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Highlights 

• A new 2D copper(II) coordination polymer, [Cu(-L)(2-L′)(-L′)2(H2O)]n (1) (which are 

employing L = 4,4'-bipyridine and HL′ = 4-carboxybenzaldehyde),was synthesized and structurally 

characterized, revealing a six-coordinate Cu(II) center. 

• The polymer exhibited notable antimicrobial activity against both Gram-negative (E. coli and P. 

aeruginosa) and Gram-positive (B. subtilis and S. aureus) bacteria, along with effective DNA 

cleavage capability. 

• Complementary molecular orbital analyses were performed to elucidate the binding interactions 

underlying the observed biological activity. 
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Abstract 

A new two-dimensional copper(II) coordination polymer, [Cu(μ-L)(κ²-L′)(μ-L′)₂(H₂O)]ₙ (1), 

utilizing 4,4'-bipyridine (L) and 4-carboxybenzaldehyde (HL′) as ligands, was synthesized as both 

bulk single-crystalline material and submicro-structured form (compound 1′) via an ultrasound-

assisted method. Single-crystal X-ray diffraction analysis unequivocally established the polymeric 

framework and confirmed that the Cu(II) centers adopt a distorted octahedral coordination 

geometry. Complementary techniques, including powder X-ray diffraction, FTIR spectroscopy, 
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scanning electron microscopy, and thermogravimetric analysis, provided supporting evidence for 

phase purity, coordination modes, morphological features, and thermal stability of the synthesized 

materials. Hirshfeld surface and fingerprint plot analyses were employed to investigate the 

intermolecular contacts governing the supramolecular packing architecture. Ultrasound irradiation 

produced plate-like submicro-structured particles with a relatively narrow size distribution, as 

observed by SEM (127–150 nm for primary particles). DLS analysis further revealed a mean 

hydrodynamic diameter of approximately 490 nm, indicating the formation of stable aggregates in 

aqueous media. The in vitro biological evaluation of compound (1′) revealed that the material 

exhibits DNA cleavage activity under oxidative conditions, as demonstrated by agarose gel 

electrophoresis experiments, indicating notable nuclease-like behavior. Antimicrobial assays 

showed a concentration-dependent inhibitory effect against both Gram-positive and Gram-

negative bacteria, although the activity remained lower than that of standard reference antibiotics. 

These findings suggest that the biological response of compound (1′) is influenced by both the 

distorted Cu(II) coordination environment and the supramolecular features of the framework. 

Collectively, the structural and biological results position compound (1) and its submicro-

structured form (1′) as coordination materials warranting further investigation in supramolecular 

and bioinorganic chemistry. 

Keywords: Metal organic coordination polymer; Ultrasound irradiation; 4,4'-Bipyridine; 4-

Carboxybenzaldehyde; Morphology; Antimicrobial; DNA cleavage 
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1. Introduction  

Metal-Organic Coordination Polymers (MOCPs) represent a distinct category of crystalline hybrid 

systems that originate from the self-assembly of metal centers with organic bridging ligands, thus 

providing exceptional structural variety and chemical adaptability [1,2]. Their inherent backbone 

flexibility allows for the deliberate adjustment of physicochemical characteristics, which positions 

them as promising platforms for deployment in heterogeneous catalysis, chemical sensing, and 

therapeutic interventions [3–9]. From the broad spectrum of transition metals currently explored, 

copper(II) has attracted particular attention owing to its diverse coordination preferences, 

prominent redox chemistry, and thoroughly documented biological profile, which encompasses 

antibacterial, antifungal, and anticancer activities [10–12]. 

The biological action of copper(II) centers proceeds through several concurrent pathways, 

including the initiation of reactive oxygen species (ROS) production via Fenton-like redox cycling, 

the establishment of electrostatic contacts with microbial membrane surfaces, and the sustained 

leaching of Cu²⁺ species from the coordination architecture [13]. When compared with standard 

antibiotic agents, Cu(II)-based coordination networks exhibit remarkable benefits, among which 

are their multitargeted mechanisms, structural fine-tunability, and pronounced competence in 

counteracting drug-resistant microbial strains [14,15]. Recent findings have disclosed the utility 

of copper-containing compounds in a wide array of biomedical contexts, ranging from the 

suppression of biofilm development to the facilitation of cutaneous wound repair, thereby 

reflecting the escalating research enthusiasm directed toward their biological translation [13,16]. 

The fabrication of MOCPs may proceed through several well-established routes, comprising 

hydrothermal treatment, solution-phase diffusion, and sequential layer-by-layer deposition 

strategies. Within this methodological repertoire, ultrasonically mediated synthesis has gained 
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widespread recognition as a particularly productive strategy, conferring distinct operational 

benefits such as shortened reaction intervals, milder thermal conditions, and superior regulation 

over crystallite geometry and particle size homogeneity [17,18]. The underlying physical principle 

acoustic cavitation, which induces transient localized zones of extreme energy acts to accelerate 

both the primary nucleation events and the subsequent crystalline growth stages, thereby 

establishing sonochemistry as a powerful and adaptable technique for the production of MOCPs 

with precisely tailored micro and submicro-scale morphological features [19–31]. 

Notwithstanding the considerable body of crystallographic investigations devoted to Cu(II) 

coordination compounds, relatively few systematic efforts have addressed the critical issue of how 

coordination environment, supramolecular packing arrangement, and external crystalline 

morphology contribute to the resulting bioactivity profiles [32–38]. A comprehensive elucidation 

of these structure–activity relationships (SAR) is of fundamental importance for the informed and 

rational construction of next-generation antimicrobial materials. 

In this connection, the present work describes the preparation and full characterization of a 

novel two-dimensional Cu(II) coordination polymer, formulated as [Cu(μ-L)(κ²-L′)(μ-L′)₂(H₂O)]ₙ 

(1) (wherein L denotes 4,4'-bipyridine and HL′ corresponds to 4-carboxybenzaldehyde), which has 

been isolated both as bulk single crystals and as submicro-structured particulates (designated 1′) 

through the application of an ultrasonically assisted synthetic protocol. The deliberate choice of 

4,4'-bipyridine as a rigid N,N-donor bridging unit, alongside 4-carboxybenzaldehyde as a 

complementary O-donor co-ligand, rests upon their well-established capacity to generate robust 

coordination networks further stabilized by supplementary π–π stacking contacts and directional 

hydrogen-bonding interactions [39]. A systematic investigation of the structural, supramolecular, 

and morphological characteristics of both (1) and (1′) has been undertaken, with particular 
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emphasis placed on establishing meaningful correlations between these physicochemical attributes 

and the observed DNA cleavage efficiency as well as antimicrobial potency. 

 

2. Experimental 

2.1. Materials  

All the chemicals and solvents were purchased from Sigma-Aldrich, Merck and Exir Chemical 

Companies and used without further purification. The solutions were prepared using methanol 

obtained from Zagros Petrochemical.  

 

2.1.1. Synthesis of (1) as single crystal and submicro-structured (1′) under ultrasound irradiation 

 4,4'-bipyridine (L) (0.0156 g, 0.1 mmol) and 4-carboxybenzaldehyde (HL′) (0.0269 g, 0.1 mmol) 

were dissolved in 15 mL of ethanol. Then, Cu(NO₃)₂ (0.0374 g, 0.2 mmol) was dissolved in 5 mL 

deionized water and slowly added to the ligands solution. After 30 minutes of reaction under 

ultrasonic irradiation, the reaction mixture was filtered, and the resulting precipitate was carefully 

separated. The solid was subsequently washed with distilled water followed by ethanol to remove 

any residual impurities, and then dried under ambient conditions, the obtained powder of this 

reaction represented the desired submicro composite material (1ʹ).   

 Subsequently, the clarified solution resulting from this reaction was left to stand for 

crystallization. After one-week, blue crystals were observed in the solution. These crystals were 

isolated and subjected to X-ray diffraction analysis to determine their structural characteristics (1). 

Hereafter, the single-crystalline bulk coordination polymer obtained from slow crystallization is 
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denoted as compound (1), whereas the sedimentary material prepared via ultrasound-assisted 

denoted as compound (1′). 

 

2.2. Characterization instruments  

The synthesized compounds were characterized using Fourier-transform infrared (FT-IR) 

spectroscopy recorded in KBr pellets on a JASCO FTIR-4600 instrument. Powder X-ray 

diffraction (PXRD) patterns were obtained using a Philips X’Pert diffractometer equipped with 

monochromatized Cu Kα radiation. The morphology of the samples was examined by scanning 

electron microscopy (SEM) using a TESCAN VEGA3 microscope. Thermogravimetric analysis 

(TGA) was performed on a PerkinElmer STA6000 apparatus. Ultrasonic-assisted reactions were 

carried out in a CLEAN ultrasonic bath. 

 

2.2.1. X-ray crystallography 

Single-crystal X-ray diffraction data for compound (1) were collected at room temperature using 

an Xcalibur four-circle κ-geometry diffractometer equipped with an Atlas CCD area detector and 

Mo Kα radiation (λ = 0.71073 Å) passed through a graphite monochromator. Data collection and 

unit-cell refinement were performed using the CrysAlisPro 1.171.42.93a software package. The 

crystal structure was solved by direct methods using SHELXS2014/5 and refined using 

SHELXL2018/3 with anisotropic displacement parameters applied to all non-hydrogen atoms. 

Absorption corrections were applied using the SCALE3 ABSPACK algorithm based on spherical 

harmonics. 
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Molecular graphics were generated using DIAMOND 3.0 and TOPOSPro, while the external 

morphology of crystals was predicted by the BFDH model implemented in VESTA. Hirshfeld 

surface mappings and 2D fingerprint plots were obtained using Crystal Explorer to analyze 

intermolecular interactions. The final least-squares refinement on F² converged to an R-factor of 

0.042 for reflections with F² > 2σ(F²). 

 

2.3. Hirshfeld surface analysis 

Molecular Hirshfeld surfaces (HS) and the 2D fingerprint plots (FP) were calculated by using the 

Crystal Explorer [40] computer program with the input of X-ray crystallography data. The 

Hirshfeld surfaces were produced with a standard (high) surface resolution. It is possible to identify 

the areas of specific intermolecular interactions by using the normalized contact distance (dnorm), 

which is based on van der Waals radii, de (the distance from a point on the surface to the nearest 

atom outside the surface), and di (the distance from a point on the surface to the nearest atom inside 

the surface). The color scale for the 3D dnorm surfaces is fixed at -0.157 (red) to 1.279 Å (blue). 

Intermolecular interactions are either shorter or longer than van der Waals separations depending 

on whether dnorm is positive or negative. These surfaces are represented in 2D by fingerprint plots, 

which are shown by using the conventional 1.00 to 2.457 Å view with the de and di distance scales. 

 

2.4. Biological studies 

2.4.1. Antimicrobial activities (in vitro) by the well diffusion method 

The compound's antibacterial effects were determined in vitro against gram-negative bacteria, 

Pseudomonas aeruginosa (ATCC: 9027), and Escherichia coli (ATCC: 25922), and positive 
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bacteria, Bacillus subtilis (ATCC: 6633) and Staphylococcus aureus (ATCC: 6538), using the well 

diffusion method. The trial samples were prepared in the sample tubes at specific concentrations 

(25, 50, and 100 mg/ml in DMSO). The plates were saturated with compound (1′) in the Muller 

Hinton Agar (Merck, Germany) medium, and the plates were then incubated at 37 °C. After 24 

hours, the antibacterial activities were examined by measuring the diameter of the inhibition zone 

(in mm) from the growth that developed around the wells on the plates [41]. A blank bioassay 

verified that DMSO as a solvent had no action in our investigation, and Amoxicillin, Penicillin, 

and Cephalexin were chosen as reference bactericidal medications (positive controls) for any 

comparison under our conditions [42].  

 

2.4.2. Antifungal activity by the disk diffusion method 

The disk diffusion method was used to test for antifungals. The compound's antifungal qualities 

were examined against local isolates of Candida albicans. The disk was placed in different 

locations on the Sabouraud Dextrose Agar plate (Merck, Germany) that had been fecundated with 

one of the fungal spore suspensions after being soaked in chemical solutions at varying 

concentrations (25, 50, and 100 mg/ml in DMSO) [43]. For three days, C. albicans plate was 

incubated at 37 °C. The inhibition zone (mm) that developed around each disk during incubation 

was measured and noted as the compound's antifungal activity. 

 

2.4.3. Determination of minimum inhibitory concentration (MIC) and minimum inhibitory 

bactericidal concentration (MBC) 

MIC is the minimum inhibitory concentration needed to stop the bacteria's growth after 24 hours 

of incubation at 37 °C. We used the serial dilution approach to measure the MICs. MBC is the 

lowest concentration from which the bacteria do not grow when transferred to fresh medium. By 
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subculturing a loop full of broth dilution MIC tests to Muller-Hinton agar medium on the plate and 

then incubating it for 24 hours at 37 °C, MBCs were identified [44]. 

 

2.4.4. DNA cleavage test  

The agarose gel electrophoresis technique was used to measure the compound's DNA cleavage 

potential while hydrogen peroxide (H2O2) was present as an oxidant (positive control). DNA was 

extracted as a substrate in accordance with previous reports [45]. In order to conduct the DNA 

cleavage test, the sample was incubated with 4 μL of the solution made by dissolving 5 mg of (1′) 

in 1 mL of DMSO and 4 μL of the extracted DNA (extracted by SINA COLON protocol). For two 

hours, the mixes were incubated at 37 °C. The trial sample was combined with bromophenol blue 

dye following incubation, and the standard DNA (alone), DNA and H2O2 mixture, and ladder were 

carefully inserted into the wells. For 30 minutes, gel electrophoresis was carried out at a constant 

100 V. Following that, bands of DNA breakage were seen under UV light (transilluminator) and 

captured by camera [46]. 

 

3. Results and discussion 

3.1. Synthetic perspective 

In general, the sonochemical method was used to produce the new single crystal (1) and submicro-

structured (1′) of coordination compound from L and HL′ (L = 4,4'-bipyridine and HL′ = 4-

carboxybenzaldehyde) in ethanol and Cu(NO3)2 in water (Scheme 1).  
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Scheme 1. The synthetic routes of (1) and (1ʹ). 

 

3.2. Crystal structure analysis 

3.2.1. Single-Crystal X-ray Diffraction (SCXRD) Analysis 

The crystal structure of (1) was determined by single-crystal X-ray diffraction analysis, revealing 

a coordination polymeric framework constructed from Cu(II) centers and organic linkers (Table 

1). 
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Table 1. Crystallographic information and structure refinement of compound (1). 

Chemical formula C21H16CuNO7 

Mr 457.89 

Crystal system, space group Monoclinic, P21/c 

Temperature (K) 295 

a, b, c (Å) 

α (°) 

10.3831 (3), 12.6453 (3), 14.8052 (4) 

90 

β (°) 

γ (°) 

96.430 (2) 

90 

V (Å3) 1931.66 (9) 

Z 4 

Radiation type Mo Kα 

µ (mm−1) 1.18 

Crystal size (mm) 0.25 × 0.21 × 0.17 

Tmin, Tmax 0.728, 1.000 

observed [I > 2σ(I)] reflections 51959, 5062, 3698 

Rint 0.063 

(sin θ/λ)max (Å−1) 0.690 

R[F2 > 2σ(F2)], wR(F2), S 0.042, 0.110, 1.04 

Δρmax, Δρmin (e Å−3) 0.57, −0.43 

 

Single-crystal X-ray diffraction analysis revealed that (1) crystallizes in the monoclinic space 

group P2₁/c, containing one crystallographically independent Cu(II) center coordinated by one 

carboxylic oxygen atom from 4-carboxybenzaldehyde, two oxygen atoms from another 4-

carboxybenzaldehyde, one aldehyde oxygen atom from 4-carboxybenzaldehyde, one oxygen atom 

from H2O and one nitrogen atom from bipyridine (Figure 1). The bond lengths are measured as 

follows: Cu-O21 at 1.940(16), Cu-O1 at 1.943(16), Cu-O2 at 2.747, Cu-O23 at 2.611, Cu-O1W at 

1.975(17), and Cu–N31 at 2.005(2) Å (Table 2). The angles surrounding the Cu(II) center are 
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recorded as O21-Cu-O1 at 175.12(7)°, O21-Cu-O1W at 88.62(7), O1-Cu-O1W at 88.95(7)°, O21-

Cu-N31 at 90.93(8)°, and O1W-Cu-N31 at 177.85(8)°. These findings suggest a twisted octahedral 

geometry for the structure, with Cu exhibiting a coordination number of six (Figure 2). The 

coordination environment around the Cu(II) center can be described as a distorted octahedral 

geometry, which is commonly observed for Jahn–Teller active d9 copper(II) systems. Deviations 

from ideal octahedral geometry likely arise from ligand bite angles and steric constraints imposed 

by the carboxylate groups (Figure 2). 

 

 

Figure 1. ORTEP representation (50% probability ellipsoids) of the coordination environment 

around the Cu(II) in compound (1).  
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Table 2. The selected bond lengths (Å) and angles (°) in (1). 

Bond lengths     

Cu-O21 1.940 (16) C1-C7 1.503 (3) 

Cu-O1 1.943 (16) C2-C3 1.387 (4) 

Cu-O1W 1.975 (17) C5-C6  1.385 (4) 

Cu-O2 2.747  C1-C6 1.382 (4) 

Cu-N31 2.005 (2) C3-C4  1.369 (5) 

Cu-O23 2.611  C4-C5  1.383 (5) 

C1-C2 1.387 (4) C4-C8  1.462 (4) 

C27-O22 1.245 (3) C27-O21 1.269 (3) 

C7-O2 1.241 (3) C7-O1 1.278 (3) 

C8-O3 1.248 (6) C28-O23 1.211 (3) 

Bond angles [°] 

O21-Cu-O1  175.12 (7) C6-C1-C2  118.9 (2) 

O21-Cu-O1W  88.62 (7) C6-C1-C7  121.7 (2) 

O1-Cu-O1W  88.95 (7) C2-C1-C7  119.4 (2) 

O21-Cu-N31  91.65 (8) C1-C2-C3  120.7 (3) 

O1-Cu-N31  90.93 (8) C7-O1-Cu  110.10 (15) 

O1W-Cu-N31  177.85 (8) C32-N31-Cu  122.37 (17) 

C6-C1-C2-C3 1.0 (4) C2-C3-C4-C8 178.80 (3) 

C7-C1-C2-C3 −177.50 (3) C3-C4-C5-C6 0.0 (5) 

C2-C3-C4-C5 −0.30 (5) C8-C4-C5-C6 −179.10 (3) 

Symmetry code: (i) −x+1, −y+1, −z+2.  Symmetry code: (ii) −x+1, −y+1, −z+1.     
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Figure 2. The geometrical sphere around the copper center in compound (1). 

 

Bond lengths within the coordination environment, particularly Cu–O (1.940–1.975 Å) and 

Cu–N (2.005 Å), fall within the expected range for Cu(II) complexes featuring mixed N, O-donors 

(Table 2). The C–O distances in the carboxylate groups (1.221–1.301 Å) indicate significant π-

delocalization, consistent with a π–π bridging mode. These structural parameters suggest a 

moderately rigid coordination sphere that stabilizes the 2D polymeric architecture (Figures 3, 4) 

[47]. 

3.2.2. Chemistry of Supramolecular Assemblies 

The supramolecular organization of (1) is governed by a subtle yet highly coordinated interplay of 

non-covalent interactions, with hydrogen bonding and π–π stacking identified as the principal 

contributors to the stability of the extended architecture (Figures 3,4). Collectively, these 
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interactions generate a resilient two-dimensional framework that preserves the structural integrity 

and coherence of the crystal packing. 

A detailed examination of the intermolecular landscape reveals a rich array of contacts, 

including conventional hydrogen bonds, van der Waals interactions, and intramolecular covalent 

constraints. Among these forces, hydrogen bonding clearly emerges as the dominant stabilizing 

factor. The carboxylate group of the 4-carboxybenzaldehyde ligand forms directional hydrogen 

bonds both with neighboring carboxylate functionalities and with the nitrogen donor sites of the 

4,4′-bipyridine ligand (Figure 3). The associated donor–acceptor distances and bond angles fall 

well within the typical range for strong hydrogen bonds, underscoring their structural significance 

and reinforcing the connectivity of the coordination polymer. 

 

Figure 3. H-bonds interaction of compound (1). 
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A key feature of the supramolecular assembly is the involvement of water molecules, which 

function as efficient bridging agents linking adjacent fragments of the framework. Two notable 

intermolecular hydrogen bonds (H···O) are observed between ligand oxygen atoms and the 

hydrogen atoms of coordinated water molecules, with donor–acceptor separations of 2.663 Å and 

2.690 Å (H1W···O22i and H2W···O2i, respectively). The hydrogen bonding geometry of 

compound (1), including relevant distances and angles, is detailed in Table S1. These interactions 

exhibit directional geometries characteristic of strong hydrogen bonds and highlight the essential 

role of water in consolidating the two-dimensional network. 

In addition to hydrogen bonding, van der Waals interactions furnish supplementary cohesion to 

the lattice (Figure 4). Although individually weak, their cumulative effect enhances packing 

efficiency and contributes to the overall robustness of the supramolecular assembly. Furthermore, 

π–π stacking interactions between the aromatic rings of both ligands provide an additional layer 

of long-range stabilization (Figures 4a,b). The centroid–centroid distances and ring-slippage 

parameters fall within the expected range for effective stacking, thereby reinforcing the extended 

crystal architecture.  
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Figure 4. (a) The van der Waals interaction of compound (1) and (b) The π-π interaction of 

compound (1) 

Taken together, the cooperative contributions of hydrogen bonding, π–π stacking, and van der 

Waals contacts culminate in a well-organized and structurally resilient supramolecular framework. 

This intricate network not only stabilizes the crystal lattice but also exemplifies the critical 

(a) 

(b) 
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influence of non-covalent forces in the rational design of advanced supramolecular and 

coordination polymer architectures. Two general views of compound (1) along the ab and ac 

crystallographic planes are shown in Figures S1a and S1b, respectively. 

The Jahn–Teller distortion in compound (1) causes axial Cu–O elongation and slight equatorial 

asymmetry due to different donor strengths of O and N atoms. The two equatorial Cu–O bonds to 

carboxylates are nearly equal [1.940(2) and 1.943(1) Å], while Cu–O1W [1.975(2) Å] and Cu–

N31 [2.005(2) Å] show variation. This asymmetry is consistent with eg orbital splitting in a 

tetragonally distorted octahedral field. The stabilization energy is ~15–20 kJ/mol. Axial elongation 

reduces ligand field splitting along that axis, affecting d-orbital energy levels and the Cu(II)/Cu(I) 

redox potential. 

A comparative structural analysis with related Cu(II) coordination polymers focuses on 

coordination geometry, space group, topology, dimensionality, and Jahn–Teller distortion, 

covering monomers to 1D and 3D networks with similar N-donor (bipyridines, imidazoles) and 

O-donor (carboxylates, formates, sulfates, nitrates) ligands (Table S2) [48–52]. 

For comparison, the 1D polymeric complex [Cu(4,4'-bipy)(H₂O)₃(SO₄)].2H₂O reported by 

Phetmung et al. exhibits a similar 4+2 Jahn–Teller distorted octahedral geometry with equatorial 

Cu–N bonds of 2.0499(18) and 2.0487(17) Å, and axial Cu–O bonds of 2.2178(17) and 2.668(2) 

Å. The axial elongation in this compound (0.45–0.62 Å) is slightly less pronounced than in 

compound (1), which may be attributed to the different ligand field strength of sulfate compared 

to carboxylate ligands [48]. 

Similarly, the [Cu(2,2'-bipy)(NO₃)(H₂O)₃]NO₃ complex reported by Kumar et al. exhibits a 

distorted octahedral geometry with Cu–N bonds of 2.0509(18) and 2.0697(18) Å, equatorial Cu–
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O bonds of 2.0568(16), 2.0755(17), and 2.0808(16) Å, and a longer axial Cu–O bond of 2.0815(15) 

Å. The Jahn–Teller distortion in this complex is less pronounced due to the presence of a bidentate 

nitrate ligand that occupies equatorial positions, reducing the degree of tetragonal elongation [50]. 

The [CuCl(2-Me-imidH)₄]Cl complex reported by Atria et al. adopts a square-pyramidal 

geometry (τ₅ = 0.045) rather than an octahedral geometry, with four equatorial Cu–N bonds of 

2.027(3) Å and an apical Cu–Cl bond of 2.627(3) Å. The presence of a chloride counterion at a 

non-bonding distance of 4.106 Å completes an imaginary elongated octahedron [51]. This 

geometry represents a more extreme case of Jahn–Teller distortion where the sixth coordination 

site is essentially vacant, highlighting the flexibility of Cu(II) coordination environments (Table 

3). 

Table 3. Comparison of coordination geometries and distortion parameters 

Compound Geometry Cu–N(Å) Cu–O(Å) Cu–O/N(Å) 

Jahn–Teller 

Elongation 

(Å) 

Ref. 

[Cu(4,4'-

bipy)(H₂O)₃(SO₄)]·2H₂O 

Distorted 

octahedral 
2.049 

1.964–

1.981 
2.218–2.668 0.45–0.62 [48] 

[Cu(2,2'-

bipy)(NO₃)(H₂O)₃]NO₃ 

Distorted 

octahedral 
2.051–2.070 

2.057–

2.081 
2.082 0.01–0.03 [50] 

[CuCl(2-Me-imidH)₄]Cl 
Square-

pyramidal 
2.027 – 

2.627 (Cu–

Cl) 
– [51] 

[Cu(4,4'-

bipy)(H₂O)₃(SO₄)].2H₂O 

(Polymorph) 

Distorted 

octahedral 
2.047–2.050 

1.960–

1.982 
2.218–2.688 0.45–0.62 [52] 

Compound (1′) Distorted 

octahedral 

2.005 1.943–

1.975 

2.611–2.747 0.65–0.80 This 

work 
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Compound (1) shows the smallest distortion (Δ ≈ 0.035 Å), indicating a weak Jahn–Teller effect. 

Equatorial Cu–O bonds are nearly equal (1.940–1.943 Å); Cu–N31 (2.005 Å) is slightly longer 

due to weaker N donor strength. Axial Cu–O1W (1.975 Å) is much shorter than typical axial bonds 

(2.15–2.65 Å), suggesting less elongation. [CuCl(2-Me-imidH)₄]Cl shows the strongest distortion 

(Δ = 0.64 Å) due to the long Cu–Cl bond [51]. Geometries range from square-pyramidal to 

distorted octahedral, with distortion correlating with axial ligand donor strength (Table S3) [49–

52].   

In compound (1), 2D layered network with distorted octahedral topology is created. Cu(II) 

centers are bridged by 4,4'-bipyridine in two directions, forming square grids. 4-

carboxybenzaldehyde ligands coordinate terminally via carboxylate groups; aldehyde groups 

remain uncoordinated and form H-bonds stabilizing the 3D supramolecular architecture. 

In [Cu(4,4'-bpy)(H₂O)₃(SO₄)]·2H₂O 1D zigzag chain, 4,4'-bipyridine bridges Cu along c-axis; 

sulfate is monodentate; three water molecules complete octahedral coordination. Chains 

interconnect via H-bonds (sulfate, coordinated/lattice water) forming a 3D supramolecular 

network with hexagonal cavities [48]. 

In [M(4,4'-bpy)(HCOO)₂(H₂O)]·4H₂O (M = Co, Ni) 3D porous framework, metal centers 

coordinated by two bridging 4,4'-bipyridine, two bridging formate, one terminal formate, and one 

water. Co-formate chains along (101); Co-bipyridine chains alternate along (110)/(1-10), forming 

1D channels along (001) (~7.0 × 9.2 Å) [49]. 

In [Cu(2,2'-bipy)(NO₃)(H₂O)₃]NO₃ monomeric (0D) complex, Cu(II) coordinated by three 

water, one nitrate, and two N atoms from 2,2'-bipyridine. The second nitrate is non-coordinating 

and participates in H-bonding. Extensive H-bonding between adjacent molecules [50]. 
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In [CuCl(2-Me-imidH)4]Cl monomeric (0D) complex, Cu(II) ion with square-pyramidal 

geometry, is coordinated by four methylimidazole ligands in equatorial plane and one chloride at 

apex. Counterion chloride at non-bonding distance of 4.106 Å, forms an open 2D supramolecular 

network via H-bonds (Table S4) [51].  

 However, compound (1) is a 2D layered Cu(II) coordination polymer with distorted octahedral 

topology, crystallizing in the monoclinic space group P2₁/c. This distinguishes it from related 4,4'-

bipyridine-based compounds, which typically crystallize in hexagonal (P6₁, P6₅) or trigonal (R-

3c) space groups. The presence of the 4-carboxybenzaldehyde ligand is the primary factor 

influencing this difference, as its aldehyde group participates in hydrogen bonding and 

supramolecular packing. All Cu(II) compounds exhibit Jahn–Teller distorted octahedral 

geometries, but compound (1) shows a relatively large axial elongation (0.65–0.80 Å), indicating 

weaker axial interactions compared to [Cu(4,4'-bpy)(H₂O)₃(SO₄)]·2H₂O (0.45–0.62 Å) [48]. In 

terms of dimensionality, compound (1) adopts a dense 2D structure with no significant porosity, 

in contrast to the 3D porous frameworks reported by Wang et al. [49] (void volumes of 26.5–

33.9%). Other reference compounds include 1D zigzag chains [48], 3D formate-based networks 

[49], and 0D monomers [50,51]. The structural analysis confirms that compound (1) is a novel 2D 

Cu(II) polymer, and the ligand design plays a key role in tuning both the coordination geometry 

and supramolecular architecture. 

 

3.2.3. Hirshfeld Surface Analysis  

Intermolecular interactions within the crystal structure of compound (1) were examined through 

Hirshfeld surface analysis using Crystal Explorer 3.0. A key parameter in this analysis is dnorm, 
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which reflects the symmetrical distance of a given point on the surface to nearby atomic centers 

both inside (di) and outside (de) the Hirshfeld surface relative to van der Waals radii. On the dnorm 

map, color coding helps visualize the strength and nature of interactions: red regions signify 

contacts shorter than the van der Waals radius, blue denotes longer contacts, and white indicates 

distances close to the expected van der Waals separation. Notably, various intensities of red 

ranging from pale to deep hues suggest weak to moderate intermolecular forces with adjacent 

molecules [53,54]. 

In addition to dnorm, the surfaces were analyzed with respect to parameters such as di, de, and 

curvedness, offering deeper insight into molecular packing (Figure 5). The associated figure 

illustrates key aspects of van der Waals contacts and bond interactions. These insights are further 

represented through 2D fingerprint plots, which combine di and de values to characterize 

interaction patterns and surface shape indices (Figure S3) [55,56]. 
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Figure 5. Hirshfeld surface analysis of compound (1): (a) Normalized distance (dnorm), (b) 

distance from a point on the Hirshfeld surface to the nearest external nucleus (de), (c) distance 

from a point on the Hirshfeld surface to the nearest internal nucleus (di), (d) shape Index, (e) 

curvedness 

 

 
(b) 

(d) (e) 
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Figure 6 presents a chart of the percentage contributions of different intermolecular forces 

within the compound (1) crystal. The most dominant interaction was found to be H···H contacts, 

followed by O···H, C···H, Cu···O, and Cu···H interactions. Additionally, the occurrence of 

weaker O···O and O···C contacts was linked to the nature of the ligands involved. 

 

 

Figure 6. The relative contributions of compound (1) to the Hirshfeld surface area. 

 

The Hirshfeld surface fingerprint plots of compound (1) show that H···H contacts constitute the 

highest proportion (33.5%) among all intermolecular interactions. However, these contacts are 

typically non-directional van der Waals interactions, reflecting spatial proximity rather than 

contributing significantly to structural cohesion. In contrast, O···H contacts, accounting for 31.2% 

                  



26 
 

of the surface interactions, play a more decisive role in stabilizing the framework. These directional 

hydrogen bonds often formed between coordinated oxygen atoms as well as hydrogen donors from 

ligands or lattice solvents enhance the rigidity and integrity of the crystal lattice. Their prevalence 

underscores the importance of hydrogen bonding in reinforcing the 2D architecture of the 

coordination polymer, surpassing the mere abundance of H···H contacts in terms of structural 

impact (Figure 6). The distances dnorm, di, and de were calculated through the software (Table S5). 

 

Beyond serving as a quantitative tool for describing crystal packing, Hirshfeld surface analysis 

also provides useful insight into how the framework may interact with polar environments. The 

relatively high contribution of O···H contacts points to the prominence of hydrogen-bond-related 

interactions at the molecular surface, which are well suited for interaction with hydrogen-bond-

rich biological substrates such as DNA. From this perspective, the Hirshfeld analysis suggests that 

supramolecular surface features, in addition to the metal coordination core, may contribute to the 

DNA cleavage behavior observed for compound (1′). 

 

3.3. Characterization of compound (1′) 

3.3.1. FTIR Analysis 

The FT-IR spectra were recorded to investigate the synthesis of compounds (1) and (1′) (Figure 

S4). The IR spectrum of the polymeric copper (II) complex shows several characteristic 

absorptions. The band at 2931 cm⁻¹ corresponds to aromatic C–H stretching vibrations, confirming 

the preservation of the aromatic framework. In the free 4-carboxybenzaldehyde ligand, the C=O 

stretching vibration of the carboxylic acid is observed around 1700–1720 cm⁻¹. In the polymeric 

complex, these peaks related to C=N and C-O bonds appearing at 1560 cm⁻¹ and 1290 cm⁻¹, 
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respectively. The band at 1560 cm⁻¹, which also overlaps with the C=N stretching of the bipyridine 

ligand (normally ~1595–1600 cm⁻¹), shifts to lower frequency upon coordination, indicating the 

formation of Cu–N bonds. The band at 1290 cm⁻¹ is assigned to the C–O, confirming coordination 

of the carboxylate oxygen atoms and the presence of Cu–O bonds. 

In addition, weak absorptions expected in the far-IR region provide further evidence of direct 

metal–ligand interactions: Cu–N stretching typically occurs between 400–500 cm⁻¹, while Cu–O 

stretching is observed in the 450–600 cm⁻¹ range. Although these signals are often of low intensity, 

they support the proposed coordination environment around the copper center [57]. 

 

3.3.2. XRD Analysis 

Figure 7 compares the simulated XRD pattern of compounds (1) and (1′), obtained from single-

crystal X-ray diffraction data, with the experimental PXRD pattern of the submicro-structured 

synthesized via the sonochemical method. The strong agreement between the two patterns, 

particularly the close alignment of the major diffraction peaks, confirms that the crystalline phase 

of the sonochemically produced material is consistent with the structure determined from single-

crystal analysis. 

Distinct diffraction peaks appear at approximately 2θ = 12°, 14°, 15°, 16°, 17°, 19°, 25°, 28°, 

30°, 31° and 36°, corresponding to the crystallographic planes (11–1), (020), (11-2), (120), (200), 

(013), (11-4), (040), (32-2), (204) and (24–1), respectively. The presence of these characteristic 

reflections verifies the successful formation of the Cu-based coordination polymer of compounds 

(1) and (1′) and confirms that no significant secondary crystalline phases are present in the 
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submicro-structured product. The excellent peak agreement further demonstrates that the 

ultrasonic-assisted synthesis preserves the integrity of the crystal framework obtained via SCXRD. 

 

Figure 7. The PXRD patterns of (up) submicron-sized provided by ultrasonication compound 

(1′), and (bottom) simulated from single crystal X-ray data of compound (1). 

The phase purity and structural integrity of the ultrasonication-synthesized submicron-sized 

compound (1') were unambiguously confirmed by powder X-ray diffraction (PXRD). As 

illustrated in Figure 7, the experimental diffraction pattern of the submicro material (1') (upper 

trace) is compared with the pattern simulated from the single-crystal X-ray data of compound (1) 

(lower trace). A detailed side-by-side analysis reveals an excellent match between the two patterns 

across the entire 2θ range (5–50°). All major Bragg reflections observed in the submicro sample, 

including those at low, intermediate, and high diffraction angles, are faithfully reproduced in the 

simulated pattern, with no discernible shifts in peak positions. Critically, the relative intensities of 

the dominant peaks particularly the most intense reflection and its adjacent shoulders are consistent 
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between the experimental and simulated diffractograms, confirming that the bulk submicro powder 

possesses the identical long-range ordered crystal lattice as the single crystal. The slight 

broadening observed in the experimental submicro sample peaks, compared to the sharper 

simulated peaks, is fully consistent with the reduced crystallite size and the effect of particle 

morphology at the submicro-scale (Scherrer broadening). Importantly, no extraneous peaks 

attributable to amorphous by-products, unreacted starting materials, or alternative crystalline 

polymorphs are detectable in the experimental pattern. 

This near-perfect superimposition of the simulated and experimental diffractograms, both in 

terms of peak positions and relative intensities, provides conclusive evidence that: 1) The 

submicro-structured is phase-pure, 2) The crystal structure determined from the single crystal is 

truly representative of the bulk submicro material, 3) The ultrasonication process did not induce 

any phase transformation or degradation of the crystalline framework. Therefore, the PXRD data 

firmly establish that the submicron-sized compound (1') retains the identical crystalline 

architecture as its single-crystal counterpart, validating both the synthesis protocol and the 

subsequent structural and property comparisons. 

 

3.3.3. TGA Analysis 

The thermal gravimetric analysis (TGA) was performed at 30-800 ℃ under neutral atmosphere 

(argon) protection to study the thermal activity of compound (1') (Figure S5). Compound (1') 

shows stability until 140 ℃. The TGA curve exhibits three temperature peaks in the range of 140-

166 ℃, 240-305 ℃ and 305-800 ℃, corresponding to the loss of coordinated H2O (Exp. ≈ 3.8%, 

Calc. = 3.9%), two carboxybenzaldehyde compounds (Exp. ≈ 57.5%, Calc. = 58.1%) and a half of 

                  



30 
 

bipyridine compound (Exp. ≈ 16.0%, Calc. = 17.1%), respectively. The remaining material at 800 

℃ is Cu(OH)2 (Exp. = 22.7%, Calc. = 21.3%), and as the temperature rises to 1000 ℃, there is a 

possibility of CuO formation. 

3.3.4.  The Morphology of Submicro-Structured Compound (1ʹ) 

The morphology of the submicro-structured compound (1ʹ) was examined using SEM (Figure 8), 

revealing predominantly plate-like crystalline domains with sharp edges and well-defined layered 

surfaces. These plate-shaped structures arise from anisotropic crystal growth, which is consistent 

with the supramolecular packing interactions observed in the single-crystal structure, particularly 

π–π stacking and directional hydrogen bonding. 

The submicro-material consists of aggregated clusters formed through the stacking of thin 

crystalline layers. ImageJ analysis of particle size distribution confirmed that the primary particles 

fall within the 127–150 nm range, indicating uniform nucleation during ultrasound-assisted 

synthesis.  
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Figure 8. SEM images of micro and submicron-size particles of (1′). 

 

Such controlled submicro-scale morphology is significant because particle size and shape 

strongly influence surface area, biological interactions, and catalytic behavior. The thin plate-like 

morphology may facilitate enhanced contact with bacterial membranes or biological substrates, 

which could partially explain the compound’s observed antimicrobial and DNA-cleavage 

activities. Overall, SEM analysis supports the formation of well-defined submicro-scale compound 

(1ʹ) whose morphology correlates with both the crystallographic packing motifs and the material’s 

functional properties. 

From a functional standpoint, the plate-like morphology and the relatively narrow particle-size 

distribution of compound (1′) are of interest. Such morphological features can increase the 

accessible surface area and expose a larger portion of the coordination framework to the 

surrounding medium, potentially favoring surface-mediated interactions with biological 

substrates. While morphology alone cannot account for biological activity, the submicro-scale 

architecture of (1′) is expected to contribute to the DNA cleavage and antimicrobial responses 

observed under in vitro conditions. 

3.3.5. Dynamic Light Scattering (DLS) and Particle Size Analysis 

To complement the SEM observations and to clarify the hydrodynamic behavior of compound (1′) 

in solution, dynamic light scattering (DLS) measurements were performed in aqueous media. As 

presented in Figure S6, the DLS analysis revealed a mean hydrodynamic diameter of 
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approximately 490 nm with an excellent polydispersity index (PDI) of 0.010, indicating a highly 

monodisperse particle population in the colloidal state. 

This result is particularly informative when compared to the SEM data, which show individual 

primary particles with diameters of 127–150 nm. The significant discrepancy between the dry-

state size (SEM) and the larger hydrodynamic diameter (DLS) is attributed to two main factors: (i) 

the formation of stable submicron-sized aggregates or nanoclusters in aqueous solution, as 

supported by the remarkably low PDI value, and (ii) the inclusion of the hydration layer and 

surface ligands in the DLS measurement, which are collapsed during SEM sample preparation. 

Furthermore, the intensity-weighted distribution in DLS is inherently biased toward larger species, 

making it sensitive to the presence of even minor agglomerates. 

Collectively, these results indicate that while the primary particles are in the sub-100 nm to 150 

nm range (as confirmed by SEM), they exhibit a strong tendency to form stable aggregates in 

solution, resulting in an overall submicro-structured material with a hydrodynamic size of 

approximately 490 nm. This aggregation behavior is consistent with the plate-like morphology and 

the strong interparticle interactions (e.g., hydrogen bonding and π–π stacking) expected for this 

type of coordination polymer. Therefore, compound (1′) is best described as a submicro-structured 

material composed of aggregated primary particles, rather than discrete nanoparticles. This 

characterization is crucial for interpreting its biological activity, as the aggregation state in solution 

may influence cellular uptake and diffusion. 

 

3.4. Frontier Molecular Orbital Analysis  
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We have performed molecular orbital calculations using the B3LYP/LANL2DZ method in 

Gaussian 3 (revision B.01) [58], that based on hybrid Density Functional Theory (DFT). In these 

calculations the 20 core electrons are modelled by pseudopotentials and the remaining 468 

electrons are treated explicitly via molecular orbitals (MOs). The plots of the frontier MOs are 

shown in Figure 9 and we obtained at 0.02 e/bohr3 isosurface, overlayed onto a fragment of the 

Cu-MOF that contains two copper centers, one 4,4’-bipyridine linker and four 4-formylbenzoate 

linkers in addition to one water molecules on each copper center. These structures were fully 

optimized without any constraints and confirmed via vibrational analysis, to be minima on the 

potential energy surface, due to the absence of imaginary vibrational frequencies. 

 

 

HOMO  LUMO  LUMO+1  LUMO+2 

 

LUMO+3  LUMO+4  LUMO+5 

 

Figure 9. Frontier Molecular Orbital Analysis of (1) fragment. 
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The HOMO and LUMO orbitals have the same spatial distribution with a change in the 

wavefunction sign. These MOs are primarily located on the copper atoms as filled d-states that are 

either dxy, dyz, and dxz symmetry, hybridized with p-orbitals on the adjacent nitrogens of 4,4’-

bipyridine linker and oxygens of the 4-formylbenzoate linkers. The bandgap for this fully 

optimized molecular structure was found to be 0.265 eV, which indicates that in a desolvated 

environment this Cu-MOF is a narrow bandgap semiconductor that could absorb mid-infrared 

electromagnetic radiation of about 5170 nm, that could initiate photocatalytic reactions at the 

copper centers with gas phase molecules, within the porous structure of this material. 

Furthermore, the LUMO+1 state appears to be a quinoid π-state on the 4,4’-bipyridine linker 

close to the Fermi level of this Cu-MOF, which indicates an extended conjugated π-system, that 

could transfer electrical currents between copper centers, in the direction that 4,4’-bipyridine linker 

connect the Cu centers. The electromagnetic radiation that would enhance such electron transfer 

was found in the visible range of the spectrum (λ = 500 nm, green light), which would become an 

important parameter in the application of such structures as visible light photocatalysts. 

Additionally, in the direction of the 4-formylbenzoate linkers, the bandgap excitations of this 

semiconductor were found to be in Vis-violet region of electromagnetic spectrum at 389 - 405 nm. 

These virtual states (LUMO+2, LUMO+3, LUMO+4, LUMO+5) were found to be conjugated a 

quinoid π-state which indicates conductivity along this direction of the MOF if excited by photons 

with wavelengths of 389–405 nm. This indicates that this Cu-MOF will have properties of a narrow 

bandgap semiconductor for photocatalytic reactions occurring at the copper centers, however, the 

macroscopic structure of this MOF will have semiconducting properties with a bandgap of about 

2.48 eV, which may become important for visible spectrum photoinduced excitations and potential 

electron transfer within the Cu-MOF framework at λ = 500 nm, green light. 
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3.5. Antimicrobial bioassay (in vitro)  

Two kinds of bacteria, B. subtilis and S. aureus being Gram-positive bacteria and E. coli and P. 

aeruginosa being Gram-negative bacteria, were chosen in order to examine the compound's 

antibacterial properties submicro-particles of (1′) inhibited bacterial growth, with inhibition zones 

ranging from 6.00 mm to 9.26 mm (Figure 10, Table 4). The medication actions of some common 

antibiotics, including cephalexin, amoxicillin, and penicillin, against the mentioned bacteria were 

also investigated in our conditions in order to compare the outcomes (Table 4). Overall, the 

findings suggest that the substance possesses antimicrobial properties. The compound's 

antibacterial activity increased at larger doses. The compound's antibacterial activity is highest 

against E. coli and lowest against S. aureus. When comparing the compound's antibacterial activity 

to that of conventional medications, it is found that while the compound's antibacterial activity is 

lower, it nevertheless effectively inhibits the development of germs.  

The antifungal effectiveness of compound (1′) was tested against Candida albicans. Growth 

inhibition zones of 6, 6, and 7 mm were observed at concentrations of 25, 50, and 100 mL of the 

compound, respectively (Figure 10). 

The antibacterial activity of compound (1′) was systematically evaluated against both Gram-

negative (E. coli, P. aeruginosa) and gram-positive (B. subtilis, S. aureus) strains. The inhibition 

zones increased with concentration, reaching a maximum of 9.26 mm for S. aureus at 100 mg/mL, 

indicating that Gram-positive bacteria were much susceptible than Gram-negative ones. 

It is worth noting that inhibition zone diameters obtained from diffusion-based assays are 

affected by several factors beyond the intrinsic antibacterial activity of a compound, including its 

solubility, diffusion behavior in the agar medium, and particle size. Consequently, inhibition zones 
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should be interpreted with care when comparing different bacterial strains. In the present study, 

although S. aureus displayed the largest inhibition zone at higher concentrations, the antibacterial 

response of compound (1′) was found to depend on the method used for evaluation. 

To obtain a more reliable and quantitative assessment of antibacterial performance under liquid-

phase conditions, MIC and MBC measurements were therefore carried out. While the antibacterial 

activity of compound (1′) remains lower than that of standard antibiotics, the observed inhibitory 

effect is clearly detectable and provides a reasonable starting point for further optimization. 

 

 

Figure 10. Antimicrobial activity assay by disk diffusion method: (a) The inhibition zone 

produced by S. aureus bacteria, when exposed to submicro compound (100, 50, and 25 mg/mL 

in DMSO), (b) The inhibitory zone observed for E. coli bacteria treated with the submicro-

particle (100, 50, and 25 mg/mL in DMSO). (c) The inhibition zone generated by Candida 

albicans fungus upon treatment with the submicro-particle (100, 50, and 25 mg/mL in DMSO). 

 

3.6. MIC and MBC Studies of (1ʹ) 
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Mueller-Hinton broth was also used to evaluate the compound's MIC and MBC values for more 

precision in our investigations (Table 4). According to the results, the chemical is effective against 

the bacterial strains indicated, with MBC values for B. subtilis, S. aureus, P. aeruginosa, and E. 

coli being 9, 25, 1, and 12 μg/mL, respectively. B. subtilis, S. aureus, P. aeruginosa, and E. coli 

were found to have MIC values of 98, 25, 97, and 125 μg/mL, respectively. MBC and MIC data 

indicate that the most inhibitive toward the growth of P. aeruginosa and B. subtilis. 

 

Table 4. Antibacterial activities of (1ʹ) and antibiotic drug on various bacteria. 

Bacteria 
Gram (-) bacteria  Gram (+) bacteria 

E. coli P. aeruginosa  B. subtilis  S. aureus 

Concentration 

(mg/mL) 
25 50 100 25 50 100 25 50 100 25 50 100 

Zone of inhibition 

(mm) 
6.34 7.53 8.12 6.00 7.36 7.45 6.00 7.56 8.12 6.00 8.09 9.26 

MIC (μg/mL) 125  97  98  25 

MBC (μg/mL) 12  1  9  25 

Amoxicillin (25 

mg/disk) 
20.80 

 
18.78 

 
28.10 

 
41.60 

Penicillin (10 

mg/disk) 
9.70 

 
19.32 

 
30.50 

 
47.40 

Cephalexin (30 

mg/disk) 
22.56 

 
16.32 

 
37.60 

 
41.60 

 

 

MIC and MBC values further supported this observation, with S. aureus showing the lowest 

MIC (25 µg/mL), while P. aeruginosa exhibited the lowest MBC (1 µg/mL), suggesting strong 

bactericidal activity at low concentrations. Although the inhibition zones of (1ʹ) were smaller 

compared to standard antibiotics such as amoxicillin, penicillin, and cephalexin, the polymer 
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demonstrated promising antibacterial potential considering its synthetic origin and multifunctional 

framework. Any direct comparison with previously reported coordination polymers should be 

approached with caution, as differences in experimental protocols and testing conditions can 

strongly influence MIC and MBC values. Within this context, the MIC/MBC data obtained for 

compound (1′) fall within the range typically reported for Cu-based coordination systems 

examined under comparable in vitro conditions [59]. 

The MIC and MBC measurements offer a more quantitative view of the antibacterial 

performance of compound (1′) in liquid media. The variations observed among different bacterial 

strains are consistent with known differences in cell wall architecture, metabolic activity, and 

sensitivity toward metal-containing compounds. Taken together with the diffusion-based assays, 

these results indicate that compound (1′) displays measurable bacteriostatic and bactericidal effects 

that depend on both the microorganism and the applied concentrations. 

Overall, while compound (1′) does not approach the potency of conventional antibiotics, the 

MIC/MBC findings, considered alongside its pronounced DNA cleavage activity, suggest that its 

antibacterial action cannot be attributed solely to diffusion-related effects. 

 

3.7. DNA Cleavage Potential 

The DNA cleavage ability of compound (1′) was evaluated using agarose gel electrophoresis with 

DNA extracted from Candida albicans. As shown in Figure 11a, lane assignments were as follows: 

L (DNA ladder), P (control DNA), H (DNA + H₂O₂, positive control), and C (DNA + compound 

(1′)). In lane P, intact DNA bands were clearly visible, whereas lane H demonstrated complete 

DNA degradation due to oxidative cleavage by H₂O₂. Strikingly, lane C revealed a similar 

disappearance of DNA bands, indicating that compound (1′) possesses strong DNA cleavage 
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activity comparable to H₂O₂. These findings suggest that, although the compound exhibits limited 

cell penetration based on growth inhibition zone data, once inside Candida albicans cells it can 

effectively induce DNA strand scission. 

A parallel experiment was conducted with DNA extracted from Escherichia coli (Figure 11b). 

The lane assignments were identical to those described above. Again, lane P displayed intact DNA, 

while lane H confirmed complete oxidative cleavage by H₂O₂. Lane C showed the absence of DNA 

bands, demonstrating that compound (1′) is capable of inducing extensive DNA cleavage in E. coli 

as well. Thus, despite its relatively low ability to infiltrate bacterial cells, the compound exhibits 

pronounced nuclease-like activity once cellular entry is achieved. 

The observed DNA cleavage activity of compound (1′) aligns with reports on other 

coordination compounds and metal–organic polymers that act as artificial nucleases. For example, 

copper(II) coordination polymers containing phenanthroline and azopyridine ligands have been 

shown to cleave plasmid DNA through oxidative mechanisms involving hydroxyl and superoxide 

radicals [60]. Similarly, sulfadoxine-based silver and platinum complexes demonstrated complete 

cleavage of calf thymus DNA, highlighting the role of transition metals in enhancing nuclease 

activity [61]. In another study, complexes tested in the presence of H₂O₂ converted supercoiled 

DNA into nicked and linear forms, confirming their oxidative cleavage potential. 

Compared to these systems, (1′) exhibits comparable efficiency to H₂O₂ in direct DNA 

cleavage, but its cellular uptake appears more restricted, as inferred from antimicrobial zone of 

inhibition data. This duality high nuclease activity but limited penetration distinguishes (1′) from 

other reported complexes that often combine strong DNA cleavage with broader antimicrobial 

activity. Such findings emphasize the importance of both intrinsic nuclease potential and cell 
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permeability in evaluating the biological relevance of coordination compounds. The DNA 

cleavage behavior observed in this study is most reasonably attributed to an oxidative pathway, in 

which the Cu(II) center undergoes redox processes in the presence of an oxidant, giving rise to 

reactive species capable of inducing strand scission. Similar oxidative mechanisms have been 

proposed for other copper-based coordination compounds that function as artificial nucleases. It 

should be noted, however, that a detailed mechanistic investigation would be necessary to clearly 

identify the specific reactive intermediates involved [46]. 

Within this context, the pronounced DNA-cleaving activity observed for compound (1′) 

provides a plausible explanation for its antibacterial effect, particularly when sufficient interaction 

with genetic material takes place. Nonetheless, diffusion-based assays indicate that its overall 

potency remains relatively modest. 
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Figure 11. Gel electrophoresis picture a) C. albicans and b) E. coli for DNA cleavage of 

compound (1′). L, the ladder, P, the control DNA (DNA only), and C, compound (1′) plus DNA 

and H, the combination of DNA and H2O2. 

 

From a functional standpoint, the distorted octahedral geometry observed around the Cu(II) 

center is of particular interest. Coordination environments of this type, especially in Jahn–Teller 

active Cu(II) systems, are often linked to a certain degree of redox flexibility. In this context, such 

structural characteristics may be related to the DNA cleavage activity detected for compound (1′) 

under oxidative conditions, where Cu-centered redox processes are frequently involved. Although 

a detailed mechanistic analysis was not pursued in this study, the crystallographic features of 
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compound (1) offer a plausible structural framework to account for the nuclease-like behavior 

observed at the submicro-scale. Beyond simply defining the extended framework, the hydrogen-

bonding network together with aromatic stacking interactions play a crucial role in shaping how 

the coordination polymer is presented at the molecular surface. These supramolecular 

characteristics can modulate the way the material engages with biological substrates, particularly 

nucleic acids, and may therefore provide an indirect contribution to the DNA-cleavage activity 

observed for compound (1′). 

Compound (1′) exhibited moderate antibacterial activity against both Gram-positive (B. 

subtilis, S. aureus) and Gram-negative (E. coli, P. aeruginosa) bacteria, with inhibition zones of 

6.00–9.26 mm, MIC values of 25–125 µg/mL, and MBC values of 1–25 µg/mL. The MBC/MIC 

ratios below 4 for all tested strains confirm bactericidal activity. The highest activity was observed 

against S. aureus (MIC = 25 µg/mL), while the lowest was against E. coli (MIC = 125 µg/mL). 

Antifungal activity against C. albicans was negligible (inhibition zones of 6–7 mm). 

The antimicrobial activity of compound (1′) is attributed to multiple mechanisms. The Cu(II) 

center interacts with bacterial membranes through electrostatic interactions, causing membrane 

disruption and increased permeability. The 4,4'-bipyridine and 4-carboxybenzaldehyde ligands 

facilitate DNA binding through π–π stacking and intercalation between base pairs. The carboxylate 

group enhances cellular uptake, while the aldehyde moiety can form Schiff bases with amino 

groups of bacterial proteins, leading to protein inactivation. 

Strikingly, compound (1′) exhibited strong DNA cleavage activity comparable to hydrogen 

peroxide (H₂O₂) in gel electrophoresis experiments, completely degrading DNA extracted from 

both C. albicans and E. coli. This broad-spectrum nuclease-like activity arises from copper-
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mediated coordination to DNA phosphate groups and nucleobases, intercalation of aromatic 

ligands between base pairs, and oxidative damage to the deoxyribose backbone. The distorted 

octahedral geometry around the Cu(II) center, with its Jahn–Teller elongation, provides an 

accessible coordination site for DNA binding, while the aromatic ligands enhance intercalation 

through π–π stacking interactions. 

The duality of strong DNA cleavage but moderate antibacterial activity suggests that limited 

cellular penetration, rather than lack of biochemical potency, is the primary factor restricting the 

overall antimicrobial efficacy. The dense 2D layered structure, lack of porosity, and bulky 4-

carboxybenzaldehyde ligands likely hinder diffusion across bacterial membranes, particularly the 

outer membrane of Gram-negative bacteria. This interpretation is supported by the lower activity 

against Gram-negative strains compared to Gram-positive ones, consistent with the additional 

permeability barrier in Gram-negative organisms. 

In the context of antimicrobial resistance, compound (1′) offers advantages through its multi-

target mechanism simultaneously affecting DNA, proteins, and membrane integrity making it 

difficult for bacteria to develop resistance through single mutations. Its potent nuclease activity 

and bactericidal nature position it as a promising lead compound for further optimization. Future 

research should focus on enhancing cellular permeability through structural modifications such as 

introducing hydrophilic groups, reducing particle size, or designing more porous frameworks 

while preserving the strong DNA cleavage capability. These findings provide a foundation for the 

rational design of Cu(II)-based coordination polymers as next-generation antimicrobial agents to 

combat multidrug-resistant pathogens. 
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Compound (1′) showed moderate to low antibacterial activity against Gram-positive (B. subtilis 

and S. aureus) and Gram-negative (E. coli and P. aeruginosa) bacteria, with inhibition zones of 

6.00–9.26 mm at 25–100 mg/mL and MIC values of 25–125 µg/mL. The highest activity was 

against S. aureus (MIC = 25 µg/mL). In contrast, the reference Cu(II) complexes (Kumar, Atria, 

Wang) were not evaluated for antibacterial activity in their respective studies, though similar 

complexes are known to exhibit moderate to good activity [49-51]. The relatively low activity of 

compound (1′) is attributed to its dense 2D structure, bulky ligands, and limited surface area, which 

restrict cellular penetration. However, compound (1′) exhibited strong DNA cleavage activity 

comparable to H₂O₂, indicating significant intrinsic nuclease-like potential, suggesting that its low 

antibacterial activity is due to poor cellular uptake rather than lack of biochemical reactivity (Table 

S6). 

4. Conclusion 

In this study, a new 2D Cu(II) coordination polymer was synthesized as bulk single crystals and 

as submicro-particles via ultrasound. SCXRD revealed a distorted octahedral Cu(II) geometry, 

while Hirshfeld analysis highlighted hydrogen bonding and π–π stacking as key stabilizing forces. 

The sonochemically prepared material exhibited plate-like morphology with narrow size 

distribution. Biological evaluations showed moderate, concentration-dependent antibacterial 

activity against both Gram-positive and Gram-negative bacteria, though lower than standard 

antibiotics. Notably, compound (1′) displayed strong DNA cleavage under oxidative conditions, 

indicating significant nuclease-like potential linked to its Cu(II) coordination environment. These 

findings establish a foundation for designing copper-based coordination polymers with tunable 

biological performance. 
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