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Abstract

A new copper(II) complex was synthesized using chromone-2-carboxylic acid as the main
ligand, and coordinated pyridine molecules. The complex was successfully crystallized
and structurally characterized by single crystal X-ray diffraction. This revealed a mononu-
clear structure with a distorted square pyramidal geometry around the central Cu(II)
ion. The coordination sphere comprises oxygen atoms from the chromone moiety and
nitrogen atoms from pyridine, resulting in a five-coordinate complex. A comprehensive
physicochemical characterization was performed using Fourier transform infrared spec-
troscopy (FT-IR), UV–Vis spectroscopy, elemental (C, H, N), electrochemical (CV) and
thermal analysis (TGA/DSC) to confirm the coordination environment and thermal sta-
bility of the compound. The complex exhibits distinct spectroscopic features indicative of
ligand–metal charge transfer and d–d transitions typical of Cu(II) species. In addition, the
synthesized complex was subjected to antimicrobial screening against Gram-positive and
Gram-negative bacteria. The compound showed promising antibacterial activity, particu-
larly against Escherichia coli, indicating its potential as a bioactive coordination compound.
These results contribute to the growing body of research on metal-based chromone deriva-
tives and emphasize the importance of copper complexes for the development of new
antibacterial agents with defined crystal structures.

Keywords: chromone-2-carboxylic acid; copper(II) complex; crystal structure; pyridine;
antibacterial activity

1. Introduction
The global rise in antimicrobial resistance (AMR) has led to an urgent need for the

development of novel antibacterial agents. AMR represents a serious threat to public health,
complicating the treatment of infectious diseases and leading to prolonged hospitalization,
more intensive care, and increased mortality. In response to this challenge, transition metal
complexes, particularly copper-based ones, have shown significant promise due to their
enhanced antibacterial activity when coordinated with organic ligands such as pyridine
and chromone derivatives [1]. These metal-organic complexes not only exhibit potent
antimicrobial properties but also offer the potential for designing compounds with specific
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biological activities. Copper, being a transition metal with versatile coordination chemistry,
is an ideal candidate for this purpose as it can form stable complexes with various ligands,
modulating its electronic properties and biological interactions.

Pyridine (C5H5N), a heterocyclic aromatic compound, plays a central role in coordi-
nation chemistry due to nitrogen atom containing a lone pair of electrons. This allows
pyridine to act as a highly effective ligand, forming coordination bonds with metal centers.
Pyridine is frequently used as a solvent in crystallization and synthesis and as a ligand in
metal complex formation [2,3]. The nitrogen atom in pyridine participates in coordination
with the metal, stabilizing metal complexes through various interactions such as hydrogen
bonding, π–π stacking, and hydrophobic forces. Pyridine’s dual role both as a solvent and
ligand enables it to be an essential component of crystalline frameworks, enhancing the
stability and bioactivity of metal complexes. This versatility is especially significant in
designing metal-based antibacterial agents, as pyridine’s ability to coordinate with metals
like copper contributes to the stability and efficacy of these compounds [4].

In copper(II) coordination chemistry, pyridine typically coordinates as a monoden-
tate ligand through the nitrogen atom. Depending on the coordination preferences of
the Cu(II) center, pyridine-containing complexes can adopt square-planar or octahedral
geometries. For instance, in dimeric complexes such as [Cu2(C6H5COO)4(py)2], the two
copper(II) centers are bridged by carboxylate groups, while pyridine coordinates as a
terminal monodentate ligand [5,6]. Pyridine’s ability to influence lattice architecture and
crystal packing is crucial for the stability and functionality of metal–organic frameworks.
Furthermore, pyridine-containing copper(II) complexes have been studied for their antimi-
crobial properties, often outperforming uncoordinated ligands. These complexes show
improved antibacterial activity compared to free pyridine or copper salts [7]. A study
by Islam et al. [8] demonstrated that Cu(II)–pyridine complexes significantly inhibited
both Gram-positive and Gram-negative bacteria and various fungal strains. Similarly,
copper–pyridine–carboxylate compounds have shown inhibition of biofilm formation by
Staphylococcus aureus, with minimal inhibitory concentrations (MICs) in the low µg cm−3

range [9]. Heterocyclic carboxylic acids, such as chromone-2-carboxylic acid, have also
attracted attention as ligands capable of forming stable complexes with transition metals
like copper [10,11]. The chromone scaffold supports delocalized π-electron systems and
can chelate metal centers via carboxylate and keto oxygen atoms. While copper complexes
with chromone derivatives are less studied compared to pyridine analogs, several reports
indicate strong biological activity, including antibacterial and cytotoxic effects [12–15].
Chromone-based ligands play a crucial role in modulating the electronic properties of metal
centers, influencing their redox behavior and interactions with biological targets [16,17].

In this study, we focus on the synthesis and characterization of a novel copper(II)
complex with chromone-2-carboxylic acid, crystallized from pyridine solution. Pyridine
not only acts as a solvent but also integrates into the crystal lattice, coordinating to the
copper(II) center. This integration of pyridine into the structure has significant implications
on the stability, redox behavior, and biological activity [18]. Copper(II) complexes with
substituted pyridines, such as copper–2,6-diaminopyridine, display strong antimicrobial
activity against S. aureus and E. coli [19–24]. This suggests significant role of pyridine in the
enhancement of the antibacterial properties of copper–chromone complexes.

Although copper–chromone complexes are well known for anticancer and antioxidant
effects, their antibacterial potential in pyridine-based frameworks has been less explored.
This research investigates the structure–activity relationship of a copper–chromone-2-
carboxylate complex with integrated pyridine [25–27]. Our work is novel in two key
aspects: first, we present a copper(II)–chromone complex in which pyridine plays a dual
role, functioning both as a crystallization solvent and as a monodentate ligand coordinating
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through its nitrogen atom. Second, we examine its antibacterial activity against selected
Gram-positive and Gram-negative bacteria, hypothesizing that pyridine stabilizes the
copper center and enhances its interaction with bacterial membranes, improving efficacy.
We describe the synthesis, structural characterization of the copper–chromone complex,
comparing it to benchmark copper–pyridine complexes. Our findings contribute to the
field of bioactive crystals, aiming to develop more effective antimicrobial agents.

2. Experimental Section
2.1. Physicochemical Characterization

The synthesized ligand precursors and copper(II) complex were characterized using a
combination of elemental analysis, infrared and UV–Vis spectroscopy, thermogravimetric
analysis, X-ray diffraction, and electrochemical measurements. Elemental analysis (C, H,
N) was conducted using an Elementar vario MACRO cube analyzer (Quantum Analytics,
Woodlands, TX, USA). The detection ranges were as follows: carbon (C), 0.002–100%;
hydrogen (H), 0.015–100%; nitrogen (N), 0.004–100%. Fourier-transform infrared (FT-IR)
spectroscopy was performed using a Shimadzu FTIR 8400S spectrometer (Kyoto, Japan)
equipped with a Diffuse Reflectance Spectroscopy (DRS) 8000 accessory. Spectra were
recorded in the 4000–400 cm−1 range. Thermal analysis was carried out on a Mettler–
Toledo TGA/DSC1 instrument (Greifensee, Switzerland), which simultaneously records
thermogravimetric (TGA) and differential scanning calorimetric (DSC) data. Approximately
10–20 mg of each sample was weighed into an alumina crucible (volume: 7.0 × 10−5 dm3)
and heated from ambient temperature to 700 ◦C under an oxygen atmosphere at a constant
heating rate of 10 ◦C min−1. The STARe Software [28] version 10.0 (Mettler Toledo) was
used for data acquisition and interpretation. Powder X-ray diffraction (PXRD) patterns
were obtained using a Panalytical Aeris diffractometer (Malvern, Worcestershire, UK)
employing monochromatized CuKα radiation (λ = 1.5406 Å) operated at 40 kV and 15 mA.
Data were collected at 295 K in Bragg–Brentano θ–θ geometry with a step size of 0.02◦ over
a 2θ range of 5–50◦. XRDMP version 1.2.0.0 was used for data acquisition, and HighScore
Plus version 5.0.109 [29] was employed for data processing.

Electrochemical experiments were performed using a PalmSens potentiostat/galvanostat
(PalmSens BV, Utrecht, The Netherlands) operated with PSTrace 4.2 software [30]. A conven-
tional three-electrode configuration was employed, consisting of a glassy carbon working
electrode, a platinum wire counter electrode, and an Ag/AgCl reference electrode. Prior to
each measurement, the surface of the glassy carbon electrode was polished with α-Al2O3

(0.05 µm, ALS, Tokyo, Japan). Cyclic voltammetry measurements were carried out at scan
rates between 100 and 300 mV s−1. Stock solutions (c = 1 × 10−2 mol dm−3) of ligands (L
(chromone-2-carboxylic acid) and py (pyridine)), and the corresponding metal complex
were prepared in DMSO. Immediately before each measurement, aliquots of the stock solu-
tions were diluted with 0.1 mol dm−3 KNO3 to achieve the desired working concentrations.
UV–Vis absorption spectra were recorded using a Shimadzu UV-1900 spectrophotometer
(Kyoto, Japan). Measurements were performed in quartz cuvettes with a volume of 2 cm3.
The investigated spectral range extended from 350 to 1000 nm. The analyzed samples
consisted of aqueous solutions (prepared with ultrapure water) of the copper(II) complex,
the corresponding ligands (L (chromone-2-carboxylic acid) and py (pyridine), and the
copper(II) salt (S), each at a concentration of 10−2 mol dm−3. Spectra were collected at 24-h
intervals over a period of five days to monitor the stability of the complex in solution.

2.2. Synthesis of Pyridine-Integrated Copper(II) Complex, [CuL2(py)3]

All reagents used for the synthesis of the copper(II) complex were of analytical grade
and employed without further purification. Copper(II) nitrate trihydrate (99%), ethanol,
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and sodium hydroxide were obtained from T.T.T. (Zagreb, Croatia). Chromone-2-carboxylic
acid (ligand L) and pyridine (py) were purchased from Acros Organics (Waltham, MA,
USA). Copper(II) nitrate trihydrate (Cu(NO3)2·3H2O, 0.1208 g; 0.5 mmol) was dissolved in
5 cm3 of high-purity water to yield a clear blue solution. Separately, chromone-2-carboxylic
acid (0.095 g; 0.5 mmol) was dissolved in 10 cm3 of warm ethanol. The ethanolic ligand
solution was added dropwise to the copper solution under continuous stirring at room
temperature. The synthesis of the copper(II) complex was optimized by adjusting the pH
to 7.2 using a 0.1 mol dm−3 sodium hydroxide solution to ensure complete complexation of
the chromone ligand. A pale blue precipitate formed immediately [31]. The precipitate was
filtered off, washed with 5 cm3 of cold ultrapure water, and air-dried to afford the crude
product (m = 0.136 g; yield = 63.10%). To obtain crystalline material suitable for structural
analysis, a portion of the dried product (0.1 g) was dissolved in 5 cm3 of pyridine. Upon
slow evaporation of the solvent at room temperature over several days, deep blue single
crystals were formed.

The diffuse reflectance infrared (DRIFT) spectrum of the bulk powder showed char-
acteristic absorption bands (ν/cm−1): 3547 (s), 3473 (w − m), 1629 (s), 1510 (s), 1423 (s),
1346 (s), 680 (w), 511 (m). Elemental analysis of the isolated complex was consistent with
the structure determined from single-crystal X-ray diffraction. The calculated values for
carbon, hydrogen, and nitrogen content were 47.14%, 3.39%, and 4.29%, respectively, while
the experimentally determined values were C (46.38%), H (3.43%) and N (4.25%), confirm-
ing the expected composition. The single crystals obtained from pyridine solution were
used for X-ray diffraction analysis and revealed the inclusion of pyridine molecules in the
crystal lattice.

2.3. Antibacterial Activity

The samples tested consisted of the active compound (copper(II) complex) and non-
active substances (ligands (L and pyr) and copper(II) nitrate trihydrate. All were screened
for antibacterial activity by disc-diffusion method on Mueller-Hinton agar. On autoclaved
filter-paper discs (5 mm) all compounds were added on separate discs in 1 µL or 10 µL
volume in two concentrations 1 µM and 1 mM. The test was repeated but with volumes
of 2.5 and 5 µL. In both iterations, cultures of Escherichia coli and Staphylococcus aureus
were used.

After screening, the antibiotic test was further conducted on all compounds by prepar-
ing fresh overnight bacterial culture (24 h) on nutrient agar (Biolife + NaCl). One loopful of
culture was suspended by vortexing in 1.5 cm3 of sterile distilled water. 10 µL of bacterial
suspension was added to 490 µL of sterile distilled water after which serial dilutions were
prepared in water up to 10−3 after which further serial dilutions (450 µL + 50 µL) were made
in 1 mM solution of each of the compounds up to 10−8 constantly using vortex between
dilutions. The prepared dilutions were left on the bench for approximately 90 min before
plating by the pour plate method (450 µL) in Mueller-Hinton agar. The agar was cooled
before use, and the agar-sample mixture was thoroughly mixed by swirling. Controls were
run in parallel by replacing the compound solution with sterile distilled water.

2.4. Crystallography

Diffraction data were collected on a XtaLAB Synergy, Dualflex, HyPix diffractometer
using Cu-Kα radiation (λ = 1.54184 Å). The crystal was kept at 170 (1) K during data collec-
tion. The data reduction was performed using the CrysAlis software package (CrysAlis
Pro) [32]. The collected diffraction data indicated a significant mismatch with the proposed
lattice and peak overlap. Therefore, the data were refined using Ewald explorer, and data
reduction was done to obtain an hklf5 file, which was used for the refinement process.
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The crystal was found to be a non-merohedral twin, and the final refinement resulted in
a 0.9295(4): 0.0705(4) twin ratio. Using Olex2 suite [33], the structure was solved with
the SHELXT [34] structure solution program using Intrinsic Phasing and refined with the
olex2.refine [35] refinement package using Gauss-Newton minimisation. All non-hydrogen
atoms were refined anisotropically. Geometrical calculations were done using PLATON [36]
and the structure drawings with Olex2 and MERCURY [37] programs. The crystallographic
data are summarized in Table 1.

Table 1. Crystallographic data and structure refinement details for copper(II) complex.

CCD Number 2482573

Empirical formula C35H25CuN3O8
Formula weight 679.150
Temperature/K 169.99(10)
Crystal system Monoclinic

Space group P2/n
a/Å 12.6808(3)
b/Å 8.9889(2)
c/Å 14.2644(3)
α/◦ 90
β/◦ 107.352(2)
γ/◦ 90

Volume/Å3 1551.95(6)
Z 2

ρcalcg/cm3 1.453
µ/mm−1 1.494

F(000) 696.5
Crystal size/mm3 0.35 × 0.2 × 0.2

Radiation Cu Kα (λ = 1.54184)
2Θ range for data collection/◦ 8.2 to 131.98

Index ranges −16 ≤ h ≤ 16, −11 ≤ k ≤ 11, −18 ≤ l ≤ 18
Reflections collected 5777

Independent reflections 5777
Data/restraints/parameters 5777/0/215

Goodness-of-fit on F2 1.041
Final R indexes [I≥2σ (I)] R1 = 0.0552, wR2 = 0.1638
Final R indexes [all data] R1 = 0.0627, wR2 = 0.1705

Largest diff. peak/hole/e Å−3 0.34/−0.57

3. Results and Discussion
3.1. Crystal Structure

The complex crystallizes in the monoclinic crystal system, space group P 2/n, Z = 4.
The molecular structure of the compound is shown in Figure S1, and selected bond lengths
and angles are given in Table 2. The Cu(II) ion is coordinated by 2 monodentate chromone-
2-carboxylates and 3 pyridine molecules in the distorted square pyramidal geometry
(Figure 1a). 2 chromone ligands and 2 pyridine ligands are located on the equatorial
position and symmetry related by a 2-fold regular axis. The axial position is occupied by
the third pyridine ligand. The τ5 value (Addison parameter) [38] can be used as a measure
of five-coordinate geometry. This value indicates whether the coordination compound
displays perfect square pyramidal geometry (τ5 = 0) or trigonal bipyramidal (τ5 = 1). The
τ5 value for this compound is 0.23, indicating a distorted square pyramidal geometry. The
largest deviation from regular geometry is found for N2−Cu1−N21 (159.46(11)◦) angle.
The bond lengths and angles are in good agreement with previously reported square
pyramidal Cu(II) complexes with carboxylate and pyridine ligands [39,40]. The Cu(II)
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ion, coordinated and uncoordinated O atoms of the carboxylate group form a chelate-like
“active site” suitable for substrate binding (Figure 1b).

(a) 

 
(b) 

Figure 1. (a) Coordination geometry of the compound. (b) Representation of chelate-like “active site”
(spacefill model atoms). Symmetry operation (1) 3/2-x, +y, 1/2-z.

Table 2. Selected interatomic bond distances (Å) and valence angles (◦) for the compound.

Bond Lengths/Å Bond Angles/◦
Cu1−O1 1.9571(16) O11−Cu1−O1 173.04(9)
Cu1−O11 1.9571(16) N2−Cu1−O 191.31(7)
Cu1−N21 2.0337(19) N21−Cu1−O1 89.93(7)
Cu1−N2 2.0337(19) N21−Cu1−O11 91.31(7)



Crystals 2025, 15, 870 7 of 22

Table 2. Cont.

Bond Lengths/Å Bond Angles/◦
Cu1−N1 2.237(3) N2−Cu1−O11 89.93(7)

N2−Cu1−N21 159.46(11)
N1−Cu1−O1 86.52(5)
N1−Cu1−O11 86.52(5)

N1−Cu1−N21 100.27(6)
N1−Cu1−N2 100.27(6)

Symmetry operation (1) 3/2-x, +y, 1/2-z.

We were particularly interested in further investigating the structural and physico-
chemical properties of similar coordination compounds. Therefore, a CSD database [41]
search for Cu(II) five-coordinated compounds with monodentately coordinated carboxylate
and N-donor ligands was conducted. The search resulted in 48 relevant hits, among which
28 structures display discrete square pyramidal geometry (note: other compounds are
either trigonal bypyramidal or polynuclear species). Interestingly, we were able to identify
two main types of coordination motifs among these: (i) a chelate-like motif described above
(Figures 1b and 2a), and (ii) a non-chelate motif (Figure 2b). The (i) motif is observed only
when the carboxylate ligand is bound in the trans position in the equatorial plane. The
(ii) motif is observed when the apical position is occupied by one carboxylate ligand. Both
of these motifs are almost equally represented in the database (16 compounds displaying
(ii) and 12 displaying (i)), and found for different types of N-donor and carboxylate ligands.
The compounds displaying (i) motif were previously reported as enantioselective host
molecules (ZIRKAO) [42], acetylcholinesterase inhibitor (OTUBIR) [43], and oxygenoly-
sis (LAQROK) [44]. On the other hand, compounds displaying motif (ii) are primarily
reported as a part of structural investigations of coordination polymers (HUDHET) [45],
and as promising magnetic materials (BAWROH) [46]. Based on structural aspects (steric
hindrance of the copper ion), the motif (i) could be more suitable for selective catalysis of
small chemical species (like diatomic gases).

(a) (b) 

Figure 2. (a) Representation of motifs among Cu(II) five-coordinated compounds with monoden-
tately coordinated carboxylate and N-donor ligands (figures above): (a) chelate-like motif (e.g.,
BUQKOP) [47]. (b) non-chelate motif (e.g., KEBHIL) [48] (figures below). BUQKOP and KEBHIL are
CSD database Refcodes.
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The crystal structure reveals a highly ordered network of interactions between complex
molecules, with the copper centers separated by approximately 8.9 Å along the b-axis (far
beyond any cuprophilic interactions). In the crystal, the molecules are connected through
weak C–H···O, offset π···π, and C−H···π interactions. Adjacent molecules are connected by
weak C–H···O interactions (d (C17–H17···O2) = 3.105 Å, ∠ (C17–H17···O2) = 122.9(2)◦) into
column-like motifs along b-axis. The adjacent column-like motifs are connected by weak
C–H···O (d (C12–H12···O4) = 3.117 Å, ∠(C12–H12···O4) = 125.5(3)◦) and C−H···π (C9–
H9···Cg3(N2→C15)) interactions into a sheet-like supramolecular assembly approximately
along a-axis (Figure 3 and Table 3). The final 3D arrangement of molecules in the crystal is
achieved by offset π···π interactions along the a-axis between adjacent benzene moieties of
chromone ligands (Figure 3b and Table 3).

(a) 

(b) 

Figure 3. (a) Representation of sheet-like motif and C–H···O interactions of the compound. In-
tracolumnar interactions are represented by blue-dashed lines and interactions between adjacent
columns by yellow-dashed lines. (b) Representation of offset π···π interactions (black-dashed lines)
along a-axis.
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Table 3. Hydrogen bond geometry (Å, ◦), C–H···π and π···π interactions for compound.

D–H···A d(D–H)/Å d(H···A)/Å d(D···A)/Å ∠(D–H···A)/◦ Symmetry Code

C12–H12···O4 0.950(4) 2.468(4) 3.117(4) 125.5(3) 1-x, -y, 1-z
C17–H17···O2 0.950(3) 2.485(3) 3.105(3 122.9(2) 3/2-x, 1+y, 1/2-z
π···π contacts Cg···Cg/Å α/◦ β/◦ Cg···plane/Å

Cg4(C5→C10)···Cg4(C5→C10) 3.5558(19) 0.71(15) 11.7 3.4825(13) 3/2-x, y, 3/2-z
C−H···π contacts C–H/Å C···Cg/Å γ/◦ ∠(C−H···Cg)/◦

C9–H9···Cg3(N2→C15) 2.800(5) 3.707(5) 8.93 160.3(4) 1-x, 1-y, 1-z

These findings contribute to a better understanding of metal-ligand interactions in
copper complexes, particularly those involving aromatic and heterocyclic ligands, which
are critical for designing bioactive coordination compounds. The arrangement of ligands
around the metal ion suggests potential applications in catalysis, drug design, and material
science, where the combination of organic ligands and metal centers can impart unique
properties. In drug design, such coordination compounds can be optimized for specific
interactions with biological targets, potentially enhancing therapeutic efficacy [49,50].

3.2. FT-IR Spectroscopy

The IR spectrum (Figure 4) of the copper(II) complex with pyridine and chromone-2-
carboxylic acid (Figure S2), as well as the copper(II) nitrate trihydrate (Figure S3), shows
key characteristics that provide insight into the structure and bonding interactions of the
complex. A prominent peak near 1700 cm−1 corresponds to the C=O stretching vibrations
of the carboxyl group in chromone-2-carboxylic acid, confirming its coordination to the
copper center. The frequency shift of the C=O stretch can be attributed to the metal-ligand
interaction, consistent with observations in other carboxylate complexes [51]. The peak
in the 1510 cm−1 region corresponds to aromatic C=C stretching vibrations within the
pyridine ring, confirming the presence of pyridine in the coordination sphere of the copper
ion. This is in agreement with literature observations of pyridine-based complexes [52].
A C–N stretching vibration observed at 1495 cm−1 is typical for pyridine ligands. The
nitrogen atom in pyridine participates in coordination with the metal, and this band is
consistent with C–N bond vibrations in pyridine-containing metal complexes [52]. In the
region below 1000 cm−1, bands corresponding to metal-ligand interactions, particularly
Cu–N and Cu–O vibrations, are observed. Although weaker, these bands are critical
for identifying the coordination between the copper ion and the ligands, supporting the
coordination of copper to the nitrogen atoms of pyridine and the oxygen atoms of the
carboxylate groups [52]. The difference between the asymmetric (νasym = 1600 cm−1)
and symmetric (νsym = 1346 cm−1) stretching vibrations of the carboxylate group (∆ν)
observed at approximately 254 cm−1 further confirms monodentate coordination of the
copper ion to the oxygen atom of the chromone-2-carboxylate [53]. This ∆ν value, typical
for monodentate complexes, supports the monodentate binding of the copper ion to a
single oxygen atom in the carboxylate group. Finally, aromatic C–H stretching vibrations
are detected in the 3000–3100 cm−1 region, confirming the presence of aromatic ligands,
consistent with the IR spectra of aromatic coordination compounds [54]. The IR spectrum
of the copper complex with pyridine and chromone-2-carboxylic acid ligands indicates the
formation of the complex, highlighting key vibrations and metal-ligand interactions that
provide insight into its structural characteristics.
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Figure 4. IR spectrum of a copper(II) complex.

3.3. Thermal Analysis

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) were
used to evaluate the thermal stability of the copper(II) complex (Figure 5). This exother-
mic event corresponds to the thermal degradation of the organic ligands, especially the
chromone-2-carboxylate and any pyridine residues. A further mass loss observed between
340 ◦C and 480 ◦C indicates the decomposition of the remaining organic components,
which probably involves the degradation of the chromone-2-carboxylate ligand and other
organic residues in the complex. The DSC curve confirms these results, with exothermic
peaks at lower temperatures followed by a stabilisation phase at higher temperatures,
reflecting the resistance of the complex to thermal degradation once the pyridine ligands
have been removed. Using the TGA data, the composition of the complex was determined
to be 9.33% copper, 34.8% pyridine and 55.9% chromone-2-carboxylate. These values agree
well with the values calculated from the crystal structure (9.5% copper), which confirms
the consistency between experimental and theoretical data. A comparison of the ligand
contents determined by TGA analysis with the values derived from the crystal structure
shows satisfactory agreement. The pyridine content determined by TGA analysis (34.8%) is
slightly higher than the value calculated from the crystal structure (33.3%). The chromone-2-
carboxylate content from the TGA analysis (55.9%) also agrees well with the value derived
from the crystal structure (56.4%). These results indicate that the experimental data agree
well with the theoretical ligand distribution derived from the crystal structure, despite
minor discrepancies inherent in the TGA method, which are likely due to factors such as
slow outgassing or limitations in the balance accuracy.
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Figure 5. TG/DSC curves of Cu(II) complex heated in an oxygen atmosphere to 700 ◦C at a rate of
10 ◦C min−1.

3.4. Cyclic Voltammetry

Cyclic voltammetry was employed to analyze the electrochemical properties of the
investigated compounds. Figure 6 presents the cyclic voltammograms of Cu(NO3)2·3H2O
(Figure 6a), ligand L (chromone-2-carboxylic acid) (Figure 6b), pyridine (Figure 6c), and the
complex (Figure 6d). The voltammogram of copper(II) nitrate trihydrate (Figure 6a) shows
two oxidation peaks: the first at potential Ep,a,1 = 0.20 V (A1), which correspons to the
oxidation of copper from Cu0 to Cu+, and the second at the potential Ep,a,2 = 0.30 V (A2),
which corresponds to the oxidation of Cu+ to Cu2+. Two reduction peaks are observed
at potentials Ep,c,1 = −0.05 V (C1), representing the reduction of Cu2+ to Cu+, and
Ep,c,2 = −0.31 V (C2), indicating the reduction of Cu+ to Cu0 [55]. The cyclic voltam-
mograms of ligand L (Figure 6b) and pyridine (Figure 6c) did not display any oxidation or
reduction peaks. The voltammogram of the complex (Figure 6d) shows a single oxidation
peak (A1) at the potential Ep,a,1 = 0.13 V, which corresponds to the oxidation of copper
within the complex. Two reduction peaks are observed at potentials Ep,c,1 = −0.13 V, cor-
responding to the reduction of Cu2+ to Cu+, and Ep,c,2 = −0.41 V, corresponding to the
reduction of Cu+ to Cu0 within the complex. The shift of oxidation and reduction peaks of
copper in a complex, compared to oxidation and reduction peaks of copper salt is detected,
which is caused by the interaction of copper with the ligand in a complex [55]. These results
indicate the presence of Cu2+ cations in the complex.

The effect of scan rate on the oxidation peak current and the oxidation peak potential
of the investigated complex was analyzed in Figure 7. It was observed that the maximum
current of the oxidation peak (A1) decreased as the scan rate increased, which may be due to
complex adsorption on the surface of the glassy carbon electrode. Meanwhile, the oxidation
peak potential shifted to higher values with increasing scan rate, potentially indicating
slower electron transfer kinetics [56]. The peak currents of the two reduction peaks (C1 and
C2) grew with higher scan rates, while their reduction peak potentials remained unchanged
(Figure 7a). The anodic peak current (Ip,a) for the A1 peak in the complex showed a linear
relationship with the square root of the scan rate (v1/2) (R2 = 0.8837) (Figure 7b), suggesting
that the copper oxidation process in the complex is controlled by diffusion. The somewhat
lower R2 value (R2 = 0.8837)), may indicate that the relationship between Ip,a and v1/2 is
not perfectly linear, which could imply that the oxidation process is not purely diffusion-
controlled but rather more complex process. The combined adsorption–diffusion control is
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shown in Figure 7c, where a linear relationship was observed between the logarithm of
the anodic peak current (log Ip,a) and the logarithm of the scan rate (log v), with a slope
approximately equal to 0.6 [57].

 

Figure 6. Cyclic voltammograms of blank solution and investigated compounds (c = 1 × 10−3 mol
dm−3): (a) Cu(NO3)2·3H2O, (b) ligand L (chromone-2-carboxylic acid), (c) pyridine and (d) complex,
recorded at scan rate 100 mV/s (n = 3) in 0.1 mol dm−3 KNO3.

 
Figure 7. (a) Cyclic voltammograms of the complex (c = 1 × 10−3 mol dm−3, Ic = 0.1 mol dm−3

KNO3) recorded at scan rates from 100–300 mV/s, (b) the anodic peak current (Ip,a) as a function of
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the square root of scan rate (v1/2) for the complex, (c) logarithm of the anodic peak current (log Ip,a)
as a function of logarithm of scan rate (log v).

The first cathodic peak (C1), which corresponds to the reduction of Cu2+ to Cu+,
is diffusion-controlled. This is confirmed by two key observations: the cathodic peak
current (Ip,c) is a linear function of the square root of the scan rate (v1/2) with a high
correlation coefficient (R2 = 0.9957) (Figure 8a), and the slope of the log Ip,c vs. log v plot is
approximately 0.5 (Figure 8b) [57].

 
Figure 8. (a) The cathodic peak current (Ip,c) of the first reduction peak C1 as a function of the square
root of scan rate (v1/2) for the complex, (b) logarithm of cathodic peak current (log Ip,c) as a function
of the logarithm of scan rate (log v).

The second cathodic peak (C2) showed that the reduction of Cu+ to Cu0 in the complex
is diffusion-controlled process. The linear relationship was observed between the cathodic
peak current (Ip,c) and the square root of scan rate (v1/2) (R2 = 0.9988) (Figure 9a) and
the slope of the line plotting the logarithm of the cathodic peak current (log Ip,c) vs. the
logarithm of the scan rate (log v) was approximately 0.5 (as shown in Figure 9b) [57].

 

Figure 9. (a) The cathodic peak current (Ip,c) of the second reduction peak C2 as a function of the
square root of scan rate (v1/2) for the complex, (b) logarithm of cathodic peak current (log Ip,c) as a
function of the logarithm of scan rate (log v).

The results of cyclic voltammetry have shown that in copper complex, one oxidation
peak (A1) is observed, which corresponds to the oxidation of copper in the complex, and
two reduction peaks, C1 and C2, which correspond to the reduction of Cu2+ to Cu+, and
Cu+ to Cu0 in the complex, respectively. The oxidation of copper in the complex is under
mixed adsorption-diffusion control, while the reduction of copper is a diffusion-controlled
process. The obtained results indicate the presence of Cu2+ cation in the complex which
enhances its stability and could enhance the antibacterial activity [58,59] of the complex.
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Since copper is in the Cu2+ state in this complex, it can undergo redox transitions, making
the complex suitable for applications such as catalysis in various organic reactions [60]
(e.g., serving as a homogeneous catalyst in oxidation [61], reduction, and epoxidation [62]
processes), detection of biologically significant organic anions [63] and biomolecules [64],
as well as enhancement of anticancer activity [65,66].

3.5. UV-Vis Spectroscopy

The UV-Vis spectra (Figure 10) provided valuable insights into the formation and
stability of the copper(II) chromone-2-carboxylate-pyridine complex. In Figure 10, the
UV–Vis absorption spectra of the individual components (S: copper(II) nitrate trihydrate, L:
chromone-2-carboxylic acid, Py: pyridine) are compared with that of the resulting copper(II)
complex. The spectrum of the complex (magenta line) exhibits pronounced differences
relative to the free components, including distinct absorption maxima at around 700 nm.
These spectral changes are indicative of coordination between the metal center and the
ligands. The observed shifts indicate the successful formation of the copper(II) coordina-
tion complex, in which pyridine and chromone-2-carboxylate are bound to the copper(II)
ion [67]. The inset in Figure 10 presents the UV–Vis spectra of the copper(II) complex
recorded at different time intervals (0 h, 24 h, 48 h, 72 h, and 96 h). The spectra exhibit
minimal changes in absorption characteristics over the five-day period. At 0 h, the complex
displays an absorption maximum at 700 nm, and spectra recorded at subsequent time
points (24 h, 48 h, 72 h, and 96 h) show almost identical peak positions and intensities. The
negligible variations observed suggest that the complex maintains its structural integrity
and stability in aqueous solution, with no significant degradation or ligand displacement
occurring during prolonged exposure. This remarkable stability is crucial for potential
biological applications, as it ensures the complex remains effective in in vitro and in vivo
studies conducted in aqueous media [68].
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Figure 10. UV-Vis absorption spectra of the individual components (S: copper(II) nitrate trihydrate, L:
chromone-2-carboxylic acid, Py: pyridine) and the resulting copper(II) complex, with all components
at a concentration of 10−2 mol dm−3, recorded over time. The inset shows the stability of the complex
in aqueous solution at different time intervals (0 h, 24 h, 48 h, 72 h, and 96 h). Characteristic absorption
maxima for the complex occur at 700 nm.
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In comparison to other studies on copper(II) complexes with chromone or related
ligands, where instability or significant changes in spectral properties have been reported
upon contact with water or biological fluids [69], the copper(II) complex in this study
demonstrates an encouraging degree of stability. This enhanced stability is consistent with
previous findings that pyridine can play a crucial role in stabilizing copper(II) complexes
in aqueous environments. Pyridine acts as a monodentate coordinating ligand, binding
to the copper(II) center and enhancing the ligand field, which contributes to the overall
stability of the complex [70,71]. This coordination reduces the lability of the metal center,
limiting unwanted dissociation or degradation over time. The observed stability and
unique spectral properties of the complex are therefore consistent with its potential for
biological applications. Copper(II) complexes with carboxylate-based ligands, including
chromone derivatives, are known for their biological activity, such as antimicrobial or
anticancer effects [69]. The stability of the complex in aqueous media suggests that it could
retain its bioactivity over extended periods, making it a suitable candidate for further
biological testing. Furthermore, the minimal changes in UV-Vis spectra over time indicate
that the complex is likely to exhibit consistent behavior in biological assays, which is a
significant advantage for its potential therapeutic applications. UV-Vis analysis sugests
the successful formation of the copper(II) chromone-2-carboxylate pyridine complex and
its stability in aqueous solution. This stability, combined with the favorable coordination
chemistry, paves the way for further studies, including biological testing and detailed
characterization, to comprehensively evaluate the therapeutic potential of the complex [68].

3.6. X-Ray Powder Difraction

Accurate identification and structural characterization of the sample are essential for
ensuring the reliability of biological testing. In this study, a comparative analysis was
performed between the experimental powder X-ray diffraction (PXRD) pattern and the
simulated XRD pattern of a monocrystal to confirm their structural equivalence (Figure 11).
The highly similar peak positions between the two patterns suggest that the powder sam-
ple shares the same crystal structure as the monocrystal. The experimental diffraction
(black line) shows broader peaks, typical of polycrystalline materials, while the simulated
diffraction (red line) exhibits sharper peaks, characteristic of ideal single crystal diffraction.
Despite differences in peak sharpness, the congruence in peak positions confirms structural
identity between the two forms of the compound. This structural confirmation is vital
for biological assays. If the powder sample were structurally different, such as showing
polymorphism or phase mixtures, it could introduce uncertainty regarding the biological
activity observed. Polymorphs of the same compound may exhibit differences in molecular
packing, solubility, and stability, potentially altering biological properties [72]. Therefore,
confirming the powder’s structural equivalence to the monocrystal ensures that the biolog-
ical effects are reliably attributed to the intended compound. Furthermore, this analysis
rules out contamination or structural heterogeneity, which could affect the biological results.
The structural consistency is crucial in bioinorganic research, particularly in correlating a
compound’s molecular structure with its biological activity [73]. By confirming that the
powder is identical to the monocrystal, we ensure robust and reproducible results, which
are critical for the development of therapeutic agents.
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Figure 11. Comparison of Simulated XRD (Monocrystal) and Experimental XRD (Powder Sample).

3.7. Antibacterial Activity

The antibacterial activity of the synthesised copper(II) complex was evaluated using
standard microbiological tests. Initially, the disc diffusion method was used to investigate
the activity against both Gram-negative and Gram-positive bacteria. Both iterations of the
disc-diffusion assay yielded similar results showing a narrow (2–3 mm) but clearly defined
inhibition zone only around the active compound on plates inoculated with Escherichia coli.
The compound was not effective against Staphylococcus aureus. Consequently, subsequent
quantitative tests of antibacterial activity were conducted exclusively with E. coli. These
experiments demonstrated a reduction in the number of colony-forming units (CFU) by up
to 7.3 x compared to the controls (Figure 12).

Figure 12. Abundance of colony forming units after incubation of E. coli with active compound.
Blue = controls, grey = copper(II) complex.

The crystallographic data of the copper complex [CuL2(py)3] reveal a distorted square
pyramidal geometry with a potentially labile axial position at the Cu(II) center. This
vacant coordination site may facilitate interactions with biomolecules inside bacterial cells,
particularly with thiol- and amine-rich residues, such as cysteine and histidine, found in
essential enzymes. In E. coli, potential targets for these interactions include phosphate
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groups in nucleic acids and metal-binding sites in enzymes. Similar mechanisms have been
reported for other Cu(II) complexes, which can inhibit DNA gyrase and topoisomerase IV,
intercalate into DNA, and generate reactive oxygen species (ROS), leading to oxidative DNA
cleavage [74,75]. Additionally, copper complexes have been shown to disrupt bacterial
membranes and proteins by binding to thiols and carboxylates, which may contribute to
bacterial cell death. The enhanced antibacterial activity observed against E. coli suggests
that [CuL2(py)3] may exert its effects through a combination of mechanisms, including
coordination with copper-handling proteins and metal-dependent enzymes, alongside
ROS generation that damages cellular components. Interestingly, S. aureus did not show
susceptibility, likely due to the protective role of its thick peptidoglycan layer and efficient
copper resistance mechanisms, such as specialized chaperones and efflux systems. These
findings indicate that the antibacterial effect against E. coli may stem from both Cu2+ ions
and specific coordination interactions, as supported by the literature [74,76]. To put these
findings into perspective, the antibacterial activity of the copper complex was compared to
that of erythromycin, a commonly used antibiotic, to assess its potential as an antimicrobial
agent. In preliminary tests, the concentrations used were comparable to erythromycin
plasma levels observed in clinical therapy with 500 mg erythromycin taken four times
daily, but were higher than typical tissue concentrations. A 1 mM concentration of the
copper complex was used in subsequent quantitative assays, while erythromycin plasma
concentrations are generally in the µM range. Despite showing slightly lower antibacterial
activity compared to erythromycin, the copper complex demonstrates promise as a metal
ion donor and may serve as a precursor for the development of more effective antibacterial
agents [77].

When compared to other copper complexes [51,78,79] [CuL2(py)3] exhibited compara-
ble, albeit slightly reduced, antibacterial activity against E. coli. The observed differences
may stem from variations in the coordination environments, which affect their interactions
with bacterial membranes and enzymatic targets. Although slightly less potent than some
other Cu(II) complexes, [CuL2(py)3] shows potential as a novel antimicrobial agent. Further
optimization of its coordination environment could enhance its antibacterial potency and
provide a basis for the development of alternative copper-based antibacterial agents.

4. Conclusions
The successful synthesis, structural characterization, and antibacterial evaluation of

a novel ternary copper(II) complex with pyridine and chromone-2-carboxylic acid are
presented. The crystallographic analysis revealed a distorted square–pyramidal geometry,
with pyridine playing a dual role as both a solvent and a coordinating ligand. Spectroscopic,
electrochemical, and thermal analyses further supported the stability and coordination
environment of the complex. Antibacterial screening showed selective activity against
Escherichia coli, with the complex exhibiting reduced activity against Staphylococcus aureus,
highlighting its potential for targeted bacterial inhibition. The observed antibacterial
activity is attributed to the coordination dynamics, particularly the labile axial site around
the copper(II) ion, which facilitates interactions with bacterial biomolecules. These results
suggest that this copper-based coordination complex may serve as a valuable foundation
for the development of new antibacterial agents. Future research could focus on optimizing
the coordination environment to enhance antibacterial potency and broaden the range of
bacterial targets.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/cryst15100870/s1: Figure S1: ORTEP plot of compound with
displacement ellipsoids of non-hydrogen atoms drawn at the 50% probability level Symmetry opera-
tion (1) 3/2-X, +Y, 1/2-Z. Figure S2. IR spectrum of a ligand L. Figure S3. IR spectrum of a copper(II)
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nitrate trihydrate. Figure S4. X-ray diffraction pattern of ligand L (chromone-2-carboxylic acid).
Figure S5. X-ray diffraction pattern of copper(II) nitrate trihydrate.
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