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Abstract: Copper–semicarbazone ligands have been extensively investigated for several medicinal
applications. In this contribution, a novel copper(II) complex with a pyridoxal–semicarbazone
ligand, [Cu(PLSC)Cl(H2O)](NO3)(H2O), was synthesized and characterized by X-ray crystallography,
elemental analysis, UV-VIS, and FTIR spectroscopies. The stabilization interactions within the
structure were assessed using the Hirshfeld surface analysis. The crystallographic structure was
optimized at the B3LYP/6-311++G(d,p)(H,C,N,O)/LanL2DZ(Cu) level of theory. A comparison
between the experimental and theoretical bond lengths and angles was undertaken to verify the
applicability of the selected level of theory. The obtained high correlation coefficients and low
mean absolute errors confirmed that the optimized structure is suitable for further investigating the
interactions between donor atoms and copper, along with the interactions between species in a neutral
complex, using the Quantum Theory of Atoms in Molecules approach. The electrostatic potential
surface map was used to reveal distinct charge distributions. The experimental and calculated FTIR
spectra were compared, and the most prominent bands were assigned. The interactions with human
serum albumin (HSA) were assessed by spectrofluorometric titration. The spontaneity of the process
was proven, and the thermodynamic parameters of binding were calculated. Molecular docking
analysis identified the most probable binding site, providing additional insight into the nature of
the interactions.

Keywords: copper(II) complex; DFT; QTAIM; HSA; Hirshfeld surface analysis

1. Introduction

The semicarbazide derivatives of the type R–CH=N–NH–CX–NH2, often named semi-
carbazones, are obtained in the reaction between semicarbazides and aldehydes/ketones [1].
Depending on the aldehyde/ketone, these compounds behave as unidentate, bidentate,
or multidentate chelating agents [2]. The increased stability, chelating properties, and
structural versatility of these ligands have led to the preparation of many transition metal
compounds [3,4]. The formed complexes are vividly colored, and the complexation pro-
cedure was suggested for the analytical determination of selected metal ions [5]. As
their mechanism of action greatly depends on the present substituents, the fine-tuning
of activity is possible through structural description and analysis [1]. Also, several
protonation/deprotonation sites lead to the neutral, monoanionic, and dianionic forms
(Figure 1) [6]. More details on the structural features and applications of semicarbazone-
derived metal complexes can be found in reference [7].
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and coworkers proved that lipophilic anions increase the cytotoxicity of cationic cop-
per(II) semicarbazone compounds [10]. Estradiol-based salicylaldehyde thiosemicarba-
zone complexes with copper(II) showed cytotoxicity toward MCF-7, MCF-7 KCR, DU-
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Copper semicarbazone complexes have been extensively examined for several medici-
nal applications as anticancer reagents, radical scavengers, and positron emission tomogra-
phy (PET) agents for imaging [8]. In the paper by Muleta and Desalegn, the synthesis and
structural characterization of heteroleptic copper(II) complexes of natural product-based
semicarbazone ligands were described, and they showed higher antibacterial activity on
Streptococcus pyogenes bacteria than the respective ligands [9]. The study of Chau and
coworkers proved that lipophilic anions increase the cytotoxicity of cationic copper(II) semi-
carbazone compounds [10]. Estradiol-based salicylaldehyde thiosemicarbazone complexes
with copper(II) showed cytotoxicity toward MCF-7, MCF-7 KCR, DU-145, and A549 cancer
cells along with antibacterial activity toward Staphylococcus aureus bacteria strain [11].
Electron paramagnetic resonance spectroscopy (EPR) is particularly useful for the deter-
mination of the oxidation state of copper and the geometry of its complexes, as explained
in [12].

Theoretical methods are important for examining the stabilization and structural proper-
ties of copper(II) complexes. The optimization of the structure with the help of Density Func-
tional Theory (DFT) methods allows the determination of structural parameters, the effects of
substituents, charges, electron transitions, and reactivity [13,14]. Salbego and coworkers used
the QTAIM approach to study the stability of pentacoordinated copper(II)–semicarbazone
complexes in relation to hexacoordinated complexes [15]. The Hirshfeld surface analysis
of copper(II) semicarbazone complexes allows the determination of different contributions
of specific interactions to the overall stability [16,17]. The molecular docking simulations
were applied to examine the molecular aspects of interactions with proteins and DNA in
references [18,19].

Pyridoxal–semicarbazone (PLSC) is a tridentate ligand obtained from pyridoxal and
semicarbazone [20,21]. It contains three donating atoms: phenolic oxygen, azomethine nitro-
gen, and carbonyl oxygen. The neutral form of the PLSC ligand is protonated at the pyridine
nitrogen and azomethine nitrogen sites. Several copper(II) complexes with PLSC are known
in the literature, such as [Cu(PLSC)Br2] [22], [{Cu(µ-PLTSC)(H2O)}2](SO4)2·6H2O (2) and
[{Cu(µ-PLTSC)(H2O)}2](SO4)2·2H2O [23], and [Cu(PLSC)(H2O)(SO4)]2·3H2O [24]. As the
starting compounds for the synthesis of the title complex include copper(II) chloride and
PLSC, it is important to mention that other similar complexes such as [Cu(PLSC)Cl2] [24,25]
have been extensively examined. Complexes of PLSC with nickel, zinc, and other metal
complexes are described in [26,27].

The aim of this contribution is to present a comprehensive study of the structural and
stability properties of a novel copper(II) complex with PLSC ligand, [Cu(PLSC)Cl(H2O)](NO3)
(H2O). The experimental structure was determined by X-ray diffraction analysis and opti-
mized at the B3LYP/6-311++G(d,p)(H,C,N,O)/LanL2DZ(Cu) level of theory. The structural
parameters were compared to verify the applicability of the applied level of theory. The
Hirshfeld surface analysis examined the intermolecular interactions within the crystallo-
graphic structure, emphasizing the interactions between the complex cation, nitrate anion,
and co-crystalized solvent molecule. The Quantum Theory of Atoms in Molecules (QTAIM)
analysis was used to assess the stability of the structure together with intramolecular
interactions between the donor atoms and the central metal ion. The experimental and
theoretical vibrational spectra were compared to discuss the applied theory level. The in-
teractions between a complex and a major transport protein, human serum albumin (HSA),
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were investigated by spectrofluorometric titration and molecular docking simulations. The
most probable interaction site for the mentioned process was described.

2. Materials and Methods
2.1. Chemicals

The solvents used, copper(II)-chloride, nitric acid, human serum albumin, sodium
phosphate dibasic, potassium phosphate monobasic, sodium chloride, and potassium
chloride, were obtained from Merck (Darmstadt, Germany) and used without further
purification.

2.2. Synthesis of PLSC Ligand

The PLSC ligand was obtained as explained in reference [6]. The structural charac-
terization of the ligand included FTIR spectra and elemental analysis. Anal. Calcd. for
PLSC·2H2O (C9H16N4O5, 260.25): C, 41.53; H, 6.19; N, 20.52. Found: C, 42.02; H, 6.28; N,
20.52. FTIR: 3461 (υ(O–H) stretching), 1570 (υ(C=N)), 1500 (υ(C–N)), 2956 cm−1 (υ(+NH));
broad band above 3000 cm−1 was assigned to the hydrogen bonded groups. These spectral
characteristics closely match those in the mentioned reference.

2.3. Synthesis of [Cu(PLSC)Cl(H2O)](NO3)(H2O)

An amount of 0.1 mmol PLSC ligand was dissolved in water with stirring at high
temperature, practically until boiling. Then, 0.1 mmol of CuCl2 was added to the aqueous
solution of the mostly dissolved ligand. The addition of salt resulted in an intense green
coloring of the solution. However, fragments of the undissolved ligand remained, and there-
fore, a diluted HNO3 solution was added (final concentration of HNO3 was 1 × 10−5 M) to
lower the pH, and the ligand and added salt were completely dissolved. The clear, green-
colored solution was put at room temperature to crystallize. After 24 h, green single crystals
were separated. Yield: 0.24 g (74%). Anal. Calcd. for [Cu(PLSC)Cl(H2O)](NO3)(H2O)
(C9H16ClCuN5O8, 421.27): C, 25.66; H, 3.80; N, 16.63. Found: C, 25.36; H, 4.10; N, 16.72.

2.4. Characterization

The experimental vibrational spectra were obtained on a Thermo Nicolet-Avatar
370 FTIR spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) between 4000 and
600 cm−1. Around 2 mg of the sample was mixed with 150 mg of potassium bromide, and
a pellet was prepared. The electronic spectra of the complex were recorded on a Thermo
Scientific UV-VIS Spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) between 800
and 250 nm. The resolution was set to 1 nm with an integration time of 0.20 s. The stock
solution in DMF was prepared (final concentration 7 × 10−3 M) and further diluted in
water to 5 × 10−3 M. The elemental composition was determined on an Elementar Vario El
III (Elementar Analysesysteme GmbH, Langenselbold, Germany) by calculating the mass
percentages of different oxides. The molar conductivity measurements were performed on
WTW inoLab Cond 720 Conductometer (Thermo Fisher Scientific, Waltham, MA, USA) for
10−3 M solution in DMF.

2.5. X-Ray Crystallographic Analysis

A green prismatic crystal (0.218 × 0.133 × 0.115 mm) was taken and installed on a
nylon cryoloop. The experimental data were obtained at 123 K by utilizing CuKλ radiation
(λ = 1.54184 Å) on a Rigaku Synergy S diffractometer fitted with a HYPIX 6000 hybrid
photon counting detector. Data were collected and corrected by empirical (multi-scan)
absorption correction in CrysAlisPro software [28]. The structure was solved and refined by
the SHELX software suite and the Olex2 graphical interface [29,30]. The positions of non-
hydrogen hydrogen atoms attached to carbon were determined as previously explained [6].
The positions of hydrogen atoms attached to oxygen and nitrogen were determined in
the difference Fourier map and were refined with restrained geometry (DFIX/DANG);
d(N–H) = 0.91(2) or d(O–H) = 0.88(2) Å.
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The obtained crystallographic data were included in the Cambridge Crystallographic Data
Centre (CCDC, 12 Union Road, Cambridge CB2 IEZ, UK; e-mail depos-it@ccdc.cam.ac.uk) with
the CCDC number 2348548. Important parameters for the structure refinement are presented in
the following table.

2.6. Hirshfeld Surface Analysis

The intermolecular interactions within the crystallographic structure are important
for explaining its properties. In this contribution, the CrystalExplorer program [31] was
used for the Hirshfeld surface analysis, as described previously for similar compounds [6].
The interactions were examined through a graphical representation of two distances, the
first one being between two nearest nuclei (de) and the other connecting nuclei with the
external surface (di) [32,33]. These points were colored by comparing the van der Waals
separation between nuclei. The normalized distances were between −0.7021 (red) and
1.0586 (blue). The percentages of specific interactions are presented in figures within the
Supplementary Materials.

2.7. Quantum Chemical Analysis

The structure optimization was performed in the Gaussian 09 program package
(Gaussian 09, revision C 01) [34] starting from the experimental structure. The functional
selected for the optimization was B3LYP [35] together with 6-311++G(d,p) basis set [36]
for H, C, N, and O atoms and LanL2DZ [37,38] for copper ions. The structures of complex
cation, neutral complex, and complex with one water molecule were optimized by following
the same procedure. The stabilization interactions between the central metal ion and donor
atoms and weak interactions between species were investigated by the Quantum Theory of
Atoms in Molecules (QTAIM), as proposed by Bader [39,40]. Several parameters, among
them electron density and Laplacian at Bond Critical Points (BCPs), were obtained and
are discussed in the main text. The AIMAll program package [41] was employed starting
from .wfx files from the Gaussian 09. The electrostatic potentials for metal complex, nitrate
ion, and water molecule were separately computed at M06L-GD3/def2-TZVPP level on
surfaces defined as the 0.001 a.u. (electronbohr−3) contours of the electronic densities, as
suggested by Bader et al. [42]

2.8. Spectrofluorimetric Determination of HSA Binding Affinity

The affinity of the complex toward HSA was monitored by the spectrofluorometric
titration on a Cary Eclipse MY2048CH03 spectrophotometer (Agilent Technologies, Santa
Clara, CA, USA). The slits were 5 nm, and the scan rate was 600 nm min−1. The final
concentration of HSA in the phosphate buffer saline (pH = 7.4, concentrations of NaCl
and KCl were 137 and 2.7 mM, respectively) was 5 × 10−6 M. The excitation wavelength
was 295 nm, and this energy was sufficient for the excitation of tryptophan residues in the
protein structure. The concentration of the complex changed between 1 and 10 × 10−6 M.
The interactions were followed by a decrease in the intensity of emission maxima, as
quantified by the double-log Stern–Volmer equation [43]:

log
(

F0 − F
F

)
= log Kb + nlog[complex] (1)

In the presented equation, F0 and F are the fluorescence emission intensities of HSA
solution without and with the added complex, Kb is the binding constant, and n is the
number of binding positions. The changes in enthalpy and entropy of binding were
calculated from the Van ’t Hoff’s plot, which included binding constants determined at
three temperatures (27, 32, and 37 ◦C):

ln Kb = −∆Hb
RT

+
∆Sb

R
(2)
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2.9. Molecular Docking

The material for molecular docking calculations was sourced from the Protein Data
Bank. A newly synthesized and crystallographically characterized Cu(II) complex with
PLSC, aqua, and chlorido ligands was utilized as the docking molecule. These calculations
were designed to support and rationalize experimental findings at the molecular level,
using HSA as the target protein. The 2BXN structure [44] was specifically selected due
to naturally occurring myristic acids bound to the structure of HSA, allowing for a closer
approximation of physiological conditions in the human body.

Target preparation involved cleaning the 2BXN structure of all ligands and water
molecules, retaining only myristic acid, resulting in the modified structure termed HSA-
myristate. This preparation was deemed appropriate for approximating physiological
conditions. The XYZ coordinates of the [Cu(PLSC)Cl(H2O)]+ crystal structure were opti-
mized using Gaussian 09 at the B3LYP/6-311++G(d,p)(H,C,N,O)/LanL2DZ(Cu) level of
theory, as previously explained.

Molecular docking calculations were conducted using AutoDock 4.2.6 integrated
within the AMDock program [45] (version 1.5.2), under conditions of ambient temperature
(25 ◦C) and physiological pH (7.4). Visualization and analysis of interactions and binding
to 2BXN-myristate were performed using Biovia Discovery Studio Visualizer v21.1.0.20298.

3. Results and Discussion
3.1. Crystallographic Structural Analysis

The compound [Cu(PLSC)Cl(H2O)](NO3)(H2O) was prepared from the mixture of
PLSC solution, copper(II) chloride, and nitric acid, which was added to increase the
solubility of the ligand. The experimental structure of the title compound is depicted
in Figure 2a. This structure consists of a PLSC ligand in neutral form with an ONN
donor system, chlorido ligand, and aqua ligand directly attached to the central metal ion.
Additionally, a nitrate anion is present in the outer sphere of the complex, leading to the
neutrality of the obtained species. A water molecule that is bound to protonated pyridine
nitrogen is also present. The PLSC ligand is in neutral form, as the structure contains
protonated pyridine nitrogen, deprotonated phenyl oxygen, and protonated azomethine
nitrogen, similar to the nickel(II) complex with the same ligand [6]. Experimental bond
lengths and angles are presented in Tables S1 and S2. The distances between the copper(II)
and oxygen atoms are 1.8986(14) (O1) and 1.9699(14) Å (O3). The presence of phenyl
attached to an oxygen atom in position 1 leads to a lower bond length. The bond between
Cu(II) and azomethine nitrogen has a length of 1.9860(16) Å. Even longer distances are
found between the copper(II) ion and aqua (2.3439(15) Å)/chlorido (2.2750(5) Å) ligands.
These values correspond well to the donating abilities of the donor atoms, although some
are influenced by the presence of other interactions, as in the case of the aqua ligand. The
overall geometry is octahedral, but it can be assumed that the water molecule and nitrate
anion influence the stability of the structure. The angle between the oxygen atoms and
Cu(II) is 169.91(6)◦, which deviates from linearity because of the rigidity of the PLSC ligand.
The same applies to the angle denoted as O3–Cu–N2, which has a value of 80.71(6)◦. There
is also an incline of the aqua ligand toward the nitrate anion, which leads to O1–Cu–O4
and N2–Cu–O4 angles higher than 96◦.

According to Table 1, the title complex crystallizes in a triclinic P-1 space group. Within
the crystallographic structure, there are several hydrogen bonds formed. These interactions
are shown in Table 2. Within one unit, the hydrogen bond exists between the aqua ligand
and nitrate anion, with a bond distance of 1.97(2) Å and an angle of 154(3)◦. Previously,
interactions between aqua ligands and a sulfate anion coordinated to a nickel(II) central
metal ion were shown in reference [6]. The second hydrogen bond is formed between
protonated pyridine nitrogen and a solvent molecule. The distance between the hydrogen
and oxygen atoms is lower (1.827(18) Å) due to the electronegativity of the groups. The
crystallographic structure includes an infinite linear chain in which cations are connected
through interactions between the water molecule in the outer sphere of one unit and



Crystals 2024, 14, 1106 6 of 19

the hydroxymethyl group of the second unit (Figure 2, denoted as O(8)–H(8E)· · ·O(7) in
Table 2) with a bond distance of 2.03(2) Å. Additionally, interactions between the ending
amino group and oxygen atom in position 3 stabilize the structure. These hydrogen bonds
have a length of around 2.03 Å. The 3-D structure of the obtained compound presents a
3-D hydrogen-bonded network of parallel stacked 2-D sheets (Figure 2). This structure is
supported by the existence of a Cu–OH2 bond. The aqua ligand interacts with the nitrate
anion of the second unit (1.91(2) Å), while the oxygen atom of the hydroxymethyl group
forms a hydrogen bond with the chlorido ligand (2.24(2) Å).
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Figure 2. (a) Molecular diagram of [Cu(PLSC)Cl(H2O)][NO3]·H2O with non-hydrogen atoms rep-
resented by 50% displacement ellipsoids and hydrogen atoms as spheres of arbitrary size. (b) The
overall structure is a 3-D hydrogen bonded network, comprised of parallel stacked 2-D sheets, sup-
ported by the Cu–OH2 bond. (c) The structure is composed of infinite linear chains of [Cu(L)Cl(H2O)]+

cations with N–H· · ·O and O–H· · ·O hydrogen bonds to the [NO3]− anions and water molecules.
Further hydrogen bonding through the [NO3]− anion and the water molecules connects the chains
into a 2-D sheet.

Table 1. Crystal data of the newly obtained complex.

Empirical Formula [Cu(PLSC)Cl(H2O)](NO3)(H2O)
C9H16ClCuN5O8

Formula weight 421.26
Temperature (K) 123(2)
Crystal system Triclinic

Space group P-1
Radiation/wavelength [Å] 1.54184

Volume (Å3) 793.68(3)

Unit cell dimension (Å/◦)

a = 6.9247(2)
b = 8.0762(2)
c = 13.9679(3)
α = 96.478(2)
β = 104.111(2)
γ = 93.411(2)

Z 2



Crystals 2024, 14, 1106 7 of 19

Table 1. Cont.

Empirical Formula [Cu(PLSC)Cl(H2O)](NO3)(H2O)
C9H16ClCuN5O8

Calculated density (Mg m−3) 1.8666
Goodness-of-fit on F2 1.114

h, k, lmax 8, 10, 17
Nref 3208

Bond precision: C–C (Å) 0.003
Data completeness 0.985

Θ max [◦] 79.819
R1 [I > 2s(I)], R1 (all) 0.0320

wR2 [I > 2s(I)], wR2 (all) 0.0910
CCDC no. 2348548

Table 2. Hydrogen bonds for [Cu(PLSC)Cl(H2O)](NO3)(H2O) [Å and ◦].

D-H· · ·A d(D-H) d(H· · ·A) d(D· · ·A) <(DHA)

O(2)–H(2)· · ·Cl(1)#1 0.847(18) 2.24(2) 3.0816(16) 170(4)
O(4)–H(4A)· · ·O(6) 0.846(18) 1.97(2) 2.758(2) 154(3)

O(4)–H(4B)· · ·O(5)#2 0.854(17) 1.91(2) 2.716(2) 158(3)
O(8)–H(8E)· · ·O(7)#3 0.835(17) 2.03(2) 2.826(2) 160(3)
O(8)–H(8D)· · ·O(2)#4 0.842(18) 2.12(2) 2.890(2) 153(3)
N(1)–H(1N)· · ·O(8) 0.883(17) 1.827(18) 2.703(2) 171(3)

N(3)–H(3N)· · ·O(6)#5 0.876(17) 2.052(19) 2.906(2) 165(3)
N(4)–H(4N)· · ·O(7)#5 0.884(18) 2.010(18) 2.886(2) 171(3)
N(4)–H(5N)· · ·O(3)#6 0.874(18) 2.036(18) 2.903(2) 171(3)

Symmetry transformations used to generate equivalent atoms: #1 x + 1, y + 1, z; #2 −x, −y + 1, −z; #3 x + 1, y + 1,
z + 1; #4 −x + 2, −y + 2, −z + 1; #5 x + 1, y, z; #6 −x, −y, −z.

3.2. UV-VIS Spectral Analysis

The UV-VIS spectrum of the title complex was recorded in aqueous solution at a final
concentration of 5 × 10−4 M. Prior to this, a stock solution of the complex was prepared
in DMF. The experimental UV-VIS spectrum between 800 and 250 nm is shown in the
Supplementary Materials as Figure S1. As can be seen, there are two broad peaks at 398
and 298 nm, similar to other complexes with PLSC ligands [6,46]. The peak at 298 nm
originates from the ligand, including n→π* transitions associated with the imine group and
the pyridine ring. The same transition was observed in the spectrum of the free ligand [47].
The second peak can be assigned to the ligand-to-metal charge transfer (LMCT) transition
between the central metal ion and azomethine nitrogen. The charge transfer between the
chlorido ligand and copper(II) ion is expected around 330 nm, and it can be assumed that
this band is overlapped with other more intense bands in the spectrum [48]. The transitions
within the electronic structure of copper(II), marked as d→d, were not observed in the
spectrum. This absence is likely due to their low intensity and overlap with the CT band. A
similar result was found in previous research [6].

3.3. Molar Conductivity Measurements

The obtained complex was soluble in DMF, and the molar conductivity measurements
were performed for a 10−3 M solution. The obtained value of 88 S cm2 mol−1 indicates
a 1:1 type electrolyte [49]. This result proves the assumption that the chlorido ligand is
coordinated directly with the central metal ion in the solution. Similar values were obtained
for other copper(II) complexes with similar ligands [23]. The exchange of chlorido ligands
was observed in the case of [Cu(PLSC)Cl2], which acted as a 1:2 type electrolyte in the
solution [24].
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3.4. Hirshfeld Surface Analysis

Stabilizing interactions are fundamental to experimental structures, governing the
distribution of their components. Hirshfeld surface analysis was employed to identify
and quantify these interactions. Notably, the Hirshfeld surface of the square-pyramidal
copper(II) complex excludes both the nitrate ion and the free water molecule present in the
second coordination sphere of the complex (Figure 3). The fingerprint plots of the selected
interactions are given as the Supplementary Materials.
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Figure 3. (a) Hirschfeld surface (normalized distances between −0.7021 (red) and 1.0586 (blue))
and (b) optimized structure (at B3LYP/6-311++G(d,p)(H,C,N,O)/LanL2DZ(Cu) level of theory) of
[Cu(PLSC)Cl(H2O)](NO3)(H2O).

The most prominent interactions in the experimental structure are found between the
oxygen and hydrogen atoms (O···H), accounting for 32.4% of all contacts. The presence
of a water molecule coordinated with the central metal ion significantly increases the
strength of the hydrogen bond interaction with molecules from the environment [50].
Additionally, oxygen atoms present in the aqua ligand and hydroxymethyl group serve
as donors of hydrogens in the mentioned interactions. Another notable type of contact
is H···H, accounting for 28.2% of the total interactions. The large number of hydrogen
atoms in the structure plays an important role in stabilizing the compound through these
interactions. Furthermore, Cl···H interactions are also observed, contributing 9.9% to the
total contacts.

Protonated pyridine, protonated azomethine nitrogen, and amino nitrogen atoms
are part of the N···H contacts (3.5%). The hydrogen bonds involving the amino group
gain strength upon coordination, further stabilizing the structure [51]. Carbon–hydrogen
interactions amount to 6.6%. Interactions involving electronegative atoms occur at relatively
low frequencies, with O···O and O···N contacts contributing just 0.9% and 0.2%, respectively.
Similarly, interactions involving carbon and oxygen or nitrogen atoms account for 1.9%
(C···O) and 0.7% (C···N) of the total contacts, respectively. The central metal ion is included
in 1.2% of the interactions.

3.5. Theoretical Structural Analysis and QTAIM

The theoretical structure was obtained at the B3LYP/6-311++G(d,p)(H,C,N,O)/LanL2DZ(Cu)
level of theory. This level of theory was chosen as it was previously shown that it can
be used to predict the spectra and reactivity of complexes with similar ligands. Its appli-
cability is proven by comparing the structural parameters through the calculation of the
parameters (coefficient and mean absolute error (MAE)), as discussed previously [6]. It is
important to mention that structures of the complex cation ([Cu(PLSC)Cl(H2O)]+) and neu-
tral species with the water molecule in the outer sphere ([Cu(PLSC)Cl(H2O)](NO3)(H2O))
were selected to examine the structural differences upon binding of the anion and solvent
molecule. The optimized structure of the neutral species is presented in Figure 3, while the
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structural parameters (bond lengths and angles) are listed in the Supplementary Materials
(Tables S1 and S2).

The bond lengths between oxygen atoms of PLSC and copper(II) were 1.8986(14)
and 1.9699(14) Å, respectively, in the crystallographic structure and 1.987 and 2.089 Å,
respectively, in the optimized structure. Once the solvent molecule and anion were removed,
the bond distances were lowered to 1.968 and 2.075 Å. On the other hand, the Cu–N bond
distance was 1.9860(16) in the experimental and 2.041/2.072 Å in the theoretical structures.
These results prove that the mentioned interactions were not significantly influenced by
the presence of the anion and solvent molecule due to the rigidity of the PLSC ligand
and extended delocalization throughout its structure. The bond distances between the
central metal ion and chlorido/aqua ligands were also well reproduced. The correlation
coefficient and MAE in the case of the neutral complex were 0.995 and 0.023 Å, respectively.
Once the anion and water molecule were removed, these parameters were 0.996 and
0.025 Å. It should be outlined that the differences between the experimental and theoretical
bond lengths were much lower (0.012 Å) when interactions involving copper(II) were
removed. This was expected due to the rigidity of PLSC and the interchanging single and
double bonds.

The bond angles are more susceptible to the change in the presence of the water
molecule and nitrate anion. The correlation coefficient and MAE values in the case of
bond angles for the optimized structure of the complex were 0.984 and 2.15◦, respectively.
When the structure of the complex cation was compared with the crystallographic structure,
these parameters were 0.989 and 1.80◦. These differences result from the slight incline of
the aqua ligand toward the nitrate anion, as explained in the first section. The difference
between the experimental and theoretical bond angle values was found for N2–Cu–O4. The
experimental value was 88.45(6)◦, while the theoretical values were 82.57 (neutral structure)
and 85.92◦ (complex cation). This is a direct consequence of the interaction between the
aqua ligand and nitrate anion. The structure of the neutral complex is probably changed in
the solution. Therefore, the structure of the complex cation is more important for molecular
docking studies. The angle of O1–Cu–O3 was significantly changed, from 169.91(6) to
157.40/161.19◦, due to the system’s relaxation, as the optimization was performed on an
isolated compound. The differences in the other values are much less pronounced. When
angles enclosed by atoms of PLSC ligand were selected, the MAE values were much lower
(1.30 and 0.96◦). Based on these comparisons, it could be concluded that the theoretical
structure represented the experimental one well and that the selected level of theory was
appropriate for the examined system.

The interactions within the theoretical structure were further examined using the
QTAIM approach to the optimized structure. This methodology is suitable for accessing
the coordination environment and energy of metal–ligand interactions [52,53]. Interactions
between donor atoms and copper(II), along with the weak interactions between species,
were quantified through parameters of Bond Critical Points (BCPs), such as electron den-
sity (ρ(r)), Laplacian (∇2(r)), Lagrangian kinetic electron energy (G(r)), potential electron
energy (V(r)), density of total electron energy (H(r) = G(r) + V(r)), and interatomic bond
energy (Ebond = V(r)/2) [54]. These values are given in Table 3, while the BCPs are shown
in Figure 4.

Selected interactions from Table 3 are characterized by electron density values lower
than 0.01 a.u. and positive Laplacians. According to the classification proposed by Bader
and Essen, interactions can be divided into two groups. The first includes shared in-
teractions (covalent bonds) with a high electron density, while the second one contains
closed-shell interactions with an electron density lower than 0.01 a.u. Interactions such
as ionic bonds, van der Waals interactions, and hydrogen bonds belong to the second
group [55,56]. As can be seen in Table 3, interactions between copper(II) and surrounding
atoms have electron densities between 0.031 (Cu–OH2) and 0.072 a.u. (Cu–N2). These
values depend highly on the optimized bond length and the surrounding groups in the
PLSC structure. A more detailed classification was proposed by Bianchi and coworkers.
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They divided interactions based on the relative ratio of G(r) and V(r). The covalent bonds
have values of –G(r)/V(r) lower than 1, the intermediate (transit) region is characterized by
the value of this parameter between 1 and 2, while ionic bonds and van der Waals inter-
actions have values higher than 2 [57]. All of the mentioned interactions with copper(II)
are close to the intermediate region when –G(r)/V(r) is concerned. The interaction with
chlorine has a higher covalent character, while those with oxygen and nitrogen are within
the transient region between covalent and ionic bonds. Additional proof for the covalent
character of the Cu–Cl and Cu–N bond is the negative value of the density of the total
energy of electrons (H(r)) [54]. Similar characteristics of Cu–N bonds were observed for
other pentacoordinated copper(II)-semicarbazone complexes [15]. This value is higher than
zero for the other four interactions, indicating a partial ionic character. The interatomic
bond energies also greatly depend on the distance and surrounding groups. The interaction
energy value was calculated using the Espinosa approach [58]. The strongest interactions
were between Cu(II) and phenolic oxygen/azomethine nitrogen (−153.4/−147.2 kJ mol−1).
This is expected, as both atoms are attached to the groups with extended delocalization,
leading to the possibility of donation. The interaction with the aqua ligand is classified as
the weakest (−40.2 kJ mol−1).

Table 3. The selected Bond Critical Point (BCP) of the obtained complex.

Bond ρ(r)
[a.u.]

∇2ρ(r)
[a.u.]

G(r)
[kJ mol−1]

V(r)
[kJ mol−1]

H(r)
[kJ mol−1] −G(r)/V(r) Ebond

[kJ mol−1]

Cu–O1 0.071 0.497 316.3 −306.7 9.6 1.0 −153.4

Cu–O3 0.056 0.374 226.7 −208.2 18.6 1.1 −104.1

Cu–N2 0.072 0.421 285.5 −294.4 −8.9 1.0 −147.2

Cu–Cl 0.069 0.268 193.6 −211.2 −17.6 0.9 −105.6

Cu–OH2 0.031 0.153 90.4 −80.4 10.0 1.1 −40.2

N–H· · ·OH2 0.028 0.106 64.5 −59.2 5.3 1.1 −29.6

HO–H· · ·O–NO2 0.025 0.094 55.5 −49.5 6.0 1.1 −24.7

H2C–H· · ·O–NO2 0.010 0.030 17.3 −15.0 2.3 1.2 −7.5

N–H· · ·O–NO2 0.048 0.133 101.4 −115.4 −14.1 0.9 −57.7

C–H· · ·O–NO2 0.012 0.039 22.7 −19.9 2.8 1.1 −10.0

There are several other interactions that stabilize the structure of neutral species. The
first is formed between protonated pyridine and the co-crystalized solvent molecule as
observed in the crystallographic structure. This interaction has a value of electron density
of 0.031 a.u., a positive value of H(r) (5.3 kJ mol−1), and a ratio of −G(r) and V(r) higher
than 1, which classifies it as a closed-shell interaction with interatomic bond energy of
−29.6 kJ mol−1. The importance of the nitrate anion was also proven through QTAIM
analysis. Four interactions with this anion were found (Table 3). Among these, the strongest
is formed with the ending amino group (−57.7 kJ mol−1). This interaction has a partial
covalent character due to the proximity of the groups and the electronegativity of the atoms
included. The interaction with the aqua ligand has a value of interatomic bond energy
of −24.7 kJ mol−1 and is responsible for the change in the relative position of this ligand
compared with others. The weakest interactions with the nitrate anion were formed with
hydrogen atoms attached to carbon atoms (carbon–hydrogen bonds), with energies of −7.5
and 10.0 kJ mol−1.

The electrostatic potential surface of the crystallographic structure, divided into three
components—metal complex, nitrate ion, and free water molecule—reveals distinct charge
distributions and offers valuable insights into hydrogen bonding interactions (Figure 4b).
For the metal complex, the red regions indicate higher positive potential localized at
the hydrogen atoms bonded to electronegative oxygen or nitrogen atoms. The negative
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electrostatic potential of the negatively charged nitrate ion is represented by a blue color.
At the same time, the neutral water molecule exhibits both regions: blue color (negative
electrostatic potential) around its oxygen atom and red color (positive electrostatic potential)
around its hydrogen atoms (Figure 4b). Analysis of the crystal structure shows that the
positive potential of the hydrogen atom from the coordinated water molecule is directed
toward the negative potential of the oxygen atom of the nitrate ion, forming a hydrogen
bond (Figures 2b and 4b). Additionally, a hydrogen bond is observed between the positive
potential on the hydrogen atom of the N−H group of the pyridine ligand and the negative
potential on the oxygen atom of the water molecule.
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3.6. Theoretical and Experimental IR Spectral Analysis

The experimental IR spectrum of the obtained complex was prepared for the solid
sample in the KBr pellet. On the other side, the theoretical IR spectrum was calculated
for the structure optimized at the B3LYP/6-311++G(d,p)(H,C,N,O)/LanL2DZ(Cu) level
of theory. Vibrations were visualized in the GausView program [59]. For this purpose,
the optimized structure with anion and solvent molecule in the outer sphere was selected
to mimic the experimental conditions. The comparison between the experimental and
theoretical spectra is another way to prove the applicability of the chosen level of theory
(Figure 5). The correction coefficient was obtained based on the experimental and theoretical
wavenumbers (0.982). This parameter accounted for the difference in the physical state
of the sample, as the experimental spectrum was recorded for the solid sample, while the
theoretical spectrum was predicted for the isolated compound in a vacuum. Some of the
most prominent bands in these spectra are mentioned in the following paragraphs.

In the spectral region between 3600 and 2500 cm−1, the most prominent bands are
assigned to the X–H (X=C,N,O) stretching vibrations. The band at 3526 cm−1 in the
theoretical and 3410 cm−1 in the experimental spectrum originates from the stretching
vibration of the ending amino group of the PLSC ligand. The protonation of pyridine
nitrogen leads to a strong peak at 3312 and 3308 cm−1 in the theoretical and experimental
spectra, respectively. This is an important band for discussing the overall charge of the
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PLSC ligand, especially if the crystallographic structure is unavailable. The vibration
assigned to the protonated azomethine nitrogen atom is positioned at 2894 cm−1. In the
theoretical spectrum, several weak bands between 3700 and 3900 cm−1 are assigned to
the O–H stretching vibration. These bands in the experimental spectrum form a broad
peak centered around 3300 cm−1, showing that these bands are shifted toward lower
wavenumbers due to the formation of hydrogen bonds with the neighboring units, as
discussed in [60,61]. This shift is expected, as hydrogen-bonding interactions were not
included in the theoretical analysis and optimization. The contribution of C–H stretching
vibrations is not high, as there are just several positions in which sp3 and sp2 carbon atoms
are attached to hydrogens. In the theoretical spectrum, these bands are above 3000 cm−1

for sp2 carbon atoms and below 3000 cm−1 for sp3 carbon atoms.
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Figure 5. Experimental (black line) and theoretical (at B3LYP/6-311++G(d,p)(H,C,N,O)/LanL2DZ(Cu),
blue line) FTIR spectra of [Cu(PLSC)Cl(H2O)](NO3)(H2O).

The second region of the spectrum is located between 2000 and 1000 cm−1. The
first medium band is assigned to the C=O vibration of the PLSC at 1678 cm−1 in the
theoretical and 1683 cm−1 in the experimental spectrum. It should be noted that the height
of this band is much lower than expected due to the interactions with the central metal
ion, although its position matches that in the spectrum of the pure ligand [20]. The C=N
stretching vibration is located at 1640 cm−1 in the experimental spectrum and 1635 cm−1

in the theoretical spectrum. These values are much higher than the wavenumber in the
experimental spectrum of the pure PLSC ligand (1570 cm−1) [20]. This is a consequence
of the complex formation through Cu–N interaction [6,62]. The asymmetric stretching
vibration of the nitrate anion is assigned to the band at 1290 cm−1 in the theoretical
and 1222 cm−1 in the experimental spectrum. It is assumed that part of the intense
band between 1100 and 1200 cm−1 also includes vibrations of the nitrate anion [63], as
it was not observed in the spectra of the other PLSC complexes. This interpretation
is supported by the theoretical data. The band around 1100 cm−1 belongs to the C–O
stretching vibration, as previously shown for the pure ligand and its complexes [64]. The
region below 1000 cm−1 contains the out-of-plane and torsional vibrations that belong to
the backbone structures. The bending vibration of the nitrate anion is positioned at 825 and
820 cm−1 in the experimental and theoretical spectra, respectively.

3.7. Experimental and Theoretical Determination of the HSA-Binding Affinity

The interactions between the obtained complex and HSA were determined through
spectrofluorometric titration. The excitation of HSA resulted in an emission spectrum with
a peak at around 340 nm. A decrease in fluorescence emission intensity was visible upon
the addition of the complex, as shown in Figure 6. Notably, additional peaks appeared in
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the spectrum at approximately 470 nm, suggesting the presence of an additional fluorescent
species in the solution. This phenomenon likely arises from interactions of the complex and
protein, altering the chemical environment of the tryptophan residues. The measurements
were performed at three temperatures to allow for the calculation of the thermodynamic
parameters of binding.
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[Cu(PLSC)Cl(H2O)](NO3) at (a) 27◦, (b) 32◦, and (c) 37 ◦C and (d) the Van ’t Hoff plot for the
binding process.

The fluorescence intensity was dependent on the quencher concentration, as predicted
by Equation (1). The data describing the binding process are presented in Table 4. The
linearity of the plots was verified by the R2 values higher than 0.99. The number of binding
positions was between 0.929 for 27 ◦C and 1.226 for 37 ◦C. These values show the interaction
between one complex molecule and one HSA molecule. The calculated binding constants
were 1.01 × 10−4, 5.11 × 10−5, and 5.48 × 10−5 M−1 in the temperature range between
27 and 37 ◦C. These values resemble those obtained for the nickel(II) complex with PLSC
ligand [6]. The changes in enthalpy and entropy of the process were 264.1 kJ mol−1 and
959.2 J mol−1 K−1, respectively. Based on the values of these parameters, the most probable
interactions between the complex and protein molecules can be determined. Positive
changes in the enthalpy and entropy of the process indicate the formation of non-specific
interactions, such as van der Waals and hydrophobic [65]. The spontaneity of the binding
process was shown by calculating the change in Gibbs free energy. These values were
between −23.7 and −33.3 kJ mol−1. The examined process was entropy-driven, as the
entropic term (T∆Sb) is higher than the enthalpic one. The obtained values for the change
in Gibbs free energy of binding were in the same range as for another copper(II) complex
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with (E)-1-(4-(diethylamino)-2-hydroxybenzylidene)-4,4-dimethyl-thiosemicarbazide in
reference [66].

Table 4. The Stern–Volmer constant (KSV), binding constant (Kb), Hill coefficient (n), and thermody-
namic parameters of [Cu(PLSC)Cl(H2O)](NO3)(H2O) binding to HSA.

Compound T [K] Kb [M−1] R n ∆Hb [kJ
mol−1]

∆Sb [J mol−1

K−1]
∆Gb [kJ
mol−1]

1
300 1.01 × 10−4 0.994 0.929

264.1 959.2
−23.7

305 5.11 × 10−5 0.997 1.144 −28.5
310 5.48 × 10−5 0.991 1.226 −33.3

Molecular docking simulations were performed to examine the binding process at the
molecular level. In the structure of 2BXN, myristic acid molecules are originally situated in
fatty acid binding sites 1, 2, 3, 4, 5, and 6 (FA1, FA2, FA3, FA4, FA5, FA6). The Cu(II)-complex
binds specifically to the fatty acid 8 (FA8) binding site, located adjacent to the Trp214 side
chain (Figure 7a). The calculated change in Gibbs free energy of binding (−22.9 kJ mol−1)
closely matches the experimentally determined value of −23.7 kJ mol−1. Figure 7 provides
detailed insights into the interactions that govern the binding of the Cu-complex to the FA8
site as its preferred binding location.
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Figure 7. (a) The pale gray structure represents HSA, with green ball-and-stick models indicating
myristic acid molecules. In the FA8 binding site, dark gray spheres depict Trp214, while orange
spheres represent the [Cu(PLSC)Cl(H2O)]+ complex. The calculated (∆Gcal) and experimentally
determined (∆Gexp) binding energies are provided. (b) Interactions of the Cu complex within the FA8
binding site of the HSA structure (PDB ID: 2BXN) in 3D representation and the calculated change in
Gibbs free energy (∆Gcal).

The Cu(II) complex interactions with surrounding amino acids are depicted in 3D
(Figure 7b) representation. The Cu complex establishes direct contact with Trp214, forming
most interactions within the FA8 binding site. Notably, the Cu(II) complex is oriented
parallel to the aromatic ring of Trp214, engaging in π-π stacking and edge-on interactions,
such as π-cation or π-alkyl interactions, depending on the functional groups of the Cu
complex involved.

The π-π stacking interactions exhibit an off-centered parallel orientation, described as a
“parallel offset arrangement” [67,68], between the aromatic rings of Trp214 and the chelate
rings formed by the two oxygen atoms and one nitrogen atom of the PLSC ligand bound to
the copper central ion. Specifically, these interactions occur between the five-membered
and six-membered chelate rings of the Cu(II) complex and the aromatic rings of Trp214,
with centroid-to-centroid distances of 3.923 Å and 3.820 Å, respectively. Additionally, the
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centroid-to-centroid distance between the pyridine ring of the Cu complex and the nearest
six-membered aromatic ring of Trp214 measures 4.953 Å, meeting the established criteria
for π-π stacking interactions, which typically range from 3.0 to 5.5 Å [69].

It has been demonstrated that π-stacking interactions play a significant role in drug
distribution, binding, and controlled drug release [70]. The Cu(II) complex establishes
the most numerous contacts with Trp214, involving the π-electron cloud of one or both
interacting molecules. π-cation interactions are primarily formed between the N-H+ group
of the PLSC ligand and the aromatic rings of Trp214.

The chloride ligand coordinated with the copper(II) central metal ion is the most active
group in establishing interactions, forming four distinct contacts: Cl-π edge-on interactions
with both Trp214 rings and the benzene ring of Phe211 as well as an interaction with the
alkyl group of Ala215 [71]. The +N–H group is the second most active, participating in
three interactions, including a classical hydrogen bond with the hydroxyl group oxygen
from Ser202. Another hydrogen bond is observed between the carbonyl (C=O) group of
Lys195 and the hydroxyl (OH) group of the Cu(II) complex.

An alkyl-π interaction is found between the methyl group of the Cu complex and the
six-membered aromatic ring of Trp214. Notably, the aqueous ligand does not interact with
the surrounding amino acid residues.

Previously, the Fe [71] and Ni [6] complexes coordinated with PLSC or their derivatives,
PLTSC and PLITSC, were studied. The complexes were octahedral, synthesized with either
two identical ligands or one of the ligands being PLSC, PLTSC, or PLITSC, along with three
smaller ligands, such as water and the SO4

2− ion. Similarly, all the complexes bound near
Trp214, causing quenching in spectrofluorimetric experiments. Their binding energies were
slightly higher, reaching up to 30 kJ mol−1. However, due to their octahedral structure, the
rings formed by the coordination of PLSC, PLTSC, and PLITSC could not approach closely
enough or align parallel to the aromatic rings of Trp214 and the surrounding sidechain
residues to establish π-π stacking interactions.

4. Conclusions

The compound [Cu(PLSC)Cl(H2O)](NO3)(H2O) was obtained from the mixture of
PLSC ligand and copper(II) chloride in the presence of nitric acid. The structure was
solved by X-ray crystallography, and it was shown that the compound crystallized in
the triclinic P-1 space group. The obtained compound contained infinite linear chains in
which cations were connected through hydrogen bonds. Two broad peaks at 398 and
298 nm were observed in the UV-VIS spectrum, assigned to the transitions within the PLSC
ligand and between the ligand and the central metal ion. The Hirshfeld surface analysis
results showed that the most abundant contacts were O···H (32.4%), H···H (28.2%), and
Cl···H (9.9%). The crystallographic structure of the neutral species and complex cation
were optimized at the B3LYP/6-311++G(d,p)(H,C,N,O)/LanL2DZ(Cu) level of theory.
The correlation coefficients and mean absolute errors for comparing experimental and
theoretical bond lengths were 0.995 and 0.023 Å for neutral species and 0.996 and 0.025 Å
for cationic species. The bond angles were much more prone to the change in the presence
of the nitrate anion and co-crystalized solvent molecule, leading to a higher correlation
coefficient and lower MAE value in the case of the complex cation than the neutral species.
The QTAIM parameters allowed examination of the interactions between the central metal
ion and donor atoms and the interactions between the complex cation, nitrate anion, and
water molecule. The electrostatic potential map showed the positions of positive and
negative potential. The experimental FTIR spectra were assigned based on the theoretical
prediction of the optimized structure. The most prominent bands were selected, and their
shift in spectrum of complex concerning spectrum of ligand were discussed. The binding
constants between the obtained complex and HSA were 1.01 × 10−4, 5.11 × 10−5, and
5.48 × 10−5 M−1 in the temperature range between 27 and 37 ◦C. Based on these values,
the thermodynamic parameters of binding were determined, and the changes in enthalpy
and entropy of the process were 264.1 kJ mol−1 and 959.2 J mol−1 K−1, respectively. The
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changes in Gibbs free energy of binding were −23.7 and −33.3 kJ mol−1. The molecular
docking simulations were used for the examination of the binding mechanism, and the
most probable position was FA8 in the vicinity of Trp214. The calculated change in Gibbs
free energy was −22.9 kJ mol−1, which corresponded well to the experimental value. The
changes in the chemical environment of Trp214 led to the experimentally observed decrease
in fluorescence emission. Further experimental studies and examinations of the interactions
with other biomolecules are advised.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/cryst14121106/s1, Table S1: Experimental and optimized (at B3LYP/6-
311++G(d,p)(H,C,N,O)/LanL2DZ(Cu) level of theory) bond lengths (in Å); Table S2: Experimental
and optimized (at B3LYP/6-311++G(d,p)(H,C,N,O)/LanL2DZ(Cu) level of theory) bond angles (in ◦);
Figure S1: UV-VIS spectrum of [Cu(PLSC)Cl(H2O)](NO3)(H2O); Figure S2: The fingerprint plots of
the most numerous contacts in the crystallographic structure of [Cu(PLSC)Cl(H2O)](NO3)(H2O).
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