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Abstract: Three complexes of Cd(II), [Cd(NA)₂(NO₃)₂(H₂O)₂] (1), 

[Cd(NA)₂(NO₃)₂(H₂O)₂]·2NA (2), and [Cd(ox)(NA)(H₂O)]·H₂O (3) (NA = nicotinamide, ox 

= oxalate) were synthesized and characterized. Complexes (1) and (2) are mononuclear, 

while complex (3) is a bidimensional polymeric coordination compound, with oxalate 

anions bridging metal ions in two different ways: µ₂ bis-bidentate chelating manner and 

µ₄ bis-bidentate bis-monodentate manner. The stereochemistry of Cd(II) in compounds 

(1) and (3) is a distorted pentagonal bipyramid, while in compound (2) it is a regular 

octahedron. Complexes (1) and (2) demonstrated significant activity against Enterococcus 

faecalis and Escherichia coli, showcasing their potential as effective antibacterial agents and 

inhibitors of microbial adhesion. The complexes were characterized by means of single-

crystal X-ray diffraction, elemental analysis, FTIR (all complexes), 1H NMR, 13C NMR, 

fluorescence spectroscopy, and antimicrobial activity (complexes (1) and (2)). 

Keywords: Cd(II) complexes; nicotinamide; pentagonal bipyramid geometry; hydrogen 

bonds 

 

1. Introduction 

Nicotinamide is the main form of vitamin B3, together with nicotinic acid and 

nicotinamide riboside [1]. All of these molecules, together with the amino acid 

tryptophan, are precursors of nicotinamide adenine dinucleotide (NAD⁺), a coenzyme 

that is synthesized most easily, in only two steps, from nicotinamide [2,3]. In turn, NAD⁺ 

is the precursor of another important coenzyme, nicotinamide adenine dinucleotide 

phosphate (NADP⁺), with the two coenzymes differing by a phosphate group, provided 

by an ATP molecule [4]. NAD⁺ plays an important role in catabolic reactions, such as 

glycolysis, the Krebs cycle, and oxidative phosphorylation [5,6]. On the other hand, the 

NADP⁺/NADPH couple is involved in anabolic processes, such as the biosynthesis of 
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nucleic acids and fatty acids, while NADPH is a crucial component of the cellular 

antioxidation systems [7]. Moreover, NADPH has an essential role in xenobiotic 

biotransformation via NADPH-cytochrome P450 reductase [8–10]. 

Accordingly, humans need an adequate daily intake of nicotinamide, which means 

an amount of 16 mg for men and 14 mg for women [11]. A lack of sufficient vitamin B3 in 

the diet leads to pellagra, a disease also called the “disease of the 3 D’s” due to its 

characteristic symptoms: dermatitis, diarrhea, and dementia. Pellagra was first described 

over two centuries ago in Spain [12]. It is prevalent in malnourished populations because 

the primary dietary source of nicotinamide is meat and its derivatives [13]. In the USA, 

between 1907 and 1940, 100,000 people died from this disease [14]. 

On the other hand, cadmium compounds are well-known for their toxic effects. In 

the 1960s, the Itai-itai disease in Japan was recognized to be caused by this harmful 

chemical element. At the end of the last century, 410 people were diagnosed or suspected 

of suffering from this condition [15]. Accordingly, there has been significant interest in 

recent years in studying the interaction of cadmium with endogenous molecules, such as 

amino acids and peptides [16–18]. Some of these interactions have been studied for 

applications in soil remediation [19] or to estimate stability in seawater [20]. Among these 

studies are complexes of Cd(II) with amino acids and vitamins as mixed ligands [21,22]. 

Extensive studies have also been conducted on the coordination compounds formed 

by Cd(NO₃)₂ with various ligands containing N and O donor atoms. Among these, 3-

aminoquinoline acts in a monodentate mode with cadmium adopting a tetrahedral 

geometry [23] or in a bridging mode, generating bi- or polynuclear complexes, with 

cadmium exhibiting a coordination number of seven in both cases [24]. Additionally, 

cadmium nitrate has been used as a precursor for obtaining the clathrate 

[Cd(stpy)₃(NO₃)₂]·1/2 stpy, where stpy = trans-4-styrylpyridine. The geometry of the metal 

ion is a pentagonal bipyramid, with nitrate groups acting in a bidentate chelating manner 

[25]. On the other hand, oxalate is a well-known versatile ligand, which can exhibit 17 

coordination modes [26], generating a plethora of polynuclear coordination compounds, 

with interesting structures and promising magnetic or electrochemical properties [27]. 

Among them, 1D, 2D, and 3D Cd(II) polymeric complexes, with oxalate as co-ligand, were 

synthesized and characterized [28,29]. 

When integrated into complexes, nicotinamide has the potential to enhance 

pharmacological effect through improving metal transport and distribution to cells. 

Numerous investigations have demonstrated that nicotinamide-based complexes have 

significant antibacterial and antioxidant properties [30–33]. Furthermore, nicotinamide 

acts as an active component in metal complexes, enhancing interactions with enzymes and 

DNA [34–36]. Configurations that expose the nicotinamide ligand can further boost 

bioavailability, making these compounds intriguing for medicinal purposes [37]. 

Although not innately antibacterial, nitrate (NO₃⁻) plays a vital role in metabolic 

pathways that create antimicrobial compounds like nitrites (NO₂⁻) and nitric oxide (NO) 

[38–40]. Under specific physiological or environmental circumstances, these chemicals 

have potent antibacterial activity [41–43]. NO, produced by nitrate reduction, disrupts 

bacterial biofilms by altering quorum sensing (a bacterial communication mechanism 

essential for sessile cells) or damaging biofilm structural integrity, rendering bacteria more 

susceptible to antimicrobial treatments. Since biofilms are highly resistant to conventional 

antibiotics, nitrate-derived NO offers a valuable strategy for addressing chronic infections 

associated with biofilms, such as dental plaque and chronic wounds [44]. 

Oxalate complexes may exhibit reduced toxicity due to their high stability, which 

limits the release of free cadmium ions [45]. Furthermore, these complexes may have 

antioxidant action due to the oxalate ligand’s capacity to scavenge free radicals [46,47]. In 

this context, we developed a synthesis strategy to obtain cadmium complexes with 
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nicotinamide, nitrate, and oxalate as mixed ligands. As a result, we synthesized three new 

coordination compounds (Scheme 1), one of which is a 2D polynuclear complex with 

oxalate and nicotinamide as mixed ligands. The other two are mononuclear complexes 

with nicotinamide and nitrate as mixed ligands, exhibiting different geometries of the 

metal ion and different coordination modes of the nitrate ions. The structure of complex 

2 was previously reported, but the compound was not further characterized [48]. 

 
(a) 

 
(b) 

 
(c) 

Scheme 1. Chemical diagrams of investigated complexes: (a) [Cd(NA)₂(NO₃)₂(H₂O)₂]; (b) 

[Cd(NA)₂(NO₃)₂(H₂O)₂]·2NA; (c) [Cd(ox)(NA)(H₂O)]·H₂O   . 

2. Materials and Methods 

2.1. Materials 

The chemicals used for this research were purchased from Sigma-Aldrich 

(Darmstadt, Germany) as reagent grade and were used as received, without further 

purification. A FlashSmart from Thermo Fisher Scientific company, USA, MA, Waltham 

was used for chemical analyses (C, H, and N). 
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2.2. Synthesis of Complexes 

[Cd(NA)₂(NO₃)₂(H₂O)₂] (1): To a solution containing cadmium(II) nitrate 

tetrahydrate (0.309 g, 1 mmol) in 10 mL ethanol, a solution of nicotinamide (0.244 g, 2 

mmol) dissolved in 10 mL ethanol was added. The mixture was magnetically stirred at 

room temperature for 3 h and then left at room temperature for slow evaporation. After a 

few days, white crystals suitable for X-ray analysis were obtained (0.131 g, 25.35% yield 

based on Cd(NO3)2. 4H2O). 

C12H16N6O10Cd 

Found (%): C, 28.54; H, 3.17; N, 16.7. Calculated (%): C, 27.88; H, 3.09; N, 16.36. 

IR(cm−1): υas (N-H), 3376 m; υs (N-H), 3204 m; υ (C-H), 3075 w; υ (C-H), 2977 w; υ (C=O), 

1671 s; υ (C=N), 1637 m; δ (N-H), 1596 m; υas(ONO), 1550 w; υ(C-C) + υas(ONO), 1366 vs; 

υs(ONO), 1296 vs; υ (C-NH2), 1204 w; δ (C-H), 1141 w; δ (C-H), 1118 w; δ (C-H) + υ (C-C), 

1044 m; υ (C-C), 925 w; δ (ONO), 841 w; δ (ONO), 819 w; υ (C-H), 766 m; ρw (NH2), 672 m; 

ρw (H2O), 572 vs; δ (C-NH2) + γ (C=O), 492 vs. 

[Cd(NA)₂(NO₃)₂(H₂O)₂]·2NA (2): A mixture of cadmium(II) nitrate tetrahydrate 

(0.155 g, 0.5 mmol) and nicotinamide (0.244 g, 2 mmol) was dissolved in 15 mL of an 

ethanol–water mixture (1:1). The solution was magnetically stirred for 15 min and then 

refluxed for 1 h on a water bath. After filtration, the solution was left for slow evaporation, 

and after a few days, white crystals suitable for X-ray analysis were obtained. 

An alternative synthesis was performed as follows: 0.172 g (1 mmol) of CdCO₃ was 

added to 5 mL of nitric acid solution prepared by dissolving 0.1 mL of HNO₃ (63%) in 5 

mL water. To this solution, nicotinamide (0.244 g, 2 mmol) dissolved in 15 mL water was 

added. The mixture was stirred for 10 min at room temperature and then refluxed for 30 

min. The solution was cooled and left for slow evaporation. After one week, white crystals 

were obtained and characterized by single-crystal X-ray diffraction, confirming the compound 

as [Cd(NA)₂(NO₃)₂(H₂O)₂]·2NA (0.514 g, 67.54% yield, based on Cd(NO3)2. 4H2O). 

C24H28N10O12Cd 

Found(%): C, 37.5; H, 3.75; N, 17.67. Calculated(%): C, 37.84; H, 3.68; N, 18.39. 

IR(cm−1): υ (O-H), 3425 m; υas (N-H), 3391 m; υas (N-H), 3309 m; υs (N-H), 3181 m; υ (C=O), 

1667 s; υ (C=N), 1622 s; δ (N-H), 1597 s; δ (O-H), 1476 w; υas(ONO) + υ(C-C), 1390 s; 

υs(ONO), 1315 vs; υ (C-NH2), 1200 m; δ (C-H), 1136 m; δ (C-H), 1093 w; δ (C-H) + υ (C-C), 

1045 m; υ (C-C), 943 w; δ (ONO), 822 m; υ (C-H), 791 m; 748 m; ρw (NH2), 699 s; δ(CCC), 

644 w; ρw (H2O), 552 vs; δ (C-NH2) + γ (C=O), 519 vs. 

[Cd(ox)(NA)(H₂O)]·H₂O (3): A mixture of CdCO₃ (0.172 g, 1 mmol) and H₂C₂O₄·2H₂O 

(0.126 g, 1 mmol) was dissolved in 5 mL water and gently stirred for 5 min. To this 

solution, nicotinamide (0.122 g, 1 mmol) dissolved in 15 mL water was added. The final 

solution was magnetically stirred for 2 h at room temperature and then for another 15 min 

at 100 °C. After cooling and filtration, the solution was left at room temperature for slow 

evaporation. In three weeks, white crystals suitable for X-ray diffraction were separated 

(0.031 g, 8.64% yield based on CdCO3). 

C8H10N2O7Cd 

Found(%): C, 27.00; H, 2.91; N, 8.21. Calculated(%): C, 26.77; H, 2.78; N, 7.80. IR (cm−1): 

υ (O-H), 3500–3000 m; υas (N-H), 3375 m; υas (N-H), 3263 m; υs (N-H), 3170 m; υs (N-H), 

3116 m; υ (C=O), 1697 vs; υas (C=O), 1663 vs; δ (O-H), 1458 w; υs (C=O), 1408 m; υs (CO) + 

δ(O-C=O), 1305 w; υ (C-NH2), 1200 m; υ (C-N), 1160 w; δ (C-H), 1133 m; δ (C-H) + υ (C-C), 

1040 w; υ (C-C), 949 w; υ (C-H), 807 m; ρw (NH2), 685 m; δ(CCC), 654 m; ρw (H2O), 543 m; 

δ (C-NH2) + γ (C=O), 509 m. 
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2.3. Single Crystal X-Ray Diffraction and Refinement 

The single crystals were carefully mounted on fine nylon loops coated with inert oil 

and positioned on the goniometer of a SuperNova diffractometer. This diffractometer is 

equipped with dual X-ray micro-sources (Mo and Cu), operating at 50 kV and 0.8 mA, 

and utilizes an Eos CCD detector. Experimental data collection, along with corrections for 

Lorentz, polarization, and absorption effects, was performed using the CrysAlis PRO 

software [49]. 

The structures of complexes (1) and (3) were solved using Intrinsic Phasing with the 

SHELXT program [50]. All structures were further refined using Least Squares with the 

SHELXL program [51]. All structural solutions and refinements were carried out within 

the Olex2 package [52]. 

For the refinement, hydrogen atoms bonded to carbon were located and treated as 

riding atoms. The isotropic displacement parameters (Uiso) for hydrogen atoms were set 

to 1.2 Ueq(C) for NH2 and tertiary (CH) groups, with bond lengths of 0.88 Å  and 0.95 Å , 

respectively. OH groups were refined with Uiso = 1.5 Ueq(C) and an O-H bond length of 

0.85 Å . 

2.4. Fourier-Transform Infrared Spectroscopy (FT-IR) 

FT-IR spectra were recorded in the range of 400–4000 cm−1, using a Jasco FT-IR 4200 

spectrometer coupled with an ATR (Pike GradiATR) unit. 

2.5. Liquid Nuclear Magnetic Resonance Spectroscopy (NMR) 

The NMR spectra were recorded on a Bruker Avance III Ultrashield Plus 500 MHz 

spectrometer, operating at 11.74 T, corresponding to the resonance frequency of 500.13 

MHz for the 1H nucleus, equipped with a direct detection four-nuclei probe head and 

field gradients on the z-axis. 

2.6. Thermogravimetric Analysis (TG) 

The heating curves (TG) were recorded using a Metler Toledo TGA/SDATA 851 

instrument. The measurements were carried out in synthetic air, with a heating rate of 10 

K/min. 

2.7. Photoluminescence 

The fluorescence spectra were recorded on powder using a JASCO FP-6500 

spectrofluorometer. 

2.8. Elemental Analysis 

A FlashSmart Thermo Fisher Scientific elemental analyzer was used for chemical 

analyses (C, H, and N). 

2.9. Antimicrobial Activity 

Qualitative assessment of antimicrobial activity: Microbial suspensions were 

prepared and standardized to 1.5×10⁸ CFU/mL (0.5 McFarland). These suspensions were 

derived from 18–24 h cultures grown on solid media (Mueller–Hinton). The antimicrobial 

activity was evaluated using an adapted diffusion method in accordance with the CLSI 

(Clinical and Laboratory Standards Institute) guidelines for antibiotic activity control. The 

stock solutions for each compound were 10 mg/mL in DMSO. A solvent control was 

included for all variants. Each stock solution (10 µL) was spotted on the medium 

inoculated with the test strains. The formation of an inhibition zone around the sample 

spot on the culture medium was recorded as a positive result, and the diameters of the 
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inhibition zones (DIZ, mm) were measured. Reference discs used for control were as 

follows: kanamycin (30 µg) for Gram-positive bacteria and piperacillin (30 µg) for Gram-

negative bacteria. 

Quantitative assessment of antimicrobial activity was conducted using the serial two-

fold microdilution method in Tryptone Soy Broth within a 96-well plate. The working 

concentration of stock solutions ranged between 5 and 0.08 mg/mL. Concurrently, serial 

dilutions in DMSO were prepared under identical conditions to serve as solvent controls 

for each strain. Each well received 10 µL of a microbial suspension standardized to 0.5 

McFarland, derived from 18–24-h-old cultures. The negative and positive controls 

consisted of the culture medium (with 10 µL of NaCl 0.9%) and untreated microbial 

growth (with 10 µL of microbial suspension), respectively. MIC values were determined 

spectrophotometrically by measuring absorbance at 620 nm. The data were analyzed 

using the Inhibitor vs. Response analysis function in Prism GraphPad 10.0 software to 

calculate the IC50 (the concentration that inhibited 50% of the growth of the untreated 

microbial inoculum). 

Evaluation of Microbicidal Activity: To determine the minimum microbicidal 

concentrations (MMC), 5 µL of culture from each well was plated onto agar medium. The 

plates were then incubated at 37 °C for 20–24 h. 

Microbial Adherence: After the evaluation of MICs, microbial adherence was 

quantified using the slime method according to [53]. 

Statistical Analysis: Data are reported as means ± standard deviation from duplicate 

analyses. Statistical analysis was conducted using GraphPad Prism 10.0. Two-way 

ANOVA followed by Tukey’s multiple comparisons test was used to evaluate the 

comparison between IC50 values of the samples and the solvent. 

3. Results 

3.1. Crystal Structures Descriptions 

The detailed crystallographic and refinement data of the analyzed crystals are 

displayed in Table S1. 

Complex (1) 

Using single crystal X-ray diffraction analysis, it was found that complex (1) is 

mononuclear, with the asymmetric unit illustrated in Figure 1a. The complex crystallizes 

in the centrosymmetric P-1 space group. The coordination environment consists of one 

central metal atom (Cd2⁺), two monodentate nicotinamide molecules coordinating via the 

N3 and N4 nitrogen atoms of the pyridine rings, one bidentate coordinated nitrate anion 

(NO₃−), one monodentate coordinated nitrate anion (NO₃−), and two water molecules from 

the recrystallization medium. Complex (1) is a µ₂ bis-bidentate chelating complex with a 

distorted pentagonal bipyramid configuration. The pyridine-to-metal distances are 2.295 

Å  and 2.292 Å , while the coordination distances with the nitrate anion are 2.442 Å  and 

2.656 Å . The metal-to-water molecule distances are 2.306 Å  and 2.335 Å , respectively. 

The cohesion within the crystal lattice is driven by a combination of O-H···O, N-H···O, 

and C-H···O hydrogen bonds, where the water molecules, the NH₂ groups of the amide, 

and CH groups of the phenyl rings act as donors, while the nitrate anions and the two 

oxygen atoms of the amide groups serve as hydrogen bond acceptors (Table S2). An 

overall crystal packing diagram of complex (1) is depicted in Figure 1b. 
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(a) 

 
(b) 

Figure 1. Asymmetric unit of complex (1) illustrating the atoms as thermal ellipsoids at a 50% 

probability level (a); unit cell packing along a-axis (b). 

Complex (3) 

Complex (3) crystallizes in the centrosymmetric P-1 space group of the triclinic 

crystal system. The asymmetric unit consists of one metal cation (Cd2⁺), one nicotinamide 

molecule coordinated to the metal via the N1 nitrogen of the pyridine ring, two water 

molecules, and two halves of oxalate anions coordinated to the metal via O2 and O4. The 

overall coordination environment in complex (3) is characterized by two metal centers 

adopting a bidimensional polymeric coordination configuration, with oxalate anions 

bridging the metal cations in two different ways: µ₂ bis-bidentate chelating and µ₄ bis-

bidentate bis-monodentate (Figure 2a). 

In the direction of the b-axis, the oxalate anions and both water molecules, via O-

H···O hydrogen bonding, serve as bridges in coordination, forming infinite chains (Figure 

2b). These chains are extended and linked to parallel chains located one unit cell away in 

the direction of the c-axis via combinations of N-H···O and C-H···O intermolecular 

interactions, where the amide and CH groups of the pyridine rings act as hydrogen bond 

donors, while the oxygen atoms of the oxalate anions serve as acceptors. It is worth noting 

that the stability is further enhanced by π···π interactions (3.199 and 3.357 Å ) which take 

place between pyridine rings (Table S2). 
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(a) 

 
(b) 

Figure 2. Coordination environment in complex (3) (a); crystal packing along oa-axis and 

intermolecular interactions (b). 

3.2. FT-IR Spectroscopy 

The spectra of complexes (1) and (2) exhibit broad bands between 3600 and 3000 cm⁻1, 

assigned to the υ (O-H) vibrations of the coordinated water molecules. Additionally, the 

wagging vibrations, recorded as strong bands at 580–550 cm⁻1, belong to these molecules. 

The peaks at 3376 and 3204 cm⁻1 in the spectrum of complex (1) are due to 

asymmetrical and symmetrical N–H stretching vibrations. For complex (2), the spectrum 

reveals two asymmetrical valence vibrations specific to the N–H bonds of the amido 

group, at 3391 and 3309 cm⁻1. These correspond to the two types of nicotinamide 

molecules in the complex—uncoordinated and coordinated to the metal ion. Furthermore, 

the N–H in-plane bending vibration appears as a strong band at 1596–1597 cm⁻1. 

The absorptions observed at 1620–1640 cm⁻1 are assigned to υ (C=N) vibrations from 

the pyridinic ring of the nicotinamide molecules [54]. In both spectra, very strong bands 

characteristic of the symmetric stretching vibration of the nitrate group are detected. They 

appear at 1296 cm⁻1 in complex (1) and at 1315 cm⁻1 in the spectrum of complex (2). 

For complex (2), the band of the asymmetric valence vibration υₐₛ (ONO) probably 

overlaps with the strong band at 1390 cm⁻1, while the band due to δ (ONO) vibration 

appears at 822 cm⁻1. In the spectrum of complex (1), two coordination modes of the nitrate 

group are observed: monodentate and chelating bidentate. At 1550 cm⁻1, the band of υₐₛ 

(ONO) of the chelating nitrate was identified, while the similar ban for the monodentate 

group overlaps with that of the υ (C-C) vibration, resulting in the very strong absorption 

at 1366 cm⁻1. This assignment is consistent with the much smaller difference Δ = υₐₛ 

(ONO)—υₛ (ONO) specific to the monodentate coordination mode versus the chelating 

bidentate one. Additionally, at 841 and 819 cm⁻1, two characteristic bands of the δ (ONO) 

vibrations of the two differently coordinated nitrate groups were identified [25,55]. 
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The IR spectrum of complex (3) shows characteristic bands of υ (O-H) valence 

vibrations (3500–3000 cm⁻1), υₐₛ (N–H) and υₛ (N–H) vibrations, appearing at 3375 cm⁻1 

and 3263 cm⁻1, and at 3170 cm⁻1 and 3116 cm⁻1, respectively. The presence of the oxalate 

group in the complex is supported by the very strong band at 1663 cm⁻1, corresponding 

to υₐₛ (C=O) stretching vibrations, and the bands at 1408 cm⁻1 and 1309 cm⁻1, attributed to 

υₛ (C=O) and υₛ (C=O) + δ (O-C=O) vibrations [55]. 

In addition to the broad band from 3500 to 3000 cm⁻1, the existence of water molecules 

is confirmed by the peak at 543 cm⁻1, attributed to ρw (H₂O). 

3.3. Liquid Nuclear Magnetic Resonance Spectroscopy (NMR) 

1H-NMR (500 MHz, DMSO-d6, δ ppm, J Hz): 9.02 (s, 2H, H-1), 8.69 (d, 2H, H-5, 4.0 Hz), 

8.21 (dt, 2H, H-3, 1.8 Hz, 7.9 Hz), 8.16 (s, 2H, NH2), 7.59 (s, 2H, NH2), 7.50 (dd, 2H, H-4, 

4.9 Hz, 7.7 Hz) ppm. 
13C-NMR (125 MHz, DMSO-d6, δ ppm): 166.4, 151.8, 148.7, 135.3, 129.7, 123.5 ppm. 

[Cd(NA)2(NO3)2(H2O)2].2NA (2) 
1H-NMR (500 MHz, DMSO-d6, δ ppm, J Hz): 9.02 (d, 4H, H-1, 1.8 Hz), 8.69 (dd, 4H, H-

5, 1.5 Hz, 4.8 Hz), 8.21 (dt, 4H, H-3, 1.8 Hz, 7.9 Hz), 8.16 (s, 4H, NH2), 7.60 (s, 4H, NH2), 

7.50 (dd, 4H, H-4, 4.8 Hz, 7.8 Hz) ppm. 
13C-NMR (125 MHz, DMSO-d6, δ ppm): 166.4, 151.8, 148.7, 135.3, 129.7, 123.5 ppm. 

The 1H-NMR and 13C–NMR spectrums of compound [Cd(NA)2(NO3)2(H2O)2].2NA 

are prezented in Figures S1 and S2. Figure 3 shows the structure of nicotinamide and the 

numbering of its atoms, while the 1H NMR spectrum of complex (1) is shown in Figure 4. 

 

Figure 3. Chemical structure of nicotinamide. 

 

Figure 4. 1H NMR spectrum of the complex [Cd(NA)2(NO3)2(H2O)2]. 

Complexes (1) and (2) exhibit signals at six different positions in the range of 

chemical shifts δ ~ 9 to 7.5 ppm. The protons from the amino group are non-equivalent 

N

NH2

O

1

2
3

4

5
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and they are observed around 8.2 and 7.6 ppm, while the protons from the aromatic ring 

of nicotinamide appear at about 9.0, 8.7, 8.2, and 7.5 ppm. In complex (2), all the protons 

from the two types of nicotinamide are magnetically equivalent, and that is why only six 

signals appeared in the carbon spectrum. 

3.4. Thermogravimetric Analysis 

The TG curves of complexes (1) and (2) were recorded up to 900 °C. Both of them 

show four weight loss steps. In complex (1), the first step of decomposition takes place in 

the range of 75–190 °C and is caused by the elimination of the coordinated water 

molecules (found = 6.42%; calculated = 6.96%). The second step (190–330 °C) corresponds 

to the loss of both nicotinamide molecules (found/calculated = 46.2%/47.2%), while the 

third and the fourth step are recorded in the ranges of 330–390 °C and 390–520 °C. They 

correspond to the elimination of nitrate groups (23.92 found/23.99 calculated). The residue 

of decomposition is the metal oxide. The thermogram of complex (1) is presented below 

in Figure 5. 

 

Figure 5. The TG curve of complex (1). 

Complex (2) decomposes in four steps as well. The first (105–190 °C) is due to the loss 

of the two coordinated water molecules (5.25%—found, 4.73%—calculated). The 

following stages take place in the temperature ranges of 190–290 °C and 290–370 °C, 

respectively, and they are probably due to the loss of the coordinated and lattice 

nicotinamide molecules (Figure S3). The last step of decomposition is recorded in the 

range of 370–520 °C and corresponds to the elimination of nitrate groups. The residue 

consists of CdO and, probably, residual carbon. 

3.5. Photoluminescence 

The room temperature photoluminescence of compound (1) was explored using 

excitation wavelengths from the 290–320 nm range. The emission spectrum obtained by 

excitation at 300 nm displays an asymmetric band with maxima at 415 nm and a 

“shoulder” at around 468 nm (Figure 6). Because d10 metal ions are usually not oxidized 

or reduced, the observed peaks probably originate in intraligand transitions. The band 

with a maximum at 415 nm could be assigned to a π* → π transition, while the shoulder 

is attributable to a π* → n transition. This is a feature of the excitation spectra characteristic 

of heterocyclic ligands with nitrogen atoms [56,57]. Complex (2) was also tested, but it 

does not show luminescence properties. 
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Figure 6. The solid-state emission spectrum for the compound (1) obtained by excitation at 300 nm. 

Photoluminescence is an important feature for biologically active compounds since 

it has several applications in monitoring, detecting, and assessing their interactions in 

biological contexts. This feature can assist in analyzing the compound’s behavior in 

various conditions, offering information into the degree of solubility, stability, and 

distribution in an in vitro or in vivo model [58,59]. 

3.6. Antimicrobial Investigation 

The antimicrobial activity for compound 3 was not assessed due to its inability to 

solubilize in DMSO and its sensitivity to structural changes. 

The evaluation of qualitative antimicrobial activity provides an initial indication of a 

compound’s ability to inhibit microbial growth, serving as an important stage in the 

discovery of new antibacterial agents. These qualitative tests allow for a rapid assessment 

of the spectrum of antimicrobial activity. Table 1 displays the (DIZ) for each sample. The 

largest inhibition zone was observed for the sample of complex (2) against the E. coli strain, 

while the most active compound against S. aureus was (1). 

For all samples, the (DIZ) were significantly larger than those of the solvent control 

(DMSO, p < 0.0001). However, none of the samples demonstrated activity against the E. 

faecalis strain (Figure 7). This suggests that the antimicrobial activity is more effective 

against Gram-negative bacteria. Hydrophobic compounds may have limited diffusion 

due to lower solubility in the agar medium, potentially leading to smaller inhibition zones 

even if the compound has significant antimicrobial activity. Hydrophobic compounds are 

generally more effective in penetrating microbial cell membranes, particularly those of 

Gram-negative bacteria, which have outer membranes rich in lipopolysaccharides [60,61]. 

This could explain the enhanced activity against Gram-negative strains. 

Table 1. The results of the qualitative testing of antimicrobial activity on strains of S. aureus, E. 

faecium, E. coli, and P. aeruginosa. 

Sample S. aureus E. faecalis E. coli  P. aeruginosa 

(2) 7.50 ± 0.58 0.00 ± 0.00 9.50 ± 0.58 5.75 ± 0.96 

(1) 8.00 ± 1.41 0.00 ± 0.00 9.00 ± 1.41 6.5 ± 1.00 

Kanamycine (K) 24.67 ± 0.58 16.33 ± 0.58 - - 

Piperacillin (PRL) - - 22.33 ± 0.58 12.00 ± 1.00 

DMSO 3.50 ± 0.71 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 
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Figure 7. Comparative qualitative evaluation of antibacterial activity between samples and the 

solvent (DMSO) against microbial strains (* p < 0.05, ** p < 0.01, **** p < 0.0001). 

In Table 2, the quantitative parameters of antimicrobial activity are summarized. The 

sample of complex (2) was particularly effective against the E. faecalis, E. coli, and P. 

aeruginosa strains, with a MIC of 0.625 mg/mL, which was lower than that of the solvent 

control. Similarly, the sample of complex (1) exhibited higher activity against E. faecalis 

(0.3125 mg/mL) and P. aeruginosa (0.625 mg/mL) strains. 

The efficacy of complexes (1) and (2) may be attributed to their molecular structures, 

which likely contain functional groups or features that facilitate interaction with microbial 

cell components, such as the cell wall, membrane, or essential enzymes. Notably, the 

minimum microbicidal concentration (MMC) was lower than that of the solvent control 

only for Gram-positive bacteria. 

Statistical analysis of IC50 values revealed no significant differences between 

complexes (1) and (2) (p > 0.05), though both exhibited significantly higher antimicrobial 

activity compared to DMSO (p < 0.0001; Figure 8). The antimicrobial activity against the 

tested strains followed the following order: S. aureus < E. coli < P. aeruginosa < E. faecalis. 

The discrepancies between the diffusion and microdilution methods highlight the 

influence of compound properties (e.g., hydrophobicity, diffusion capacity) and bacterial 

cell wall structure on antimicrobial activity. For E. faecalis, the lack of observable activity 

in the diffusion test underscores the limitations of agar-based methods for hydrophobic 

compounds, while the enhanced activity in microdilution reflects their true potential 

when diffusion barriers are removed [62,63]. 
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Table 2. The quantitative evaluation of antimicrobial activity expressed by the minimum inhibitory 

concentration (MIC), the minimum microbicidal concentration (MMC), and the concentration 

required to reduce microbial viability by 50% (IC50). 

 
Analytical 

Parameter 

S. aureus 

ATCC 6538 

E. faecalis 

ATCC 29212 

E. coli ATCC 

25922 

P. aeruginosa 

ATCC 27853 

(2) 

MIC (mg/mL) 1.25  0.625 0.625 0.625 

MMC (mg/mL) 2.5 5 2.5 2.5 

IC50 (mg/mL) 0.636 ± 0.077 0.059 ± 0.006 0.282 ± 0.031 0.294 ± 0.006 

(1) 

MIC (mg/mL) 1.25 0.3125 1.25 0.625 

MMC (mg/mL) 2.5 5 2.5 2.5 

IC50 (mg/mL) 0.601 ± 0.034 
0.1057 ± 

0.016 
0.325 ± 0.062 0.297 ± 0.008 

DMSO 

MIC (mg/mL) 2.5 2.5 2.5 1.25 

MMC (mg/mL) 5 >5 2.5 2.5 

IC50 (mg/mL) 1.608 ± 0.004 0.968 ± 0.069 0.642 ± 0.006 0.524 ± 0.024 

 

Figure 8. Antimicrobial activity expressed as IC50 and the correlation with the solvent activity used 

against Gram-positive and Gram-negative bacteria strains (*** p < 0.01, **** p < 0.0001). 

The IC50 values obtained for complexes (1) and (2) demonstrate significant 

antimicrobial activity compared to DMSO, emphasizing that they are directly involved in 

the bacteria growth. The observed variances between bacterial strains are related to 

structural differences, such as cell wall thickness or resistance mechanisms, and the 

chemical characteristics of the complexes, such as hydrophobicity [64]. 

The microdilution method for establishing IC50 values gives a more precise 

assessment of antibacterial activity by eliminating the diffusion challenges seen in agar-

based approaches. Despite the lack of apparent action in diffusion tests, the low IC50 

values for E. faecalis demonstrate the compounds’ significant therapeutic potential. Gram-

positive bacteria, such as E. faecalis, have a thick peptidoglycan-rich cell wall, which 

allows some chemicals, particularly metal complexes, to pass through more readily. This 

permeability may explain E. faecalis’ sensitivity (low IC50). The differences between S. 

aureus and E. faecalis are most likely related to alterations in peptidoglycan thickness or 
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plasma membrane composition, both of which are somewhat affected by the chemical 

structure of the complexes [65]. 

Gram-negative bacteria, on the other hand, have a more complicated cell wall 

structure, including an outer membrane rich in lipopolysaccharides (LPSs), which serves 

as a barrier to many antimicrobial drugs. E. coli was more susceptible among Gram-

negative bacteria strains than P. aeruginosa, most likely due to variations in membrane 

composition. P. aeruginosa possesses a more efficient efflux pump mechanism and a more 

impermeable membrane barrier, which help it tolerate antimicrobial drugs. E. coli has a 

more porous and sensitive membrane than other Gram-positive bacteria, although it is 

still more resistant [66,67]. 

The impact of the newly synthesized compounds against microbial adhesion, the first 

stage of biofilm growth, was also assessed. The MBEC values are provided in Table 3 The 

compounds with MBEC values lower than their MIC values were considered effective in 

inhibiting microbial adhesion. However, none of the compounds demonstrated a 

reduction in microbial adherence at concentrations below their MIC values. The fact that 

none of the compounds reduced microbial adhesion at concentrations below their MIC 

values suggests that their anti-adhesive activity is closely linked to their antimicrobial 

activity. This implies that the compounds likely disrupt microbial adhesion by interfering 

with cell viability, rather than by targeting specific adhesion processes [68]. 

Table 3 indicates that the MBEC values for all strains, except E. coli, were lower for 

both samples compared to the solvent control. For the E. coli strain, the sample of complex 

(1) showed the same effect as DMSO (highlighted in blue in Table 3). 

Table 3. Minimum concentration for inhibiting microbial adhesion to an inert substrate (blue—

MBEC sample < MBECDMSO). 

 

(2) (1) DMSO 

MIC 

(mg/mL) 

MBEC 

(/mL) 
MIC (/mL) 

MBEC 

(/mL) 
MIC (/mL) 

MBEC 

(/mL) 

S. aureus ATCC 

6538 
1.25 1.25 1.25 1.25 2.5 2.5 

E. faecalis ATCC  0.625 0.625 0.3125 0.3125 2.5 2.5 

E. coli ATCC 11229 0.625 0.625 1.25 1.25 2.5 1.25 

P. aeruginosa 

ATCC 27853 
0.625 0.625 0.625 0.625 1.25 1.25 

These complexes’ antibacterial activities are strongly related to how they interact 

with bacteria. Nicotinamide enhances the interaction of these complexes with bacterial 

DNA due to its aromatic structure [69], effectively inhibiting DNA replication and 

bacterial growth. 

4. Conclusions 

Three new complexes of Cd (II) with nicotinamide, nitrate, and oxalate as mixed 

ligands have been synthesized and characterized by means of elemental analysis, single 

crystal X-ray diffraction, thermogravimetric analysis, and photoluminescence properties. 

All complexes were tested for their antibacterial activity. The results of the antimicrobial 

study suggest that the newly synthesized compounds exhibit promising antimicrobial 

activity, particularly against Gram-negative bacteria. Their hydrophobicity may enhance 

their ability to interact with microbial membranes. The compounds also showed potential 

to affect microbial adhesion, although this effect appears to be related to their overall 

antimicrobial activity. Future studies should focus on further exploring their mechanisms 

of action and potential therapeutic applications. 
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and Complex III (Å , o). CIF files of the structures were deposited by the Cambridge Crystallographic 
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