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Abstract

In this study, 4-(3-methoxyphenyl)piperazin-1-ium 4-(3-methoxyphenyl)piperazine-1-carboxylate monohydrate was synthe-
sized and characterized by using spectroscopic (XRD, FT-IR, FT-Ra, and NMR) techniques. Theoretical calculations were
performed in the DFT method using the B3LYP functional and the 6-311 + + G(d,p) basis set and compared with the experi-
mental results. It was determined that the geometric parameters and spectroscopic data obtained from the DFT calculations
were in high agreement with the experimental results. The HOMO-LUMO energy gap was calculated at 5.19 eV, while this
value was experimentally found at 4.26 eV from the UV—Vis absorption spectrum. Although the experimental and theoretical
values are different from each other, according to both results, this synthesized structure has low reactivity and a tendency to
be stable. Also, the electronic (MEP, Fukuki functions, and charge analyses), nonlinear optical, and thermodynamic proper-
ties (heat capacity, entropy, enthalpy change, and Gibbs free energy) of the title complex were investigated. Electrophilic and
nucleophilic regions were found to be the same in all of the electronic investigation analyses. The first hyperpolarizability
value was calculated to be 25 times (9.27 X 10~° esu) greater than that of the urea used for comparison. Therefore, it has
very good nonlinear optical properties. The change in the values of calculated thermodynamic properties depending on the
temperature change shows that the thermodynamic system of the structure changed. Finally, antimicrobial activity studies
were carried out to evaluate the biological activity of this synthesized complex, the experimental results were supported by
molecular docking studies, and the toxicological and physicochemical properties of the complex were investigated.

Keywords 4-(3-methoxyphenyl)piperazin-1-ium 4-(3-methoxyphenyl)piperazine-1-carboxylate monohydrate - DFT -
Crystal structure - Molecular docking - Antibacterial activity - Toxicity

Introduction

Piperazines are one of the most important classes of chemi-
cal compounds due to their many pharmacological proper-
ties. Piperazines consist of a six-membered ring and contain
two nitrogen atoms in opposite positions. Most biologically
active heterocyclic compounds contain two nitrogen atoms
in their structure (Prabavathi et al. 2015). Nitrogen regions

< Senay Yurdakul
senayy @gazi.edu.tr
Department of Physics, Gazi University, Ankara, Turkey

Department of Mathematics and Science Education,
Ondokuz Mayis University, Samsun, Turkey

Department of Health Care Services, Ahi Evran University,
Kirsehir, Turkey

Published online: 19 January 2023

in the structures of drug-like molecules increase their solu-
bility in the water and have an important effect on bioavail-
ability (Rathi et al. 2016). Therefore, piperazines are one of
the most important chemical compound classes used in new
drug discovery, and the piperazine scaffold as a privileged
structure is considered to be the core of different therapeutic
drug designs (Arbo et al. 2012; Al-Ghorbani et al. 2015).
Piperazine and its derivatives exhibit antibacterial, antifun-
gal, anticancer, antiparasitic, antihistamine, psycholytic, and
antidepressive activity (Gan et al. 2010). Piperazine citrate is
an anthelmintic drug used in the treatment of various worm
infections, such as threadworm, roundworm, and pinworm,
in humans and animals. This drug prevents the removal of
harmful parasites and the spread of diseases by paralyzing
the host parasites. Piperazine citrate is also used in the treat-
ment of bacterial infections (Sanad and Mekky 2020).
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In recent years, bacteria have gained resistance to drugs
used in antibacterial and antifungal treatments. Therefore,
many problems are waiting to be solved with new drug
designs (Tahir et al. 2019). In a previous study, levofloxa-
cin carrying a 2-aryl-2-oxoethyl or a 2-aryl-2-oxyiminoe-
thyl moiety was added to the piperazine ring. Antibacte-
rial evaluation of these synthesized structures was studied
and showed better activity against gram-positive bacteria
than their main quinolones, levofloxacin and N-desmethyl
levofloxacin (Foroumadi et al. 2007). In the other study, the
N-[2-(thiophen-3-yl) ethyl] piperazinyl moiety was added to
the 7-position of the quinolone ring to create new quinolone
agents. Ciprofloxacin derivatives containing N-[2-(thiophen-
3-yl)-2-hydroxyimino ethyl] or N-[2-(thiophen-3-yl)-2-meth-
oxyiminoethyl] demonstrated greater activity against gram-
positive bacteria than the reference drugs norfloxacin and
ciprofloxacin (Latefat et al. 2007). According to literature
investigations, it has been stated that piperazine derivatives
such as 1-(5-chloro-2-methoxybenzoyl)-4-(3-chlorophenyl)
piperazine (Weiderhold et al. 2006) and 2-(2-(4-substituted
piperazine-1-yl)-5-phenylthiazol-4-yl)-3-aryl quinazolinone
(Sharma and Ravani 2013) can be used as anticancer agents
and contribute to the inhibition of various cancer cells.

In addition, there are many biological activity studies
of piperazine-containing carboxylate syntheses in the lit-
erature. In one of these studies, a new ethyl-(E)-4-(2-(2-
arylidenehydrazinyl)-2-oxoethyl)piperazine-1-carboxylate
series (hydrazones) was designed. It was determined that
these synthesized synthetic hydrozones showed antibacterial
and antifungal activity against A. niger, K. pneumonia, B.
subtilis, A. flavus, and C. neoformans. Also, experimental
spectroscopic and theoretical DFT calculation analyses were
performed in this study (Rani et al. 2022). In another study,
transition metal complexes of 4-(3,4-dichlorophenyl)piper-
azine-1-carboxylic acid were synthesized and their crystal
structures were analyzed. Moreover, molecular docking
and in vitro biological activity studies on the urease inhibi-
tory properties of the synthesized complexes were reported
(Chen et al. 2006).

Except for piperazine-containing carboxylate studies,
there are also many spectroscopic, electronic, optical, and
thermodynamic properties as well as microbiological activ-
ity studies for piperazine derivatives. For example, crystal
structure investigations, Hirshfeld surface analysis, and DFT
studies of 1-[5-(4-methoxy-phenyl)- [1,3,4] oxadiazol-2-yl]-
piperazine derivatives were carried out (Kumara et al. 2017).
In another study, structural and quantum chemical studies
were carried out on aryl sulfonyl piperazine (Abbaz et al.
2019). Many examples of experimental and theoretical
research, such as the ones given above, can be found in the
literature.

The aim of this study is to determine the spectro-
scopic, electronic, optical, thermodynamic properties, and

@ Springer

antibacterial activity of synthesized 4-(3-methoxyphenyl)
piperazin-1-ium 4-(3-methoxyphenyl)piperazine-1-carbox-
ylate monohydrate.

Materials and methods
Computational methods

Quantum chemical calculations were conducted using
density functional theory (DFT) with the Becke-3-
Lee—Yang—Parr (B3LYP)/6-311+ + G(d,p) basis set
approach except for 'H and '*C NMR calculations in the
Gaussian09 package version (Dennington et al. 2008; Becke
1993). Also, all visualizations were performed with the
Gauss View 5.0 program (Frisch et al. 2009). Firstly, the
initial geometry of the complex structure obtained from the
XRD data was optimized. Then, the optimized molecular
structure was used to carry out vibrational frequencies, 'H
and C NMR analyses, HOMO-LUMO orbitals, global
chemical reactivity parameters, MEP analysis, Fukui func-
tions, charge analyses, nonlinear optic properties, and ther-
modynamic properties of the title complex. The 'H and *C
NMR chemical shifts calculation of the title molecule was
performed in ppm relative to TMS at the 6311+ + (2d,p)
basis set by using the Gauge Independent Atomic Orbital
(GIAO) (Subashini and Perandy 2016). Hirshfeld surface
maps and two-dimensional fingerprint drawings were cre-
ated with the Crystal Explorer 17 program (Spackman
et al. 2021). The molecular docking of the chemical com-
pound—protein interactions was evaluated using AutoDock
Vina software. Three-dimensional crystal structures of used
proteins were obtained from the RSCB protein data (PDB
ID: 4JUR and 4LI3) (https://www.rcsb.org/). The docked
complexes were visualized using PYMOL and Discover Stu-
dio software (Delano 2002; Biovia 2021). The Osiris Prop-
erty Explorer program was used to determine the toxic and
physicochemical effects of the complex (RSCB PDB Protein
Data Bank, http://www.organic-chemistry.org/prog/peo/).

Experimental analyses

FT-IR and FT-Raman spectra were recorded using a
Bruker FT-IR spectrometer with ATR equipment and a
Jasco FT-Raman spectrometer with an NRS400 confo-
cal microscope. While the FT-IR spectrum was recorded
in the regions of 4000-400 cm™!, the FT-Ra spectrum
was recorded in the regions of 4000—100 cm™'. Using the
Bruker Ultrashield 300 MHz spectrometer, 'H NMR and
13C NMR spectra of the title complex were recorded in the
range of 0—15 and 100-200 ppm, respectively, in DMSO
solvent. The UV-Vis spectrum was recorded in the range
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of 190-1100 nm in DMSO solvent by using an Agilent HP
8453 spectrophotometer.

Synthesis method

1-(3-Methoxyphenyl)piperazine was supplied by Sigma-
Aldrich Chemical Company and was used without addi-
tional purification. 1-(3-Methoxyphenyl)piperazine in 10 ml
of ethanol (192 mg, 1 mmol) was dissolved and kept at+4
C for 3 months. At the end of this period, crystals suitable
for single-crystal X-ray diffraction were grown by slow
evaporation.

Antimicrobial and antiquorum sensing activity
by the agar well diffusion method

The antimicrobial activity of the newly synthesized com-
pound was determined with the agar well diffusion method
according to the National Committee for Clinical Laboratory
Standards (NCCLS 2000). For this test, S. aureus ATCC
25,923, B. subtilis ATCC 6633, E. faecalis ATCC 29,212, L.
monocytogenes ATCC 7644, S. typhimurium ATCC 14,028,
K. pneumoniae ATCC 13,883, S. dysenteriae ATCC 11835,
E. coli ATCC 2592 were evaluated against P. aeruginosa
ATCC 27,853 and C. albicans ATCC 10231.Test microor-
ganisms were put into Nutrient Broth (Difco), where they
were cultured for 24 to 48 h. The synthesized chemical was
produced as a stock solution in 10% DMSO at a concentra-
tion of 100 mg/mL. Using the agar well diffusion technique,
bacteria and yeast (1 x 10° per mL) were counted for 24-48 h
on Mueller Hinton Agar (Oxoid). Seven-millimeter-diameter
wells were drilled into the agar medium, and 70 pl (100 mg/
ml) of the chemical was introduced after the wells of the
culture plates had been punctured with a sterile cork borer
(7 mm in diameter). For 48 h, plates were incubated at 30 °C
for yeast and 37 °C for bacteria. The antibiogram zone meas-
urement scale was used to determine the diameter of the test
compound's zone of inhibition against bacterial and yeast
growth. Ampicillin and cycloheximide were utilized as posi-
tive controls, and DMSO (10%) was employed as a negative
control. Results are the average of three independent experi-
ments where trials were performed three times. Additionally,
the substance's antipathogenic potential and its antiquorum
sensing activity against C. violaceum ATCC 12,472 on LB
agar medium were investigated. A culture of C. violaceum
(1x 10% cells was switched on LB agar. After that, cork
drills were used to create wells in LB agar, and the tested
substance (5 mg/mL) was administered to the wells after
being dissolved in 10% DMSO (NCCLS 2003). To examine
whether pigment formation around the well was inhibited,
plates were incubated at 30 °C for 24 h. Positive results

included the development of a transparent halo around the
disc and the suppression of bacterial growth.

Determination of antimicrobial activity by minimum
inhibitory concentration

According to the NCCLS recommendations, minimum
inhibitory concentrations (MIC) for substances against test
strains of bacteria and yeast were evaluated (McLean et al.
1997). Mueller-Hinton broth was used for MIC testing,
solutions of compounds to be tested (1000 pg/mL in 10%
DMSO), and the suspension of bacteria (0.5 McFarland).
The microdilution broth method was used to determine MIC
values spectrophotometrically in 96-well microtiter plates.
The synthesized compounds were produced as 1000 pg/
mL stock solutions in 10% DMSO for the MIC test. Stock
cultures of bacteria and yeast were created at a density of
roughly 1x 10° cfu/mL in accordance with the McFarland
0.5 turbidity standard. Hundred microliters of inoculum was
seeded in duplicate in 96-well plates containing 100 pL of
the title compound at concentrations of 500, 250, 125, 62.5,
31.2, 15.6, and 7.8 pg/mL, and the cells were allowed to
develop overnight at 37 °C with the flow. A 96-well sterile
volume of 100 pL of NB medium was added to all wells of
the microtiter plates using an automatic dispenser equipment
to determine the MIC using the microdilution broth method
(BioTek, Micro Fill). A microplate reader (BioTek, Quant)
was used to measure the absorbance at 590 nm wavelength
on plates that had been incubated for 24 h at 37 °C. Negative
controls included 10% DMSO. The positive control contains
the microorganisms.

X-ray crystallography

X-ray data of the title complex were collected with a STOE
IPDS II diffractometer at room temperature using graphite-
monochromated Mo Ka radiation by applying the -scan
method. Data collection and cell refinement were carried
out using X-AREA (2002), while data reduction was applied
using X-RED32 2002. The structure was solved using the
charge-flipping algorithm by SUPERFLIP (Palatinus and
Chapuis 2007) and refined by means of the full-matrix
least-squares calculations on F~ using SHELXL-2018 (Shel-
drick 2015). The H atoms bonded to the O and N atoms
were located in a difference Fourier map and refined freely
[O-H=0.82(3)-0.84(4) A and N-H=0.98(3)-0.99(3) Al].
All H atoms bonded to C atoms were positioned geometri-
cally and refined as a riding model, fixing the bond lengths at
0.93, 0.97, and 0.96 A for CH, CH,, and CH; atoms, respec-
tively. The displacement parameters of the H atoms were
fixed at U;,(H)=1.2U,, (1.5U, for CH;) of their parent

180
atoms. Crystal data, data collection, and structure refinement
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details are given in Table 1. Molecular graphics were gener-
ated by using OLEX2 (Dolomanov et al. 2009).

Results and discussion
Description of structure

The solid-state structure of 4-(3-methoxyphenyl)piperazin-
1-ium 4-(3-methoxyphenyl)piperazine- 1-carboxylate mono-
hydrate has been unambiguously proven by single-crystal
X-ray diffraction analysis. Crystal data and structure refine-
ment parameters for the title complex are given in Table 1,

Table 1 Crystal data and structure refinement for 4-(3-methoxyphe-
4-(3-methoxyphenyl)piperazine- 1-carboxylate

nyl)piperazin-1-ium

monohydrate

CCDC depository 2,063,536

Color/shape Colorless/plate

Chemical formula (CH;N,0)*
(C,H;5sN,04)7-H,0

Formula weight 446.54

Temperature (K) 296(2)

Wavelength (1&) 0.71073 Mo Ka

Crystal system Triclinic

Space group P —1(No.2)

Unit cell parameters

a,b,cA) 6.5931(5), 10.8807(9),
17.4426(14)

a, v (°) 96.018(7), 97.675(6), 106.828(6)

Volume (A%) 1173.32(17)

VA 2

Dy (g/em®) 1.264

u (mm™") 0.090

Absorption correction Integration

Tin> Trnax 0.9456, 0.9904

Fooo 480

Crystal size (mm®) 0.79x0.58 x0.10

Diffractometer STOE IPDS 11

Measurement method ® scan

Index ranges

0 range for data collection (°)
Reflections collected

Independent/observed reflec-
tions

R
Refinement method

int

Data/restraints/parameters
Goodness-of-fit on F>
Final R indices [I>20(])]
R indices (all data)
AP Apin (€1A%)

—8<h<8,-14<k<14,-23<
1<23

2.150<60<28.706
21,521
5993/3769

0.0632

Full-matrix least-squares on F>
5993/0/307

1.053

R,=0.0678, wR,=0.1937
R,=0.1026, wR,=0.2148
043, — 041
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and a view of the asymmetric unit showing the atom labeling
is presented in Fig. 1.

The compound crystallizes in the triclinic space group
P —1 with Z=2 and is composed of a singly protonated
4-(3-methoxyphenyl)piperazin-1-ium cation, a 4-(3-meth-
oxyphenyl)piperazine-1-carboxylate anion, and a solvent
water molecule. In this organic salt, the NH group of
1-(3-methoxyphenyl)piperazine is protonated, while the
OH group of 4-(3-methoxyphenyl)piperazine-1-carboxylic
acid is deprotonated. The piperazine rings adopt a chair
conformation, as is evident from the puckering parameters
(Cremer and Pople 1975), Q=0.518(2) A, q,=0.060(2)
A, ;= —0.5142) A, =173.7(2)°, and ¢,=190(2)° for
the atom sequence N1/C2/C3/N2/C4/C5; Q=0.561(2)
A, ¢,=0.065(2) A, g;=—0.557(2) A, 6=173.4(2)°,
and @,=163(2)° for the atom sequence N3/C13/C14/
N4/C15/C16. Atoms N1/N2 and N3/N4 are on opposite
sides of the C2/C3/C4/C5 and C13/C14/C15/C16 planes
and displaced from these by —0.63919(5)/0.55474(5)
and —0.69345(7)/0.59458(6) A, respectively. The least-
squares planes defined by the individual carbon atoms of
the phenyl moieties enclose an angle of 78.29(15)°. The
bond lengths and angles of the compound show no unusual
features (Allen et al. 1987).

There are no intramolecular interactions in the molec-
ular structure of 4-(3-methoxyphenyl)piperazin-1-ium
4-(3-methoxyphenyl)piperazine-1-carboxylate monohydrate.
Examination of the structure with PLATON reveals that the
compound includes no intramolecular interactions (Spek
2009). In the asymmetric unit, the anion, cation, and water
molecule are linked via an intermolecular N3—H3B---O2
and O5SW-H5WB---0O2 hydrogen bonds. Additional
O5W-H5WA:--O1 and C16-H16A:--O5W hydrogen bonds
(Table 2) connect the anions and cations through water mol-
ecules into a two-dimensional network along to a axis and
generate an R§(9) ring motif (Bernstein et al. 1995). The 2-D
networks are associated with each other via N3—H3A---O5W
hydrogen bonds, forming a three-dimensional supramolecu-
lar network structure (Fig. 2).

Optimized molecular structure

The molecular structure of the title complex was optimized
by using the B3LYP functional with the 6-311+ + G(d,p)
basis set in the DFT method. The optimized structure is
given in Fig. 3. Also, geometric parameters (bond lengths
and bond angles) obtained from quantum chemical com-
putations are listed in Table 3. The bond lengths of C,—C;,
C,—C;, C3—C,,4, and C,s—C,4 bonds in the piperazine rings
were calculated to be 1.530, 1.526, 1.527, and 1.525 A and
found to be 1.490, 1.493, 1.517 A, and 1.513 A in the XRD
analysis, respectively. Also, the C—C bond lengths in the
phenyl rings were found in the range of 1.389-1.410 A in
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Fig.1 A view of the asymmetric unit of the title complex showing the atom-labeling scheme. Displacement ellipsoids are drawn at the 20%

probability level, and dotted lines display the H-bonding interactions

Table 2 Hydrogen bonding geometry for the title complex

D-H-A D-H(A) H-AA) D-A(A) D-H-A ()
N3-H3B---02 0.993) 1.71(3)  2.697(2) 174(3)
O5W-H5WA--O1'  0.84(4) 1.904)  27152) 165(3)
N3-H3A--05W#  098(3) 1.86(3) 2.814(3) 165(2)
O5W-H5WB--02  0.82(3) 1.96(3)  2.752(3) 162(3)
C16-H16A--0O5W 0.97 2.53 3.289(3) 135

the theoretical calculations, while the experimental values
were determined in the range of 1.348-1.400 A. The 0,-C,
and O,—C, bond lengths were calculated to be 1.329 and
1.234 A. The XRD values corresponding to these O—C bond
length values are 1.249 and 1.279 A. The computational
N-C bond lengths are relatively in harmony with XRD val-
ues. The bond lengths for the N,—C4 and N,—~C, bonds con-
necting the imidazole and the phenyl rings were calculated
to be 1.413 and 1.410 A theoretically. Also, these values
were found to be 1.400 A and 1.415 A from the XRD analy-
sis. While the N-C bond lengths in piperazine rings were
calculated in the range of 1.458-1.472 A, these bond lengths
were found in the range of 1.451-1.488 A, experimentally.
The OSW-H5WA and OSW-H5WB bond lengths were
found to be 0.981 and 0.961 A with theoretical calculations.
These experimental values were obtained to be 0.840 and
0.820 A. The calculated bond angle values are very close to
the experimental bond angle values. In particular, C-N-C
and O—C-0 bond angles are in good enough agreement with
the XRD data. However, minor deviations in the theoretical
and experimental bond angle values of O—C-N emerged.
The reason for these small deviations can be explained as
follows: In the crystal lattice, the isolated molecule used

Fig.2 Part of the crystal structure of the title complex, showing the
intermolecular interactions represented by dotted lines

in theoretical experiments interacts Coulombically with
neighboring molecules. Furthermore, in addition, quantum
chemical calculations were carried out in the gas phase,
while XRD data were obtained from the molecule's solid
state (Rached et al. 2018; Celik et al. 2020).
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Fig.3 Optimized molecular
structure of title complex

Assignment of vibrational spectra

Some recorded FT-IR and FT-Raman bands and theoreti-
cal scaled wavenumbers assigned according to total energy
distribution (TED) are given in Table 4, while the other
wavenumbers are listed in Supplementary Table S1. Also,
experimental FT-IR and FT-Raman spectra are shown in
Figs. 4 and 5, respectively. For theoretical wavenumbers, a
scale factor of 0.983 was used for values below 1800 cm™!
(Govindarajan et al. 2010), while a scale factor of 0.955 was
used for values above 1800 cm™! (Celik et al. 2020).

The O—H stretching vibrations are found in the range of
3400-3800 cm™! (Pieczka et al. 2020). While the symmetri-
cal O—H stretching vibrations were calculated at 3354 and
3249 cm™!, the asymmetrical O-H stretching vibration was
calculated at 3722 cm™!. The N-H vibrations for aromatic
compounds are observed in the region of 3500-3220 cm™!
(Gunasekaran and Anita 2008). This vibration for title com-
pound was calculated at 3249 cm™~!. Also, the O-H and N-H
stretching vibrations at 2441 cm™! were calculated. In the
FT-IR spectrum, these stretching vibrations were observed at
2618 cm™! as a single peak. In a study in the literature, it was
stated that carboxylic acid O—H stretching and N-H stretch-
ing vibrations indicating the presence of intermolecular
hydrogen bonds can be seen in the range of 3000-2400 cm™"
(Colmenarez et al. 2017). The H-O-H bending vibrational
peaks of water molecules are generally observed between
1700 and 1500 cm™! (Makhloufy et al. 2020). The peaks
observed at 1641 and 1637 cm™ in the FT-IR and FT-Ra
spectra of the title molecule are the H-O-H bending vibra-
tions of the water molecules in the complex structure. In
a study conducted in the literature, the H-O—H bending
vibrations of the water molecule of Na-montmorillonite
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were measured at 1620 cm™

!in the FT-IR spectrum (Amar-
asinghe et al. 2009).

The C-H stretching vibrations for hetero-aromatic com-
pounds are observed in the region of 3100-3000 cm™!
(Yurdakul et al. 2015). Some C-H stretching vibrations for
the title molecule were calculated at 3068/3070, 3023/3024,
2989/2990, 2951/2952, and 2935 cm™'. These vibration
bands were observed at 3087 (vw, IR)/3086 (w/Ra), 3010
(vw, IR)/3019 (w, Ra), 2985 (w, Ra), 2957 (w, IR), and 2935
(vw, IR)/2938 (vw, Ra) cm™', respectively. In a previous
study, the C—H stretching vibrations for 1-(2-methoxyphe-
nyl)piperazine were found at 2993 and 3060 cm™~! (FT-IR),
and 3000 and 3071 (FT-Ra) (Prabavathi et al. 2015). Also,
these values for 1-(2-chlorophenyl)piperazine were observed
at 3270 cm™' in the FT-IR spectrum and 3170, 3130, and
3070 cm™" in the FT-Ra spectrum (Prabavathi et al. 2015).

The in-plane C—H bending and the out-of-plane C—H
bending vibrations occur in the regions of 1000-1300 and
750-1000 cm™", respectively (Erdogdu et al. 2010). The in-
plane CCH bending vibrations for the title molecule were
calculated at 1222, 1250/1255, 1290, 1339/1344, 1385,
1420, and 1445/1447 cm~!. Experimental values corre-
sponding to the calculated in-plane C—H bending vibra-
tions were observed at 1220 (m/Ra), 1250 (vs/IR), 1282
(s/IR)/1287 (m/Ra), 1340 (m/IR), 1381 (s/IR)/1380 (m/
Ra), 1424 (vs/IR)/1415 (s/Ra), and 1445 (m/Ra) cm™!,
respectively. Also, one of the calculated out-of-plane CCH
stretching vibrations is given at 826 cm™! in Table 4. From
the experimental FT-IR and FT-Ra spectra, this value was
observed at 828 (s/IR)/ 832 (w/Ra) cm™'. While the in-plane
C-H bending vibrations of 1-(2-methoxyphenyl)piperazine
were given at 1294, 1270, the out-of-plane C—H bending
vibrations were given at 856 and 762 cm™"' (Prabavathi et al.
2015).
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Table 3 Selected optimized
geometrical parameters (bond
lengths and bond angles) of
the title complex by Becke
three Lee—Yang—Parr/6—

311+ +G(d,p) in comparison
with geometrical parameters of
XRD

Parameters Bond Lengths (1&) Parameters Bond angles (°)
Calculation XRD Calculation XRD
0,-C, 1.329 1.249(2) C,-N,-C, 124.15 123.17(18)
0,C, 1.234 1.279(3) C,—-N,-Cs 120.57 122.79(19)
N,-C, 1.365 1.378(3) C,—N,-Cs 114.48 111.79 (18)
N-C, 1.459 1.459(3) C;—N,-C, 111.62 113.55(17)
N,—C; 1.458 1.451(3) C;—N,—Cq 118.14 116.99(17)
N,—C,4 1.459 1.470(3) C,—N,—Cq 117.26 116.83(17)
N,—C, 1.469 1.466(3) 0,-C,-0, 124.29 124.90(2)
N,—C¢ 1.413 1.400(3) 0,—C,-N; 113.53 118.20(2)
N;—C5 1.472 1.486(3) 0,-C,-N; 122.18 116.88 (17)
N;—C¢ 1.472 1.488(3) N,-C,—C; 110.63 111.02(19)
N,~C, 1.462 1.466(3) Ci6-N5—C3 110.31 109.29(16)
N,~Cs 1.469 1.470(3) C;s—-N,—C,,4 112.04 112.94(16)
N,~C,; 1.410 1.415(3) C;s—-N,—C,; 117.56 115.96(16)
05-C,, 1.368 1.363(3) N,-Cs-C, 110.18 111.34(19)
0,-C,, 1.421 1.433(3) N,-C5-C, 110.72 112.40(2)
0,—Cy, 1.368 1.356(4) N,-C,—C;s 111.09 112.75(19)
0,—Cyp 1.420 1.444(4) N,-C¢—C; 122.29 122.00(2)
C,—C; 1.530 1.490(4) N,-C¢—C; 119.51 121.62(18)
C,—Cs 1.526 1.493(3) N;-C53-Cyy 110.51 110.85(18)
Ce-C, 1.409 1.400(3) N;-C6-C;5 110.02 109.91(17)
Ce—C, 1.401 1.371(3) N,—C4—Cj3 110.47 111.88(17)
C,—Cq 1.390 1.385(5) N,—C5-C6 110.89 111.48(17)
C4—Cy 1.393 1.370(5) N,—C,,—Cs 122.16 122.70(2)
Cy—Cy 1.399 1.367(4) N,—C,7-Cy, 119.81 120.97(19)
CioCy 1.394 1.395(3) 0,—C,,-Cyy 124.17 123.70(3)
C;5Cyy 1.527 1.517(3) 0,—C,,-C,, 115.20 115.20(3)
Ci5—Ci 1.525 1.513(3) C¢-C—Cq 119.99 120.20(3)
C,7—Cis 1.410 1.388(3) Ce—C,1—Cyp 121.19 122.00(2)
Ci5Cy 1.389 1.396(4) C,-C¢—C, 118.17 116.30(2)
C,9Cy 1.393 1.348(4) C,—C4—C, 121.91 123.30(3)
Cy)i—Cy; 1.399 1.373(4) Cy—Co—Cy 118.17 117.40(3)
C,—Cypy 1.394 1.395(4) Cy—C,y—Cy; 120.55 121.10(2)
C,i-05-C}, 118.55 118.30(2)
C,s—N,—C; 118.21 116.78(16)
C;sN,—C,, 112.94 115.96(16)
Cs—N,—C,; 117.55 115.96(16)
Ci6—N;-C 3 110.31 109.29.16
C;7—C5Cj 120.08 120.7(3)
C,-C,—Cy, 121.25 121.9(3)
Ci5—C7-Cy, 118.00 116.3(2)
Ci5—Co—Cyy 121.95 121.7(3)
C19-Cy—Cs; 118.08 117.3(2)
Cyy—C5-Cy, 120.62 121.1(3)

A: Angstrom, °: degree

The C-C stretching vibrations in the aromatic rings
generally appear at 1650-1200 cm™! (Ulahannan et al.
2020). These vibrations for title molecule were calculated
at 1059, 1102/1103, 1495/1496, 1583, 1619/1620 cm™".

Experimental C—C stretching vibrations from FT-IR and
FT-Ra were observed at 1056 (vw/Ra), 1096 (m/IR), 1494
(s/IR), 1572 (vs/IR), and 1606 (s/IR)/1619 (m/Ra) cm™"'.
The C—C stretching vibrations were found at 1632, 1596,

@ Springer
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Table 4 Detailed assignments
of some selected theoretical
and experimental frequencies
according to the total energy
distribution, and normalized
absorption intensities of the
infrared and Raman spectra of
the title complex

@ Springer

Calculated Observed

Mode  Fre Fre® I " IR Raman TED

50 583 573 055 0.71 575s S57TIvw 12600 + 136¢cy

51 590 580 097 123 589s - 10T cyen

52 621 610 025 029 607w - 126¢cy + 136ccn

55 651 640 034 038 - 644vw 130 cpen

57/58 699/700 687/688 0.64 0.63 680s - T ¢cece + 100 cnce + T ceey

61 723 711 038 0.36 709w 710m 10T ¢yey + T gyey

62/63 763/765 7501752 087 0.76 750s 756 T cece + 330 ynen

66 827 813 0.44 034 810s - 13T yeen + 10T ey

67 840 826 021 0.16 828s 832w 10yccy + 14T eney

74 880 865 1.56 1.11 875vw  877vw 10l yccy + 10T cyey

79 971 954 231 142 951m  952vw  13Tyeen

83 1007 990 1.61 0.94 990s 991vs  13Ccnen

84 1012 995 121 070 998m - T eyen

85 1061 1043 141 0.76 1040vs - 1460y + 1T cyee

89/90 1077 1059 1.66 0.02 - 1056vw  100¢¢ + 1300 + 2260¢y

93/94 1121/1122  1102/1103 0.11 0.07 109 m - 100¢c + 176¢cy

97 1159 1139 598 0.15 [1142vs 1143vw 14T yyen

103/104 1191/1196 1171/1176 495 0.07 1174vs  1178vw  2260cy + 1D oyey

108 1229 1208 648 0.12 1214vs - 136¢cy

111 1243 1222 562 0.04 - 1220m 100y + 108¢cy + 106ycy
+100eycy + 1 yeen

112/113  1272/1277  1250/1255 6.77 0.19 1250vs - 106ccy + 108y + 10T cyey

116 1312 1290 632 0.05 1282s  1287m 176pcy + 1éyey + 130 cney

122/123  1362/1367 1339/1344 053 0.01 1340m - 156¢cn + 100 yyen + 10T eyey

128 1409 1385 466 0.05 1381s  1380m 166,cy + 146ycy + 21T ey

132 1445 1420 1276 0.02 1424vs  1415s  106ocy + 106ycy + 21T vpey

133/134  1470/1472  1445/1447 0.40 0.04 - 1445 m  116pcy + 1760cn + 1765cn

137 1490 1465 029 0.06 1466s — 116gcn + 21T enen + 18T yeen

149/150  1521/1522  1495/1496 413 0.01 1494s - 1oee + 30800y

153/154 1610 1583 211 031 1572vs - 220c¢ + 1080¢cc + 2660y

156/157 1647/1648 1619/1620 1248 0.63 1606s  1619m  35vqc + 1160cc + 11600y

158 1697 1668 11.12 0.14 1641w  1637s 10640y

159 2556 2441 100.00 1.00 2618w  — 35005 + 2705y

172 3073 2935 0.84 0.16 2935wv  2938vw 57vcy

174/175 3090/3091 2951/2952 045 0.10 2957w 5900y

178/179 3130/3131  2989/2990 062 020 - 2985w 80vcy
182/183 3165/3167 3023/3024 0.34 0.13 3010vw 3019w  750cy
188/189 3213/3215 3068/3070 0.07 0.21 3087vw 3086w  79v.y

190 3402 3249 853 027 3287vw - 35005 + 2905
191 3512 3354 2806 020 - - T4v,y
192 3897 3722 223 009 - - T900n

v: stretching, 6: in-plane bending,y: out-of bending I': torsion,
w weak, m medium, s strong, v very

#Scaled wavenumbers were calculated by using scaling factors of 0.983 (Govindrajan et al. 2010) and 0.955
(Celik et al. 2020), respectively, for wavenumbers less and greater than 1800 cm™!

b Relative absorption and Raman intensities were normalized with the highest peak absorption equal to 100

“Less than 10% of the total energy distribution level (TED) was not given
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1476, and 1317 cm™! for 1-(2-methoxyphenyl)piperazine
and were found at 1631, 1595, 1517, 1453, 1123, 1041,
942, and 869 cm™! for 1-(2-chlorophenyl)piperazine from
theoretical calculations. From the FT-IR spectrum, the
bands corresponding to these vibrations were observed at
1630, 1591 cm™!, 1318, and 1236 cm™' for 1-(2-methoxy-
phenyl)piperazine and at 1590, 1452, 1120, 1040, 942, and
875 cm™! for 1-(2-chlorophenyl)piperazine (Prabavathi
etal. 2015).

The C-N vibration was calculated at 1222 cm™'. This
vibration was observed at 1220 cm™! (m/Ra). These bands
for 3-pyridyl methyl ketone were observed at 1304 and

1194 cm~! in the FT-IR spectrum and were calculated at
1291 and 1221 cm™! (Govindrajan et al. 2010).

The C-O stretching vibration of title compound was cal-
culated at 1059 cm™! and was observed at 1056 cm™" (vw/
Ra). While the C-O stretching modes for 3-(bromoacetyl)
coumarin were reported at 1216 and 919 cm™!, these modes
were obtained at 1297 and 909 cm™! from theoretical calcu-
lations (Sarikaya and Dereli 2013).

In Fig. 6, correlation graphs for infrared and Raman val-
ues were created to show the agreement between experimen-
tal and theoretical vibration frequencies. According to the
R? values obtained from the correlation graphs, we can say
that the measured and calculated frequency values are quite
compatible with each other.

Hirshfeld surface analysis

Hirshfeld surface analysis was performed using the Crystal
Explorer 17.5 program to visualize intermolecular interac-
tions in the crystal system (Spackman et al. 2021). The Hir-
shfeld surface of the crystal structure is formed by the elec-
tron distribution, which depends on the sum of the spherical
atomic electron densities. The normalized contact distance
dporm 18 given by the following equation as a function of
the radii of d, (the distance from the surface to the near-
est nucleus in another molecule), d; (the distance from the
surface to the nearest atom in the molecule itself), and van
der Walls (Seth 2014; Arulraj et al. 2020; Cuadradoa et al.
2021).

i
norm —
rinW

d, — VW g pVdW
i e e

R ey

The molecular Hirshfeld surface maps and the associated
fingerprint plots are illustrated in Figs. 7 and 8. The red area
in the d, ., Hirshfeld map shows the more dominant interac-
tions among H atoms, while other visible spots correspond
to C—H and O-H contacts. Besides, when the fingerprint
drawing plots are examined, it is seen that the interactions
contribute to the Hirshfeld surface analysis as a percentage.
The H---H/H---H (60.2%) interactions make up the largest
contribution to the Hirshfeld surfaces. These interactions
have been represented by the blue spike in the middle. The
O---H/H---O interactions with an 18.4% contribution are
given by the blue spikes on the lower left and right, while
the C---H/H---C interactions with an 18.0% contribution are
presented in the left and right regions above the O-H.

"H and *C NMR analyses
The calculated and experimental chemical shift values

of the title complex are listed in Table 5 and illustrated
in Fig. 9. The experimental 'H and '*C NMR spectra of

@ Springer
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Fig.6 Correlation graphics between theoretical and experimental wavenumbers (cm™!) of the title complex

the title complex were measured in DMSO solvent. For
theoretical calculations, the B3LYP/GIAO model and the
6-311+ G (2d,p) basis set were used (Subashini and Peri-
andy 2016). While experimental 'H NMR and '*C NMR
chemical shift values in DMSO solvent were observed in
the range of 0.92-9.52 and 39.73-160.65 ppm, respectively,
theoretical values were calculated in the range of 0.83-15.16
and 45.51-168.71 ppm. Due to the effect of the O atom,
the C,, and C,; atoms, which are methoxy group carbon
atoms, theoretically had low chemical shift values of 55.96
and 55.32 ppm, while experimental values were observed
at 65.50 ppm. In the literature, this value for the C atom

Fig.7 The Hirshfeld surfaces of the title complex mapped over d,,,
(@), d; (b), and d, (¢)

@ Springer

of the methoxy group of 1-(2-methoxyphenyl)piperazine
was observed at 55.40 ppm and calculated at 60.80 ppm
(Prabavathi et al. 2015). The C4 and C,; atoms connect-
ing the phenyl ring to the piperazine ring produce a higher
chemical shift than the other C atoms, except for the C10
and C21 atoms in the phenyl rings. These chemical shift val-
ues were calculated at 160.62 and 160.31 ppm, respectively,
and observed at 153.06 ppm. The chemical shift value for
the C atom connecting the phenyl ring of the 1-(2-meth-
oxyphenyl)piperazine molecule to the piperazine ring was
calculated as 153.90 ppm and observed at 149.7 ppm (Pra-
bavathi et al. 2015). While the chemical shift values for the
C,, G4, Cy, Cs, Cy3, Cyy, Cy5, and Cy¢ atoms in the pipera-
zine rings of the title complex were calculated in the range
of 45.51-55.49 ppm, they were observed in the range of
39.73-55.30 ppm. Chemical shift values of aromatic carbon
atoms give signals between 100 and 150 ppm.

All C atoms except for Cg, C,(, C,4, and C,, in the phenyl
rings of the title molecule were measured and calculated in
this range. The results obtained for the C atoms in the phenyl
ring of the title complex also agree with the results obtained
for the phenyl ring of the 1-(2-methoxyphenyl)piperazine
molecule (Prabavathi et al. 2015).

From experimental measurements, the methoxy group
hydrogen atoms were observed at 3.71 ppm with a sharp
singlet peak. This chemical shift value is in good agreement
with theoretical values. The H atoms in the piperazine ring
of the title complex had chemical shift values in the range of
2.68—4.55 ppm as theoretical, while the experimental values
were observed in the range of 2.50-4.60 ppm. Chemical
shift values for H atoms in the phenyl ring were calculated
and measured in the range of 6.20-8.20 ppm, which is the
aromatic proton signal range. The chemical shift values for
all the H atoms mentioned above are highly similar to the
values of the H atoms in the 1-(2-methoxyphenyl)piperazine
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the title complex

molecule (Prabavathi et al. 2015). In the literature, the
chemical shift value of the hydroxyl group H atom of
[7-hydroxy3(4-methoxyphenyl)chromone] was observed at
9.72 ppm and calculated at 3.88 ppm (Srivastava et al. 2016).
While this value was observed at 9.52 ppm for the H;, atom
of the title molecule, it was calculated at 15.16 ppm.

HOMO-LUMO and UV-Vis spectral analyses

Frontier molecular orbitals (FMO) play an important role in
finding the electronic and optical properties of a molecule.
The highest occupied molecular orbital (HOMO) shows the
ability to donate an electron, while the lowest unoccupied
molecular orbital (LUMO) shows the ability to receive an
electron (Celik et al. 2020; Erdogdu et al. 2013). These
orbitals are also known as boundary molecule orbitals. The
HOMO energy is directly related to the ionization potential
(I=—Eyomo)» While the LUMO energy is related to electron
affinity (A =—E| )0)- Also, global hardness (1), chemical
potential (u°), electronegativity (), and global electrophi-
licity (w) values can be calculated from HOMO and LUMO
molecular orbital energies using the equations as follows:
1= (=Enomo + ELumo)/2, #° = (Eynomo + ELumo)/2. x=—H.
and = u?/2n, respectively (Kumar et al. 2019). The smaller
energy difference between these two molecular orbitals, the
molecule can be the more polarized. Molecules that can
be polarized have very high chemical reactivity and low
kinetic stability. Molecules that have this property are soft.
As the HOMO-LUMO energy difference increases, the mol-
ecule reduces its ability to react. The structures with a high
energy gap are called hard molecules (Mishra et al. 2013).

Chemical hardness is the resistance shown to the distribution
of electrons in the chemical system, and low chemical hard-
ness indicates that charge transfer occurs within the mol-
ecule (Altiirk et al. 2015). Chemical potential determines
the ability to remove an electron from a molecule in the
ground state. The high chemical potential value means that
the molecule has an abundance of electron-donating groups
(Tamer et al. 2016). The HOMO-LUMO energy values and
the other data for the title molecule are given in Table 6.

The HOMO and LUMO energy values of this novelly
synthesized complex are —5.59 and —0.40 eV, respectively.
The energy gap between these two molecular orbitals of the
complex is —5.19 eV. In addition, the energy values of other
quantum chemical parameters that determine the reactivity
or stability of a molecule were found as follows for the title
molecule: I: 5.59 eV, A: 0.40 eV, : 2.59 eV, y: 2.99 eV, uc:-
2.99 eV, and w: 1.73 V. As a result of the calculations made
for the synthesized title complex, the HOMO-LUMO energy
gap and global hardness values are quite high. Therefore,
this molecule has a hard structure with low reactivity, which
tends to remain stable. Also, studies in the literature support
these results (Oladipo et al. 2021).

The electrostatic contour maps of HOMO and LUMO
prepared for 4-(3-methoxyphenyl)piperazin-1-ium
4-(3-methoxyphenyl)piperazine- 1-carboxylate monohydrate
are given in Fig. 10. While the LUMO is especially distrib-
uted over the phenyl (A) ring, the HOMO is distributed over
the piperazine (C) and phenyl (D) rings.

The UV-Vis absorption spectrum of this novelly synthe-
sized structure was recorded in the range of 190-1100 nm
in DMSO solvent by using an Agilent HP 8453

@ Springer
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Table5 '"H NMR and 13C NMR chemical shift values of the title
complex

'H NMR 3C NMR

Atoms Calculated Experimen- Atoms Calculated Experimental
tal

H,, 3.01 3.07 C, 162.87 153.06

H,p 4.23 4.23 C, 46.27 45.01

H;c 2.68 2.51 (0N 49.87 48.98

H;p 3.17 3.07 C, 55.15 55.30

Hy, 3.68 3.53 Cs 45.73 39.73

Hyp 2.71 2.51 Ce 160.62 153.06

Hs, 4.23 4.23 C, 110.41 108.71

Hsp 3.02 3.07 Cq 134.68 131.98

H, 6.51 6.51 Cy 105.23 104.80

Hg 7.60 8.08 Cio 167.71 160.65

Hy 6.69 7.13 Ci 109.85 102.18

Hy 6.76 7.68 Cp, 55.96 65.50

Hisa 3.65 3.71 Cps 45.51 39.73

H» 4.04 3.71 Cu 49.43 48.98

H)»c 3.70 3.71 Cis 53.24 55.30

H;, 15.16 9.52 Cis 48.24 48.98

Hjp 4.55 4.60 Cy; 160.31 153.06

Hjsa 2.88 2.88 Cis 110.84 108.71

H;sp 3.09 3.07 Co 134.94 131.98

Hisa 2.88 2.88 Cy 103.17 104.80

Hp 3.24 3.44 Cy 168.71 160.65

Hisa 3.68 3.53 C,, 109.85 102.18

H;sp 2.81 2.88 Cy3 55.32 65.50

Higa 3.03 3.07

Hi s 3.04 3.07

Hig 6.58 6.53

Hyy 7.46 8.08

H,, 6.62 7.11

H,, 6.84 7.73

Hysa 3.85 3.71

Hysp 3.94 3.71

Hysc 3.85 3.71

Hswa  0.83 0.92

Hswg 593 6.17

spectrophotometer and is presented in Fig. 11. An absorp-
tion band was determined at 291 nm, and experimentally
determined energy gap value for this absorption band was
also found to be 4.26 eV. The energy gap value obtained
from the DFT calculations is different from the experimen-
tal value. The reason for this is based on the premise in the
literature that the band gap energy of the complex comes
from the energy-dependent absorption coefficient (o) used
in the equation below.

@ Springer

ahv = A(hv — Eg)" 2)

where a: absorption coefficient, A: constant depends upon
material, h: Planck’s constant, v photon frequency, Eg: band
gap energy, and n depends upon electron transition (Singh
et al. 2022). The energy gap of an organic benzimidazo-
lium benzilate (BDBA) crystal was calculated at 5.251 eV,
and this energy value was found to be 4.39 eV from
UV-Vis—NIR spectral analysis. It has also been reported
that these two values are compatible with each other (Gom-
athi et al. 2021).

Molecular electrostatic potential (MEP)

MERP is one of the most effective tools used to predict and
interpret nucleophilic, electrophilic, and neutral reactive sites.
On the map, this process is done according to a color scale
(Kumar et al. 2019). While the red color represents the nega-
tive electrostatic potential sites, the blue color represents the
positive potential sites. The green color also represents the zero
potential regions (Ulahannan et al. 2020; Khan et al. 2020).
The negativity of the electrostatic potential increases in the fol-
lowing order: red < orange < yellow < green < blue (Celik et al.
2020; Khan et al. 2020). The electronegative groups are elec-
tron-rich regions. The molecular electrostatic potential map of
the title molecule is given in Fig. 12. The electrophilic region
is especially localized on the O2 atom. Also, O3 and 04 atoms
are found in the electron-rich regions. It can be seen from this
map that the C atoms in the phenyl rings and the N atoms in
the imidazole rings are in the yellow region. Therefore, these
C and N atoms are in a slightly electron-rich region. Accord-
ing to this map, almost all of the H atoms in the molecular
structure are also in the positive potential region.

Fukui functions

Fukui functions are used to determine important reactive
sites on the whole molecule. Fukui functions are also known
as indicators of the tendency of the electronic density of the
molecule to deform by losing or gaining electrons under the
constraint of a fixed external potential (Uzun et al. 2019).
Quantum chemical calculations were performed using the
B3LYP/6-311+ + G (d, p) basis set to determine the neu-
tral, anionic, and cationic states, and then the Fukui functions
were calculated using the following equations (Zacharias et al.
2018).

fi = q(N) —q,(N —1) for electrophilic attack 3)
5 =aqN + 1) = q(N) for nucleophilic attack 4)

fk+ =(1/2)[q(N + 1) — q,(N —1)] for neutral (radical) attack
(%)
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Fig.9 Experimental and theoretical 'H NMR and '*C NMR spectra of the title complex

In these equations, g, defines the atomic charge and
is the total electron population of k atoms in the N (neu-
tral), N— 1 (cationic), and N+ 1 (anionic) state (Sethi et al.
2016). When a molecule accepts an electron, the Fukui
function is the nucleophilic attack index f,*. When a mol-
ecule loses an electron, the Fukui function electrophilic
attack index is f,”. The highest value of the f,*/f,” ratio
is relative electrophilicity, while the highest value of the
f,~/f,* ratio is relative nucleophilicity (Mumita et al. 2020;
Roy et al. 1998). Fukui functions of the title molecule are
listed in Table 7.

The maximum value of the electrophilic reactivity
descriptors was determined to be the N, atom. The sec-
ond highest electrophilic reactivity descriptor was found
at the N2 atom. Also, all C atoms except C;,, Ci3, Cj¢,
and C,; atoms in the phenyl rings and O, O,, O3, and O,
atoms were determined as electrophilic reactivity descrip-
tors. The Hy, Hyc, Hya, Hyp, Hsa, Hy, Hy, Hyy, Higa, Hygg,
H,;s,, and H,, atoms are also reactive sites. Also, the other
H atoms were determined as the nucleophilic reactivity
descriptors from the Fukui functions.

Electrophilic and nucleophilic reactivity regions for the
title complex were consistent with each other in MEP map

and Fukui function analyses. As in the Fukui functions,
it was also found from the MEP map that O,, O;, and O,
atoms were in the high-reactivity regions, and C and N
atoms in the phenyl and imidazole rings were also in the
slightly electron-rich region.

Charge analysis

The NBO analysis is one of the important methods used
to analyze molecular orbitals and provides information on
the reactivity and bonding potential of molecules (Kuru-
villa et al. 2018). Also, the atomic charge distribution in
the molecular system affects bond types, bond structures,
the molecular moment, and many other important proper-
ties (Singh et al. 2018; Yurdakul et al. 2019; Biiyiikmurat
and Akyiiz 2001). The NBO, Hirshfeld, and APT atomic
charge values of the title molecule were calculated using the
6-311+ + g(d,p) basis set and are given in Table 8.

The O and N atoms and C,, Cy, C;;, Cy3, Cy, and C,,
atoms of the title molecule were found to be electronegative
for NBO, APT, and Hirshfeld atomic charge analyses. Fur-
thermore, both NBO and Hirshfeld charges analyses revealed
that the C,, C;, Cy, Cs, Cp, Cyi3, C 1y, Cy5, Cig, Cpg, Cyp, and

@ Springer
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Table 6 The energy values of

X > Molecu- E (eV) E,(eV) I1(eV) AEV) nEeV) yeV) ueV) oEV) - w(eV)
quantum chemical properties lar orbit- € ¢
of the title complex that als
calculated at the DFT method
using the B3LYP function and H -559 AE,, 5.9 559 040 259 299 299 038 1.73
6-311+ +G(d, p) basis set L —040
H-1 —-5.68 AEy _, 533 568 035 2.67 3.01 -3.01 0.37 1.70
L+1 -0.35
H-2 -6.16 AEy _, 588 6.16  0.28 294 323 -323 034 1.77
L+2 -0.28

H HOMO, L LUMO, E, energy gap, [ ionization potential, A electron affinity, #

global hardness, y: elec-

tronegativity, u, chemlcal potential, ¢ global softness, @ global electrophilicity, eV electron volt, (eV)™': 1/

electron volt

Lowest J.
unoccupied orbital ol
[+ ] A J
F '.Jt
0 e’ Loy
2, ‘50
“ 4 J J“
[# "]
b ! F ‘J
ﬂ J
4 o ’
E=-0.4 eV
l B
2.9, 9
E;=5.19 eV N\
9.9 4
[ 0 ‘:B.’,
o
=.5.59 eV 9%
E 9¢ z B
Highest J.
occupied orbital .
L 5 .
4
) : : ®
‘a%9%9 " 9
-
J J ,

4
J

Second Lowest
] unoccupied orbital

s E=-0.35eV
- 2
gt e P l
2 oo te% AE=5.33 eV
P
s I
- ¥
.C 4y ,
¥, E= -5.68 eV
J. Second Highest
" occupied orbital
- 4“4!‘ 4
0%e’ .34
o
J“ & 4 ¥ ‘) &
&
e +@ - o’
a9 7
] o+ =

Fig. 10 Frontier molecular orbital diagrams of the title complex to determine the energy gap between molecular orbitals

C,; were electronegative. Also, the charge magnitudes of
H atoms in the structure were also found positive for the
NBO and Hirshfeld analyses. These results obtained from
the analysis of the charge are in agreement with the data
obtained from both Fukui functions and the molecular elec-
trostatic surface map (MEP).

Nonlinear optical properties
Nonlinear optic materials have an important place in high-

technology applications such as frequency shifting, optical
modulation, switching, lasers, fiber optic materials, and
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optical memory. For this reason, the search for materials
with nonlinear optical properties has become quite common
in recent years (Altiirk et al. 2015). The first hyperpolariz-
ability value is associated with the change of z-conjugation
length as a result of the interaction of an electron-donating
group and an electron-withdrawing group. This conjugation
length variation also provides an opportunity to regulate
the magnitude of the second-order NLO responses (Les-
cos et al. 2020). The NLO properties of the title molecule
were investigated theoretically by using the B3LYP func-
tional and the 6-311+ + G (d, p) basis set combination in
the DFT method. The permanent dipole moment (u), the
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Fig. 11 Experimental UV visible spectrum of the title complex
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The dipole moment, polarizability, and first hyper-
polarizability values are given in Table 9. The dipole
moment, average polarizability, anisotropy of polarizabil-
ity, and the first hyperpolarized value of this new syn-
thesized structure were found to be 2.19D, 51.52 X 1072,
24.93x 1074, and 9.27 x 107%° esu, respectively. The
dipole moment (1.3732 D) and first hyperpolarizabil-

0.0405
arbitrary unit

Fig. 12 Molecular electrostatic potential surface map of the title complex in the gas phase

mean polarizability («), the anisotropy of the polarizability
(Aa), and the first-order hyperpolarizability (f,) values were
calculated using the equations below (Zhang et al. 2010;
Karamanis et al. 2008):

[ o The (6)

a=(a, +a,+a,)/3 (7

ity (0.3728 x 1073 esu) values of the urea molecule are
widely used as standard values for comparison in the
literature (Sethi et al. 2016). While the dipole moment
value for the synthesized structure was approximately 2
times greater than that of urea, the initial hyperpolariz-
ability value was found to be 25 times greater. According
to these results, the title molecule shows very important
nonlinear optical properties.

@ Springer
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Table 7 The Fukui functions of

. Atoms  f* f 4t Atoms f f I A/
the title complex are calculated

from Hirshfeld charges 0, —0.001 0.0005 0.002 -050 -2 H,, 0006 0006 0005 120 083
0, 0013 0001 0006 216 046 H,, 0010 0001 0007 143 0.0
0, 0014 00105 0007 200 050 Hs, 0010 0010 0009 1.11 090
0, 0015 0011 0006 250 040 H,, 0008 0032 0055 015 686
Osw 0001 0006 0011 009 11.0 Hy, 0011 0014 0016 069 145
N, 0 0 0 - - Hy, 0011 0001 0008 137 072
N, 0061 0032 0002 305 003 Hy, 0016 0012 0008 200 0.50
N, 0.001 0001 0001 100 100 H,, 0010 0011 0011 091 1.10
N, 0068 0035 0001 680 001 Hy, 0007 0028 0048 014 686
C, 0.005 0005 0005 100 100 H, 0006 0007 0008 075 133
C, 0.004 0005 0006 067 150 Hy; 0001 0002 0002 050 2.00
C, 0.009 0008 0006 150 067 Hy  —0259 0014 0287 —090 —1.11
C, 0012 0008 0004 300 033 Hg 0008 0009 0009 089 113
Cs 0.006 0006 0005 120 083 H,; 0012 0037 0062 019 517
Cq 0018 0012 0005 360 028 Hyz 0009 0011 0013 069 144
c, 0032 0021 0010 320 031 Hy, 0018 0012 0006 3.00 033
Cq 0022 0020 0017 129 077 Hy 0011 0012 0012 092 1.09
Cy 0051 0033 0015 340 029 H, 0011 0012 0013 084 118
Cp 0019 0013 0006 3.17 031 Hyy 0014 0035 0055 025 393
C,, 0022 0015 0007 3.14 031 Hy. 0018 0015 0011 164 06l
C, 0008 0028 0048 017 600 Hpe 0007 0029 0052 0.13 743
C;; 0006 0007 0008 075 133 Hye 0007 0028 0048 0.15 6386
C, 0012 0008 0004 300 033 Hy, 0010 0010 0010 100 1.00
C,s 0010 0008 0006 167 060 H, 0014 0013 0012 117 085
C, 0006 0007 0007 085 117 H 0017 —0.059 -0.134 -0.13 -7.88
C,, 0020 0012 0004 500 020 H, 0021 0028 0034 062 162
Cg 0035 0022 0009 38 025 H,, 0013 0011 0009 144 0.69
C, 0024 0020 0016 150 067 Hy, 0015 0014 0013 115 087
C,, 0055 0035 0014 393 025 H, 0019 0023 002 073 137
C, 0019 0013 0007 271 037 H, 0023 002 0029 079 126
C,, 0025 0017 0008 312 032 H,, 0015 0012 0008 186 053
C,; 0008 0027 0045 018 563 Hg, 0008 0024 0040 020 5.00
H,, 0008 0009 0009 089 112 Hgy 0001 0005 0008 012  8.00

Thermodynamic properties

Thermodynamic parameters of molecules have an effect on
the energetic, structural, and reactivity properties of com-
pounds. The values of standard thermodynamic functions
such as heat capacity, entropy, enthalpy change, Gibbs
free energy, and zero-point energy were calculated on the
basis of statistical thermodynamics based on vibrational
analysis. The calculated thermodynamic properties in the
range of 100-500 K are given in Table 10. Also, changes
depending on the temperature are shown in Fig. 13.

The zero point vibration energy of the title complex was
found to be 1471.12 kJmol ™. Since this property is char-
acteristic of structure, it is constant at all temperatures.
While the entropy, heat capacity, and enthalpy change

@ Springer

values of the complex structure increased depending on the
rising temperature, the Gibbs free energy value decreased.
With the rise in temperature, the vibration between the
atoms of the complex increases, causing the entropy and
enthalpy changes to increase and the Gibbs free energy
to decrease. The change in entropy values shows that the
structure changes its thermodynamic system.

Antimicrobial activity studies

The title compound showed highly effective antimicrobial
activity against S. aureus, B. subtilis, E. faecalis, L. mono-
cytogenes, S. typhimurium, K. pneumoniae, S. dysenteriae,
E. coli, P. aeruginosa, and C. albicans (Table 11). This syn-
thesized structure revealed potent activity against bacterial
and yeast strains, including E. feacalis, S. typhimurium, and
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Table 8 NBO, Hirschfeld, and

. Atoms APT NBO Hirshfeld Atoms APT NBO Hirshfeld
APT atomic charge values of
theltliﬂe Compleﬁ C;lculatei o} -1.231 -0.739 -0217 H;, 0313 0.422 0.093
in the DFT method using the ’
B3LYP functional with the 0, —-1.082 —-0.741 —-0.302 Hyu —-0.002 0.208 0.048
6-311+ +G(d,p) basis set 04 —-0.947 —-0.545 —0.145 Hs, 0.039 0.237 0.048
0o, —0.941 —-0.546 —-0.146 Hjsa —0.041 0.168 0.041
Osw —-0.772 -0.977 —0.308 Hj3a —-0.027 0.201 0.048
N, —-0.955 —-0.526 —0.087 Hi a 0.001 0.206 0.046
N, —-0.889 —-0.538 —-0.115 Hsa —-0079 0.179 0.032
N; —-0.753 -0.736 -0.129 Higa -0.071 0.179 0.035
N, —-0.876 —-0.533 —-0.113 Hyza —0.041 0.168 0.041
C, 1.855 0.945 0.238 Hyp 0.027 0.232 0.046
C, 0.327 -0.172 —0.002 H;p 0.804 0.502 0.121
C; 0.341 -0.179 —-0.007 Hyp —-0.078 0.176 0.032
Cy 0.341 —0.168 —0.005 Hsp —-0.065 0.185 0.038
Cs 0.336 —-0.177 —-0.002 Hp 0.004 0.190 0.053
Ce 0.706 0.202 0.049 H;sp -0.076 0.178 0.033
C, —-0.312 —0.283 —0.081 H g -0.076 0.179 0.033
Cq 0.174 —0.164 —0.480 Hsp —0.008 0.207 0.046
Cy —-0.312 -0.319 —0.087 Hgp —-0.024 0.204 0.050
Cio 0.754 0.337 0.071 Hysp —0.005 0.189 0.052
Cy —-0.352 —-0.276 —0.078 H;c —0.084 0.175 0.029
Cp, 0.558 —0.203 -0.010 H s —-0.039 0.168 0.042
Cps 0.328 -0.176 —0.006 Hysc —-0.039 0.168 0.042
Cu 0.339 -0.172 —0.005 H;p, —0.009 0.208 0.047
Cis 0.339 —-0.184 —-0.007 H, 0.048 0.207 0.038
Cie 0.325 -0.172 —-0.004 Hy 0.021 0.201 0.046
Ciy 0.069 0.204 0.049 H, 0.049 0.210 0.041
Cis -0.312 -0.284 —-0.082 H,, 0.062 0.215 0.046
Cyy 0.175 —-0.164 —-0.049 Hq 0.048 0.207 0.038
Cy —-0.316 -0.322 —-0.089 H,y 0.022 0.201 0.045
C,, 0.752 0.337 0.071 H,, 0.049 0.209 0.040
C,, —-0.351 -0.278 -0.079 H,, 0.062 0.214 0.046
Cys 0.553 —-0.203 —-0.010 Haswa 0.257 0.462 0.154
H,, —0.060 0.185 0.038 Hswp 0.528 0.503 0.109
Table9 The electric dipole Dipole moment Polarizability First Hyperpolarizability
moment y (Debye), average
polarizability @, anisotropy of My 0.51 a,, 65.67 P 2.79 P, 1.76
polarizability Aa (10™*esu),
and first hyperpolarizability 8, Hy -2.10 Ay 1.89 Pry —4.21 B, -7.85
(107 esu) of the title complex -0.35 a, 50.92 By ~1.68 p. 4.62
u 2.19 a, 2.11 Py —-3.88 Biot 9.27
- —2.65 Pz 3.06 B 2.76
- 37.97 Prxe -0.21
a 51.52 Prye -0.3
Aa 24.93 B 0.65
Py 0.24
B... 1.84
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Table 19 ‘Ther.modynamlc T(K) C® (Jmol~' K1) SO mol~! K1) AHO(KJmol ™) AG,,(kImol™) Szpc(kJmOI_])
properties at different p.m " m
tempelfat“reShOfl;gli ;;2?6 100 22228 526.23 338 1435.54 1471.12
complex at the -
311+ +G(d,p) basis set 200 367.58 731.22 10.64 1369.49 1471.12

300 519.18 911.92 21.41 1287.29 1471.12

400 671.30 1084.75 35.84 1187.47 1471.12

500 805.87 1251.28 53.72 1070.69 1471.12

CY :Heat capacity,Sfll Entropy, AHOm Enthalpy changes,G_,, Gibbs free energy.e,pr Zero point energy

pm

_ =
2 885 2
S & & &

Thermodynamic Properties

100 200 300 400 500
Temperature (K)
——Heat Capacity ——Entropy Entalphy changes ——Gibbs Free Energy

Fig. 13 Thermodynamic properties (heat capacity, entropy enthalpy
changes, and Gibbs free energy) of the title complex as a function of
temperature in the range of 100-500 K at constant pressure

C. albicans, with a minimum inhibitory concentration (MIC)
value of 7.8 pg/mL. Also, this structure against B. subtilis
and S. typhimurium exhibited maximum inhibitory activity
with inhibition zone values of 19.8 and 18.4 mm. In com-
parison with the control ampicillin, compound 5 showed
greater antimicrobial activity against B. subtilis, E. feaca-
lis, E. coli, and S. typhimurium. The minimum inhibitory

concentrations for the same bacteria are 15.6 and 7.8 pg/
mL, respectively.

Additionally, the test chemical exhibited antibacterial
efficacy against S. aureus, S. dysenteriae, and P. aerugi-
nosa. The antibacterial activity of this substance was not
more potent than that of the antibiotic used as a control,
ampicillin.

Antiquorum sensing activity test of the title molecule was
performed with C. violaceum ATCC 12472, which produces
gram-negative and violaceum pigment. The quorum sens-
ing system (QS), which is the communication mechanism
between cells in bacteria, controls the pathogenesis and
virulence of bacteria. The synthesized title compound cre-
ated strong anti-QS activity (zone diameter =20.4 mm and
MIC=7.8 pg/ml).

Molecular docking analysis

Molecular docking is a powerful computational technique
used in drug design and discovery. It allows us to under-
stand noncovalent drug—enzyme interactions at the target
site of the enzyme (Amul et al. 2019). The AutoDock-Vina
program was used to determine the binding ability of the
title molecule, its binding mode, and its interactions with

Table 11 Antimicrobial and
antiquorum sensing activities of
the title complex

Microorganisms Diameter of inhibi- ~MIC (pg/ml) AMP (10 pg) Cyclohex-
tion zone (mm) imide
Compound 5
(100 mg/ml) (1000 pg/ml)

S. aureus ATCC29213 15.8 62.5 17 -

B. subtilis ATCC 6633 19.8 15.6 18 -

E. feacalis ATCC 29212 17.8 7.8 16 -

L. monocytogenes ATCC 7644 14.2 15.6 - -

S. typhimurium ATCC 14028 18.4 7.8 18 -

K. pneumoniae ATCC 13883 16.2 62.5 - -

S. dysenteriae ATCC 11835 14.2 31.2 18 -

E. coli ATCC 25922 16.2 15.6 15 -

P. aeruginosa ATCC 27853 17.8 31.2 18 -

C.albicansATCC 10231 16.4 7.8 - 18

C. violeceum ATCC 12472 (QS 20.4 7.8 15 -

inhibition (mm))

AMP (10 pg): Ampicillin

@ Springer
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Table 12 The binding affinity

. Mode Affinity (kcal/ Distance from best mode Affinity (kcal/ Distance from best mode
values of different poses mol) mol)
of 4JUR and 4LI3 proteins RMSD Lb RMSD u.b RMSD 1.b RMSD u.b
interaction with the title
complex predicted by Autodock 4JUR 4LI3
Vina 1 -7.8 0.000 0.000 -9.8 0.000 0.000
2 -7.8 1.374 2.012 -9.6 1.578 2.188
3 -7.8 1.990 3.032 -94 2.336 3.416
4 -7.7 14.538 17.279 -93 1.722 10.587
5 -7.6 4.123 6.664 -9.1 2.363 10.637
6 -7.6 14.602 19.827 -9.0 1.388 2.094
7 =75 14.516 20.484 -8.8 2.150 3.137
8 =75 14.544 19.721 -8.7 5.872 9.633
9 -7.3 1.788 12.696 -8.6 1.969 10.502

the enzyme amino acid residues. In addition, the Auto Dock
Tool program (Haruna et al. 2019) was used to prepare the
protein and complex in the appropriate format before the
molecular docking study. Three-dimensional crystal struc-
tures of S. typhimurium ATCC 14028 bacteria used in the
antibacterial study section were obtained from the protein
data bank (PDB ID: 4JUR and 4LI3) (RSCB PDB Protein
Data Bank, https://www.rcsb.org/). The active sites of the
protein were defined with a grid size of 40 A x40 A x40 A.
Minimum binding affinity values of the title molecule to pro-
teins are given in Table 12, and hydrogen bond interactions
and acceptor and donor sites are visualized in Fig. 14 and
Fig. 15. The minimum binding affinity values of the synthe-
sized complex in the interaction of 4JUR and 4LI3 proteins
were determined as —7.8 and —9.8 kcal/mol. A conventional

Fig. 14 Molecular docking
and hydrogen bond interaction
between the title complex and
4JUR protein

H bond was formed with the 4JUR protein-bound residues
ARG47 and ASN17. The bond lengths in these interactions
are 2.57,2.93,and 2.28 A, respectively. H-bond interactions
with 3.04, 2.18, 2.36, and 2.19 A bond lengths were formed
with SER70, GLY?228, and THR 178 residues bound to the
4LI3 protein, respectively. It is a general assumption that a
good molecular docking is around 2 based on the RMSD
values (Stigliani et al. 2012). These findings also support
the antimicrobial activity studies of the synthesized complex
and show that this structure has antimicrobial properties.

Toxicological and physicochemical properties

The Osiris Property Explorer Program is one of the tools
used to determine whether a compound has a toxic effect on

@ Springer
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Fig. 15 Molecular docking
and hydrogen bond interaction
between the title complex 4LI3
protein

an organism (http://www.organic-chemistry.org/prog/peo/).
The logP value is a measure of the hydrophilicity of the
compound. The logP value should not be greater than 5.0
if the compounds are reasonably likely to be absorbed. In
some experimental analyses, this value is given as clogP. It
is very important to determine the solubility value of LogP
in water and lipid since orally consumed drugs pass through
the intestinal lining to the aqueous blood stream, reach a
cell, and penetrate the lipid-based cell membrane (Uetre-
cht 2001). The solubility of a compound in water is deter-
mined by the logS, which significantly affects the absorption
and distribution properties. This value is greater than —4
for more than 80% of the drugs used on the market (http://
www.organic-chemistry.org/prog/peo/). The larger the LogS,
the higher the absorbability of a compound will be. Due
to the low absorption of high-weight compounds, they are
prevented them from reaching their target. Therefore, it is
necessary to keep the molecular weight as low as possible in
drug design. Most commercially available drugs have been
reported to have a molecular weight below 450. A molecule
must have a TPSA value of less than 140 A% The larger this
value, the more difficult it is for the structure to pass through
the cell membrane (http://www.organic-chemistry.org/prog/
peo/; Di and Kerns 2015; Brito 2011). The drug score allows
us to evaluate the similarity of a compound to the drug by
taking into account clogP, logS, molecular weight, and tox-
icity risks. If this value is close to 1, it is concluded that a
compound can be used as a drug, and if it is close to 0, its
use as a drug carries a high risk (http://www.organic-chemi
stry.org/prog/peo/). The estimated values of the toxicity risk
and some important physicochemical properties of the title
complex are listed in Table 13. The drug score of the title
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molecule was found to be 0.42. Therefore, its use as a drug
may pose a high risk. In addition, this structure shows muta-
genic, tumorigenic, and reproductive effects.

Conclusion

The synthesized novel organic salt compound, 4-(3-meth-
oxyphenyl)piperazin-1-ium 4-(3-methoxyphenyl)pip-
erazine-1-carboxylate monohydrate, was characterized
by using the single-crystal X-ray diffraction method, 'H
NMR, 3C NMR, FT-IR, and FT-Ra spectrometry. Also,
the contributions of different intermolecular interactions
in the crystal packing motif were investigated by using
Hirshfeld surface analysis and associated two-dimensional
fingerprint drawings. The initial molecular geometry of the
complex structure obtained from the X-ray data was opti-
mized using the DFT method at the B3LYP level with the
6-311+ +G(d,p) basis set. Except for 'H and '>°C NMR
analyses, the same method and basis set were used for
other calculations. Chemical shift values were calculated
with the 6-311 + + G(2d,p) basis set. The data obtained
from the experimental analyses in the structural charac-
terization studies are quite compatible with the values
found in the theoretical calculations. The HOMO-LUMO
energy gap and global hardness values of the optimized
structure were calculated as 5.19 and 2.59 eV, respectively.
According to these results, we said that the title complex
has low reactivity and a hard structure. Molecular electro-
static surface (MEP), Fukui functions, and charge analyses
were performed to determine the reactive regions of the
complex. In all three methods, the reactive regions of the
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Table 13 Prediction of toxicity risks and physicochemical properties by Osiris of title complex

Toxicity risks

Physicochemical properties

Mutagenic Tumorigenic Irritant Reproductive effect

clogP

Solubility MW TPSA Druglikeness Drugscore

+ + - + 0.25

-2.78 446.55 100.73 5.93 0.42

structure were found around the same atoms. The dipole
moment and first hyperpolarizability values of the title
complex were calculated at 2.19D and 9.27 x 107 esu.
These results show that this synthesized structure has very
good nonlinear optical properties. In addition, changes in
thermodynamic functions such as heat capacity, entropy,
enthalpy change, Gibbs free energy, and zero point energy
depending on temperature were investigated. The change
in entropy and enthalpy values with the increase in temper-
ature reveals that the structure changes its thermodynamic
system. Antimicrobial activity studies of the synthesized
salt complex were carried out. The title complex showed
potent activity against bacterial and yeast strains. Also,
molecular docking studies were performed to investigate
the interactions with the protein structures of microorgan-
isms that are used in antimicrobial activity studies. It has
been revealed that this structure interacts with the residue
parts of the microorganisms in a way that shows antimi-
crobial properties. Finally, the toxicological and physico-
chemical properties of the title complex were investigated.
This structure showed mutagenic, tumorigenic, and repro-
ductive effects.

Appendix A: Supplementary data

CCDC 2,063,536 contains the supplementary crystallo-
graphic data for the compound reported in this article.
These data can be obtained free of charge on application
to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK
[Fax: +44 1223 336 033, e-mail: deposit@ccdc.cam.ac.uk,
https://www.ccdc.cam.ac.uk/structures/].

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11696-023-02667-w.
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