studio, the active binding site of the
SARS-CoV-2 spike structure was built around amino acids like
ASN 343, PHE 338, GLY 339, VAL 367, LEU 368, SER 371,
PHE 374, SER 373, and TRP 436. The best docking pose with
—30.87 S (PLP) was chosen from among the hierarchy poses
of spike protein and complex for the mechanistic approach of
nonbinding interactions, as depicted in Figure 9. A stable
complex is formed when the complex makes a hydrogen bond
with VAL 367, an amino acid residue in a spike, at a distance of
2.40 A. The spike receptor binding amino acid residues such as
GLY 339, PHE 338, LEU 368, PHE 374, and TRP 436 were
found to have hydrophobic interactions with a hybrid
inorganic—organic. As seen in the figure, these active amino
acids of the SARS-CoV-2 spike receptor formed a deep ring
around the complex in such a way as to deepen the persistent
receptor—complex receptor interactions. Based on the various
hydrophilic and hydrophobic interacting mechanisms, includ-
ing the hydrogen bond of the active amino acid of the spike
receptor with a hybrid inorganic—organic compound, these
involvements may be damaging to virus transmission, but more
research on metal complexes against receptor is needed to
prove their significance in preventing virus spread. In addition,
we have also made a comparison of copper complexes reported
in the literature with numerous spike proteins using different
software of molecular docking techniques (Table SS). The
results of the inhibitory activitzr are similar to previous studies
on the copper complexes.””™”*

B CONCLUSIONS

We successfully investigated a new non-centrosymmetric
compound (C4H¢N,)[CuCl,] at room temperature. The
optical properties of this material were studied, and the energy
gap was found to be 2.12 and 2.10 eV, respectively, by
experimental and theoretical calculations. The NBO study of
the title compound revealed that the intermolecular
interactions N—H---Cl significantly affect packing in this
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system. QTAIM analysis was utilized to show the H-H
interactions found in the Hirshfeld surface analysis and to
indicate the existence of cycles in a molecular system.
Furthermore, the antioxidant activity of the title compound
demonstrated excellent scavenging of radicals in DPPH™
radical and ABTS™ radical cation tests. The findings revealed
that their effect occurred in a concentration-dependent
manner.
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