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A B S T R A C T   

A novel 1D polymeric chains material (C5H6ClN2)[CdCl3H2O].H2O perovskite was successfully synthesized with 
the use slow evaporation process. According to the single-crystal X-ray diffraction, the structure was deduced to 
crystallize in the monoclinic system (space group P21/n, no 14), with the cell parameters a = 17.8596 (9) Å, b =
7.5766 (2) Å, c = 18.2245 (9) Å, and β = 95.068 (4)◦. The crystal packing is composed of infinite polymeric 

chains of [CdCl3H2O] n−
n , that form with the organic cations layers parallel to the (10–1) plane and are held 

together by multiple H-bonds and Van der Waals interactions. The supramolecular assembly was also explored by 
the Hirshfeld surface study. The IR spectroscopic investigations were described to confirm the organic group’s 
existence and define the corresponding vibration modes. The optical study was also used to show the semi-
conducting behaviour of this compound, which showed relatively low gap energy 2.8 eV, promising for diverse 
applications especially in tandem solar cells. The Arrhenius relation may be used to explain the conductivity of 
the material. In addition, the graphs of Z’ and Z“ versus frequency were a perfect match to an equivalent circuit 
model, which was represented as a resistance linked in series with two parallel circuits (R//CPE). The chemical 
properties of the studied metal complex were investigated, and the properties of nonlinear optical effects (NLO) 
were also calculated. The molecular docking approach was utilized to determine the studied compound’s in-
teractions with breast, lung, liver, and colon cancer proteins, which were then examined in detail with PLIP 
analysis. In contrast, the Swiss-ADME analysis was performed to examine its pharmacological properties. 
Pathogenic microorganisms like Klebsiella pneumoniae and Staphylococcus aureus were also used to test how well 
the cadmium complex and antibiotics work together.   

1. Introduction 

In recent years, the development of hybrid materials combining 
metal halides and organic molecules has attracted significant attention 
in the field of chemical research and material science [1]. Particularly, 
there has been a growing interest in hybrid compounds based on 2- 

aminopyridinium. These materials exhibit unique features and proper-
ties that make them highly promising for various applications in fields 
such as pharmaceuticals, photochemistry, electrochemistry, and catal-
ysis [2–4]. One of the reasons for the selection of these hybrid com-
pounds is the 2-aminopyridinium’s ability to act as a hydrogen bond 
donor, while metal halides are renowned for their strong hydrogen bond 
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accepting capabilities. When these components come together, they 
form solid-state assemblies that create molecular networks in one, two, 
or three dimensions through non-covalent interactions. These in-
teractions include hydrogen bonding, π–π stacking, C–H…π interactions, 
as well as Van der Waals forces [5–8]. 

The choice of cadmium in the context of this study is based on its 
specific coordination numbers and geometries. Cadmium, in its Cd(II) 
state, possesses a d10 electronic configuration, which often results in 
complex geometries such as deformed tetrahedral, trigonal bipyramidal, 
and octahedral arrangements [9,10]. This vast diversity of geometries, 
coupled with the ability to form complexes with various types of ligands, 
makes cadmium complexes highly useful in the field of antimicrobials 
[11–13]. By complexing cadmium with antibiotics, the metal can 
effectively enter bacterial cells and exert its antibacterial activity [14]. 
In contrast to traditional organic antibiotics, mineral-based antibiotics 
offer a different range of modes of action. The novel mechanisms of 
action associated with mineral-based compounds, whether used alone or 
in combination with antibiotics, hold promise as effective treatments 
against bacterial infections that have developed resistance to conven-
tional antibiotics. Consequently, utilizing mineral-based compounds 
alone or in combination with antibiotics provides additional modes of 
action that can enhance the effectiveness of treatment against resistant 
bacterial infections [15]. 

The main objective of this study was to synthesize and analyze a new 
cadmium-based hybrid compound (Cadmium Supramolecular Assembly 
(CSA)). The study encompassed various aspects, including the synthesis 
technique, atomic arrangement, and the investigation of vibrational, 
optical, and dielectric properties of CSA. Additionally, the study 
explored the antimicrobial screening synergy of antibiotics in combi-
nation with the cadmium compound. To understand the intermolecular 
interactions within the crystal packing of CSA, the researchers utilized 
Hirshfeld surface analysis, using the crystal information file (*.CIF). 
Furthermore, the chemical characteristics of CSA were examined 
through calculations at different levels: B3LYP, HF, and M062X, with the 
3-21G, Lanl2DZ, and STO-3G basis sets [16–19]. The study also focused 
on the calculation of properties related to nonlinear optical effects 
(NLO) in metal complexes. For this purpose, the researchers employed 
the local hard-soft acid-base (HSAB) hypothesis, a prominent theory for 
explaining chemical reactivity and selectivity in compounds [20,21]. 
According to the computations, soft–soft interactions are preferred in 
the maximum Fukui function zone, whereas hard-hard interactions are 
preferred in the minimum Fukui function region [22,23]. Another sig-
nificant aspect of the research was exploring the activity of the newly 
developed metal complex on cancer proteins, specifically breast (PDB 
ID: 1JNX), lung (PDB ID: 2H80), liver (PDB ID: 3WZE), and colon (PDB 
ID: 4UYA) cancer proteins [24–27]. Docking calculations were con-
ducted to study the interactions occurring between the metal complex 
and these cancer proteins, and further analysis was performed using 
PLIP analysis. Lastly, the pharmacological characteristics of the syn-
thesized compound were investigated through Swiss-ADME analysis to 
gain insights into its potential pharmaceutical applications. 

2. Experimental 

2.1. Method and synthesis 

An aqueous solution of CdCl2 (0.183 mg) was mixed with a solution 
of 3-amino-2-chloro-pyridine (0.064 mg) in water and a few drops of 
concentrated hydrochloric acid. After 7 h of constant stirring, the solu-
tion evaporated at ambient temperature. It took a week to isolate the 
stable crystals under normal temperature and humidity conditions. 

The elemental analysis method was employed to ascertain the pro-
posed formula of the obtained crystals (calc/found): C: (15.62%/ 
15.73%), N: (7.29%/7.34%), H: (2.62%/2.70%). 

2.2. Characterizations techniques 

2.2.1. X-ray diffraction studies of (C5H6ClN2)[CdCl3H2O].H2O 
The (C5H6ClN2)[CdCl3H2O].H2O compound’s single crystal X-ray 

diffraction data were taken using ω and φ scans on an STOE IPDS-2 T 
image plate diffractometer at room temperature with Mo-Kα radiation. 
X-AREA was used for data collection and cell refinement, and X-RED for 
data reduction [28]. Table S1 summarizes crystal data and structural 
refinement information. The direct method was used to generate pre-
liminary structure models, and SHELXL was used to refine the structure 
based on F2 for all reflections [30]. The H atoms bound to oxygen atoms 
O1A, O2A, O1B, and O2B (water molecules) were located and refined 
using residual electron density maps. All remaining hydrogen atoms at 
calculated sites were included in the structural model and revised as 
they were constrained to the bound atoms. 

2.2.2. Computational details 
The results of theoretical simulations may provide very useful in-

formation on molecules’ chemical and biological properties [31]. 
Theoretical simulations provide several quantum chemical parameters. 
The estimated parameters are used to describe the molecules’ chemical 
activity. The Gaussian09 RevD.01 [32] and GaussView 6.0 [33] pro-
grams were used to do computations in the B3LYP, HF, and M06-2x 
approaches with the 3-21G, Lanl2DZ, and STO-3G basis sets [34–36]. 
As a direct result of these investigations, much information about 
quantum chemical parameters has been found. Each parameter de-
scribes a particular molecule’s chemical property; the calculated pa-
rameters are calculated as follows [37]: 
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A technique exists for contrasting the biological actions of the metal 
complexes with those of proteins. Molecular docking is the most typical 
of them. Metal complexes can be compared using a few of these mo-
lecular docking techniques. The HEX 8.0.0 software is employed in this 
investigation. These enzyme proteins interact with the ligand and its 
metal complexes to boost their biological activity [38]. Molecules’ 
biological activities were compared to those of enzymes using molecular 
docking calculations. At HEX 8.0.0, the enzyme and molecule files were 
examined [39]. 

For docking, the following variables are used: correlation type shape 
only, 3D FFT mode, 0.6-dimensional grid, 180-degree receptor and 
ligand ranges, 360-degree twist range, and 40-degree distance range. 
The interaction between the chemicals and the proteins was also thor-
oughly examined using the Protein-Ligand Interaction Profiler (PLIP) 
service [38]. It was also used to examine how the chemicals and proteins 
worked together. 

This silico approach was used to do a virtual evaluation of the 
pharmacokinetics and drug-likeness of the cadmium metal complex, the 
only metal complex tested using this method. Additionally, the Swiss- 
ADME research attempts to make predictions about ADME characteris-
tics such as molecular structure, as well as absorption, distribution, 
metabolism, and excretion [39,40]. Lipophilicity, topological polar 
surface area (TPSA), solubility (log S), a fraction of sp3 hybridization 
carbon, and rotatable bonds were considered in developing the radar of 
durability, which was used to evaluate the drug-like potential of the 
compound. Numerous additional factors were computed and investi-
gated, including physicochemical and pharmacokinetic ones that safe-
guard organisms and tissues. 
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2.2.3. FT-IR, UV–vis measurements 
The FT-IR spectra of the compound; (C5H6ClN2)[CdCl3H2O].H2O 

were collected using a KBr pellet and a Perkin Elmer L120-00 spec-
trometer in the wavenumber range of 4000–400 cm− 1 (with a resolution 
of 2 cm− 1). On the other hand, the optical characteristics were measured 
at room temperature using a Perkin-Elmer-Lambda 11UV/Vis spectro-
photometer. The measurements were taken between the wavelengths of 
500 and 150 nm. 

2.2.4. Dielectric properties 
Electrical measurements of the real and imaginary components of the 

impedance characteristics (Z’ and Z“) were done on pellet disks with a 
diameter of approximately 8 mm and a thickness of 1.3 mm using a 
Hewlett-Packard HP 4192 A analyzer. 

2.2.5. Bactericidal activity 
This compound’s antibacterial activity was evaluated. The cadmium 

complex was tested for synergistic activity against pathogenic bacteria 
Klebsiella pneumoniae and Staphylococcus aureus with antibiotics (Nor-
floxacin (NOR-10), Novobiocin (NV-5), Erythromycin (E-15), and Nali-
dixic acid (NA30). 20 µL of each bacterial strain inoculum suspension 
was swabbed on Mueller–Hinton agar. Discs with a 4-mm diameter were 
immersed in the metal complex using four dilutions of 12.5 µg.mL− 1 and 
doubled to 100 µg.mL− 1 four immersed discs in the four dilutions were 
tested for their antibacterial activity for the two strains in this study, 
K. pneumonia and S. aureus. Plates were incubated for 20 min at room 
temperature, followed by 24 h at 30 ◦C. The synergistic effect of 
100µgmL− 1 solution metal complex, and the antibiotic discs from NV-5, 
E-15, NOR-10, and NA30, was tested. The inhibition zone diameters for 
the metal complex either alone or with the antibiotic discs, where the 
antibiotic discs from NV-5, E-15, NOR-10, and NA30 were used as 
positive control. 

3. Results and discussion 

3.1. Crystal structure description of (C5H6ClN2)[CdCl3H2O].H2O 

The ORTEP representation of the (C5H6ClN2)[CdCl3H2O].H2O is 
shown in Fig. 1. It consists of two C5H6N2Cl+ cations (A and B), two 
crystallization water molecules, and two cadmium atoms, Cd1A and 
Cd1B, each surrounded by three chlorine atoms and coordinated water. 

The (C5H6ClN2)[CdCl3H2O].H2O compound is made by applying the 
glide plane n, the two-fold screw axis, and inversion center operation to 

the unit regularly. In fact, the [CdCl3H2O] n−
n anions form a three- 

dimensional porous anionic network with 1D channels by self- 
assembling with the nearest water molecules O2A and O2B. Conse-
quently, the resulting porous structure has voids; when combined with 
inorganic molecules, the organic molecules act as bridges and neutral-
izers. It is noted that the 3-amino-2-chloropyridinium cations are held to 
the polymeric chains via N—H…O, N—H…Cl, and C—H…Cl H-bonds to 
form the tridimensional network (Figure S1). 

Cadmium atoms Cd(1A) and Cd(1B) occupy a special position on the 
two-fold screw axis of the P21/n space group, generating endless chains 

of [CdCl3H2O] n−
n parallel to the b

→
direction. In fact, each cadmium Cd 

(II) atom is surrounded by five chlorine atoms and a water molecule 
giving rise to two octahedra, each one containing two bridging chlorine 

atoms, Cl (3A) and C1 (4A) of [Cd(1A)Cl3H2O] n−
n and Cl (3B) and Cl 

(4B) of [Cd(1B)Cl3H2O] n−
n . Figure S2 of the supplementary informa-

tion displays the polymeric chains [Cd(1A)Cl3H2O] n−
n and [Cd(1B) 

Cl3H2O] n−
n . The distance between successive metal atoms in the [Cd 

(1A)Cl3H2O] n−
n chain is 3.814 Å, and the angle Cd–Cd–Cd is 166.73◦. 

On the other hand, the Cd–Cd distance in the [Cd(1B)Cl3H2O] n−
n chain 

is 3.795 Å, and the angle of Cd–Cd–Cd is 173.11◦, suggesting that the 
polymer chains are almost linear. The interatomic distances and bond 
angles of the inorganic part of (C5H6ClN2)[CdCl3H2O].H2O are shown in 
Tables S2 and S3. These values are equivalent to those obtained for 
other halocadmate systems found in the literature [41–43]. The average 
distortion parameters were computed using (1) and (2) [44]: 

ID(Cd − Cl) =
∑n1

i=1

|di − dm|

n1dm
(1)  

ID(Cl − Cd − Cl) =
∑n2

i=1

|ai − am|

n2am
(2) 

Fig. 1. The ORTEP presentation of the geometric configuration of (C5H6ClN2)[CdCl3H2O].H2O.  
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The value of the distortion indices were ID(Cd-Cl) = 0.044 and ID(Cl- 
Cd-Cl) = 0.0026 for [Cd(1A)Cl3(H2O)]– and ID(Cd-Cl) = 0.063 and ID 
(Cl-Cd-Cl) = 0.0026 for [Cd(1B)Cl3(H2O)]–. The interaction of the 
organic groups and the water molecules with the chloride pairs and the 
coordinated water molecules probably caused these values. 

As seen in Fig. 2. a and 2. b, the organic cations seem to be positioned 
on both sides of the polymeric chains, forming layers parallel to the 
( − 101) planes. The crystal packing is more stable owing to the H-bonds 
(Table S4) and the intermolecular π… π stacking between adjacent 
antiparallel aromatic rings and the π…Cl interactions (Fig. 3). 

The geometric properties of (C5H6N2Cl)+ indicate no significant 
variations from those found in other materials containing the same 
organic groups (Table S3) [2,3,45]. Indeed, the organic geometrical 
properties demonstrate that they have many similarities, including a 
nearly planar pyridyl ring that creates an inclined dihedral angle with 
the amino group (4.550◦ and 1.169◦, respectively, for cations A and B) 
(Figure S3). The amino groups in the two cations are planar, and the 
lengths of the C-N bonds (1.346 (1) Å for A and 1.333 (1) Å for B) are 
shorter than in pyridine (1.367 (2) Å). Moreover, the C1A–N1A–C5A 
(123.18◦) and C1B–N1B–C5B (123.43◦) bond angles are wider than that 
in pyridine (116.94◦), which indicates the protonation of the pyridine 
ring’s N atom. These findings also suggest that the amino group and the 
pyridine ring have a strong conjugation [46]. 

The crystal structure of (C5H6ClN2)[CdCl3H2O].H2O ate deviates 
from the traditional ABX3 perovskite composition but displays struc-
tural motifs reminiscent of perovskite-like frameworks. It features a 

three-dimensional porous anionic network formed by [CdCl3H2O] n−
n 

anions, which create one-dimensional channels throughout the crystal 
lattice. The (C5H6N2Cl)+ cations act as bridges within the porous 
structure, forming a tridimensional network through hydrogen bonding 
interactions. The cadmium atoms Cd(1A) and Cd(1B) form endless 

chains of [CdCl3H2O] n−
n running parallel to the b-axis, with distorted 

octahedral coordination geometries. The crystal structure also exhibits 
stacking of perovskite-like layers and intermolecular interactions such 
as hydrogen bonding and π…π stacking. Overall, although it deviates 
from the conventional ABX3 perovskite composition, the crystal struc-
ture demonstrates intriguing perovskite-like characteristics. 

3.2. Hirshfeld surface study 

For crystallographers, the Hirshfeld surface analysis is fundamental 
because it offers vital details regarding various non-covalent in-
teractions that influence molecular packing in crystals [47]. The mo-
lecular environment around the dnorm representation of (C5H6ClN2) 
[CdCl3H2O].H2O molecules is shown in Fig. 4.a. The surface’s trans-
parency enhances the visibility of the molecular components. The 
defined pattern of neighboring blue and red triangles on the shape index 
surfaces (Fig. 4.b) and a wide and flat green area on the same side of the 
related curved surfaces (Fig. 4.c) evidence stacking interactions exist. 

The 2D fingerprint plots illustrated the interactions’ contributions to 
the crystal structure. The H…Cl/Cl…H contacts, which are related to 
hydrogen bonds (Table S4) in the structure, are responsible for the most 
important contribution, as shown by the two peaks indicating strong H- 
bonding interactions in the 2D plot (Figure S4.a) owing to the signifi-
cant amount of hydrogen and chlorine on the surface (% SH = 52.75% 
and % SCl = 38.05%). According to Table 1, this type of interaction has 
an EHCl greater than unity (EHCl = 1.48). Moreover, the H…H in-
teractions are the second most prevalent kind of interaction, where they 
occupy the central area of the 2D map and represent 17.7% of the entire 
Hirshfeld surface (Figure S4.b). The involvement of hydrogen atoms in 
hydrogen bonds between cationic and anionic moieties, with these 
contacts, are slightly underrepresented, causing an enrichment rate of 

Fig. 2. Projection of the layer formed by the polymeric chains [Cd(1A)Cl3H2O] n−
n and the cations A (a). Projection of the layer formed by the polymeric chains [[Cd 

(1B)Cl3H2O] n−
n and the cations B. 

Fig. 3. Representation of the different intermolecular contacts between aro-
matic rings. 
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0.63. The H…O/O…H interactions are the third most significant con-
tacts, accounting for about 8.4% (Figure S4.c) and having an enrich-
ment ratio greater than unity (EHO = 1.69; Table 1). In the two- 
dimensional fingerprint plot, the Cl…Cl auto contact represents 6.4% 
of the total Hirshfeld surface (Figure S4.d) with an EClCl = 0.44. The 
percentage of Cd…Cl/Cl…Cd contacts 2.5%, shown as a single sharp 
wing, indicating strong interactions (Figure S4.e). This type of contact 
is considered the most favorable contact among all other contacts in the 
crystal package (ECdCl = 2.43). It is worth mentioning the existence of 
weak interactions (less than 2 % contribution) such as C…H, C…C, Cl… 
C, C…N, N…H, Cl…O, Cl…N contributes less to the structure 
(Figure S5). In conclusion, this study, compatible with the X-ray 
diffraction investigation, provides a new visual explanation of inter-
molecular interactions. 

3.3. Quantum descriptors 

Theoretical calculations are important to quickly and easily compare 
molecules’ activities. First, many quantum chemical parameters are 
calculated due to Gaussian calculations. Each of these calculated pa-
rameters explains many different properties of molecules and provides 
information about molecules with these properties in Table S5. Among 
these parameters, two important ones allow the activities of molecules 
to be compared: the HOMO and LUMO parameters. The HOMO value 
indicates a molecule’s capacity to give electrons. The molecule that has 
the biggest positive numerical value for this attribute is the one that 
exhibits the highest level of activity [48]. The second parameter is the 
molecules’ LUMO; this parameter’s numerical value shows the mole-
cules’ electron-accepting ability, and the numerical value of the mole-
cule with the most negative value has the highest activity [49]. Apart 
from these parameters, another calculated parameter is the ΔE param-
eter, which is known to have high activity if the numerical value is low 
[48]. The low value of this value facilitates electron transfer. The ability 
of each of the atoms that form a bond to attract bond electrons is called 
electronegativity, and this parameter’s numerical value is known to 

have the greatest activity of any of the smallest molecules [49]. Many 
properties of molecules are examined with the calculations made. 
Another calculated parameter is chemical hardness and softness, which 
are important parameters that express the measure of reactivity and 
stability [21]. Softness, which is the opposite of chemical hardness (1/ 
η), expresses the polarization property of molecules. Soft molecules are 
more reactive than hard molecules, and the reason for this is that soft 
molecules readily donate electrons to other molecules [48]. 

Few calculated parameters have visual representations, even though 
numerous parameters have been collected. The parameters obtained 
from the visualizations are given in Fig. 5. The first illustration, in this 
case, provides the molecules’ optimal structures. The positions of the 
molecules’ HOMO and LUMO orbitals are shown in the second and third 
illustrations, respectively, followed by a map of the molecule’s molec-
ular electrostatic potential. The red areas in this illustration are those 
with the greatest electron densities. The lowest electron density, how-
ever, is seen in the blue-colored zones [21]. 

Considering the thermodynamic values in the formation of the 
complex, it consists of the combination of three different molecules that 
form the complex molecule. The studied complex combines 2-chloropyr-
idin-3-amine (A), water (B), cadmium chloride (C), and Complex (D). 
The energy (E), enthalpy (H), and Gibbs energy (G) values of each 
molecule were calculated. These values of the complex were calculated 
from these values, which were calculated afterward. 

ΔE = Ecomplex − ((ECdCl2 *2) + (Ewater*3) +
(
Eligand*2

)
)

ΔH = Hcomplex − ((HCdCl2 *2) + (Hwater*3) +
(
Hligand*2

)
)

ΔG = Gcomplex − ((GCdCl2 *2) + (Gwater*3) +
(
Gligand*2

)
)

The energy, the enthalpy, and the Gibbs free energy change values of 
molecules are calculated using the abovementioned formula (Table 2). 
The Gibbs free energy of the molecules allows us to determine whether 
or not this complex may form. If this Gibbs free energy value is less than 
zero, this complex will form spontaneously. If this value is equal to zero, 
the system is in equilibrium. If this value is greater than zero, the for-
mation of this complex is in the direction of the reactants [49,50]. 

3.4. NLO properties 

Investigating metal complexes’ nonlinear optical effects (NLO) re-
quires calculating many quantum chemical parameters. NLO is done to 
provide fundamental operations for emerging technologies in fields such 
as telecommunications, signal processing, and optical interconnects. 
These fundamental operations include optical modulation, frequency 
shifting, optical logic, optical switching, and optical memory [52]. Every 
determined metric provides crucial details about the molecules. These 
numerically measured characteristics, polarizability (α) and hyper-
polarizability (β) are estimated to forecast the nonlinear optical 

Fig. 4. Representation of the 3D Hirshfeld surface plotted over the dnorm (a), Shape index (b), and Curvedness (c).  

Table 1 
The (C5H6ClN2)[CdCl3H2O].H2O compound’s enrichment ratios and chemical 
proportions on the Hirshfeld surface.  

Atoms H Cl C O Cd N 

%Surface  52.75  38.05 2.7 4.7 1.35 0.4 
H  0.63  1.48 0.42 1.69 0.14 / 

Cl  –  0.44 0.34 0.11 2.43 0.32 
C  –  – / 1.18 0 / 

O  –  – – 0 0 0 
Cd  –  – – – 0 0 
N  –  – – – – 0  

/ : Enrichment ratios for random contacts lower than 0.9% are not shown 
because they are not meaningful. 
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properties of materials. Polarizability and hyperpolarizability make up 
the two components of the dipole moment (μ) parameter for molecules. 
The parameters listed in the Table 3 below can be used to compute the 
NLO characteristics of molecules: 

After calculating the polarizability (α0) and hyperpolarizability (βtot) 
values of the compounds, the atomic unit (a.u.) were multiplied by 
constant values in order to transform these estimated characteristics into 
electrostatic units (α : 1 a.u. = 0.148x10− 24esu and β : 1 a.u. =

8.639x10− 33esu). The features of NLOs change when the dipole 
moment, linear polarizability, polarizability anisotropy, and initial 
hyperpolarizability increase. These characteristics, listed in Table 3, 
were computed using the HF/Lanl2DZ basis set for the metal complex. 

3.5. Molecular docking of (C5H6ClN2)[CdCl3H2O].H2O 

In this research, molecular docking was used as a comparative 
approach for the activities of metal complexes. These activities analyze 
the interactions of various molecules with various proteins via calcula-
tions. An increase in these interactions is correlated with a rise in the 
activities of metal complexes. The total energy value, one of the calcu-
lated parameters of the metal complex studied as a result of the calcu-
lations, is an important parameter used to compare the activities of the 

molecules [53]. The highest molecular activity is known to be the one 
whose value for this parameter is the most negative. The total energy 
values of molecules calculated against various proteins are given in 
Table 4 and Figures S6-S9. 

For this reason, PLIP analysis was used to investigate other in-
teractions more deeply. The numerical values of the interactions be-
tween the metal complex and the proteins were obtained in Tables S5- 
S8 and Fig. 6.a, 6.b, 6.c, and 6.d. 

3.6. Swiss-ADME analysis 

Swiss-ADME analysis was used to study the ADME features of the 
studied metal complexes (Table S9). Many pharmacological and phar-
macokinetic properties of metal complexes were investigated. Fig. 7 
shows the six physicochemical indexes of the bioavailability radar, axis 
lipophilicity, size, polarity, solubility, flexibility, and saturation. All six 
physicochemical indexes of complex 1 appear to be better than complex 
2. It is expressed as the value of the log P o/w of the molecules, a typical 
indicator of lipophilicity and the partition coefficient between octane 
and water solvents throughout the pharmacokinetic route. In addition to 
these factors, it is important to investigate how the researched metal 
complexes interact with certain pharmacokinetic proteins. Some ex-
amples of these proteins are P-glycoprotein (P-gp) and cytochrome P450 
(CYP) [54]. It is well known that the primary function of P-gp is to 
protect the central nervous system from exposure to xenobiotics. 

On the other hand, certain cancer cells release this protein, which is a 
contributing factor in the development of tumors that are resistant to 
treatment. From a pharmacological perspective, understanding how 
these drugs interact with cytochrome P450 (CYP) is of great value. It has 
been hypothesized that CYP and P-gp may collaborate to digest small 
molecules in a way that is synergistic to promote tissue and organism 
protection. This set of isoenzymes plays a crucial part in the metabolic 
process of drug clearance. In addition, the parameter also provides the 
skin permeability coefficient, denoted by the log Kp value. This value is 
determined by the size of the metal complexes in proportion to their 
lipophilicity [55]. 

The Boiled-Egg relationship between WLOGP and TPSA is used to 

Fig. 5. Representations of optimizing the structure, HOMO, LUMO, and ESP of (C5H6ClN2)[CdCl3H2O].H2O.  

Table 2 
Thermodynamic values of (C5H6ClN2)[CdCl3H2O].H2O.   

E H G 

2-chloropyridin-3-amine (A)  − 8589.0123  − 8588.9866  − 8590.0272 
Water (B)  − 2067.6850  − 2067.6593  − 2068.2403 
cadmium(III) chloride (C)  − 2474.7772  − 2474.7515  − 2475.8287 
Complex (D)  − 28359.2034  − 28359.1777  − 28362.6792 
Δ value  − 28.5694  − 28.7235  − 26.2465  

Table 3 
NLO parameter values of (C5H6ClN2)[CdCl3H2O].H2O.   

a.u. esu  a.u. esu 

αxx  252.1308 3.731 × 10-23 βxxx  241.6595 2.088 x10-27 

αxy  0.6980 1.033 × 10-25 βyyy  − 67.0853 − 5.797 x10-27 

αyy  191.6689 2.836 x10-23 βzzz  53.6949 4.640 x10-28 

αxz  − 19.2838 − 2.854 x10-24 βxyy  − 10.7966 − 9.329 x10-29 

αyz  2.8128 4.162 x10-25 βxxy  10.0063 8.646 x10-29 

αzz  225.4650 3.336 x10-23 βxxz  –32.6333 − 2.820 x10-28 

Δα  252.1308 3.731 x10-23 βxzz  30.1038 2.601 x10-28 

μx  1.0009  βyzz  100.7359 8.705 x10-28 

μy  − 0.3052  βyyz  − 162.8598 − 1.407 x10-27 

μz  0.4526  βtotal  300.1936 2.594 x10-27 

μg  1.1401      

Table 4 
Etotal energy value of molecular docking parameter for the metal 
complex.   

Metal complex 

Breast cancer protein − 257.80 
Lung cancer protein − 303.92 
Liver cancer protein − 294,73 
Colon cancer protein − 297.65  
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examine HIA (Human Intestinal Absorption) and BBB (Blood-Brain 
Barrier) as indications of passive gastrointestinal absorption and the 
blood–brain barrier, respectively. According to the Boiled Egg model 

calculations, the white region in Fig. 7 suggests a high possibility of 
passive absorption via the gastrointestinal system, whereas the yellow 
area (yolk) indicates a high probability of brain penetration. 

Fig. 6. Illustration of the metal complex’s association with breast cancer (a), lung cancer (b), liver cancer (c), and colon cancer (d) proteins.  

Fig. 7. Drug likeness parameters of the cadmium metal complex.  
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3.7. Infrared spectroscopy 

The functional groups in (C5H6ClN2)[CdCl3H2O].H2O was confirmed 
using FTIR spectroscopy, and their solid-state vibrational behavior was 
compared to that of analogous compounds that contained the same 
organic cation (Figure S10) [2,3]. Broad bands in the range 3450–3100 
cm− 1 are derived from asymmetric and symmetric stretching vibrations 
of hydroxyl OH and NH2 groups. The C–H stretching vibrations gener-
ally appear between 3000 and 3100 cm− 1. Similarly, the in-plane C–H 
bending vibrations appear within the range of 1376– 1134 cm− 1, and the 
out-of-plane bending vibrations occur in the frequency range of 
1051–800 cm− 1. The stretching vibration of C = N of the pyridine ring is 
presumably assigned at about 1589 cm− 1 in the FTIR spectrum. The C–C 
stretching vibrations for rings are found between 1600 and 1400 cm− 1, 
in which the band located at 1638 cm− 1 is ascribed to C = C stretching. 
The absorption peak situated at 694 cm− 1 most probably corresponds to 
the deformation vibration of the pyridine ring. The stretching vibrations 
of C–Cl mode were allocated at 866 and 796 cm− 1. The wavenumbers 
between 925 and 600 cm-1 are attributed to (C–C–N) and (C–C–C) 
deformation. The C—N torsional modes are observed in 550–502 cm− 1. 

3.8. UV spectroscopy 

Figure S11 displays the UV-absorption spectrum in the solid state 
and at an ambient temperature of (C5H6ClN2)[CdCl3H2O].H2O [56]. The 
organic part’s π-π* transitions are responsible for the absorption bands 
at 228 nm. The bands in the compound’s UV absorption spectrum, seen 
at 251 nm and 328 nm, are attributed to the conduction band’s maximal 
energy level being absorbed, revealing the gap in the material. The band 
at 251 nm is primarily generated by the absorption between O (2 s or 2p) 
and Cd (5 s) (band to band) (5 s), while the absorption at 370 nm is 
attributable to the excitation of free electron-hole pairs as a result of the 
absorption between Cl (3p) and Cd (5 s). 

The Tauc equation was used to compute the gap energy (Eg) of 
(C5H6ClN2)[CdCl3H2O].H2O, which was used to investigate the mate-
rial’s conduction type [57]. The linear interpolation on the x-axis of the 
graphical presentation (αhν)2 allows for determining the optical band 
gap energy, estimated to be 2.8 eV, as shown in Figure S11. These gap 
energy values in this material may be categorized as semiconductors and 
comparable to those of analogous compounds [58]. 

3.9. Complex impedance analysis 

One of the crucial experimental techniques used to provide 

knowledge about the relaxation process is the investigation of the dy-
namics of ionic mobility in solids using complex impedance formalism. 
It also makes it possible to determine other properties like activation 
energy and the conductivity of materials [59,60]. The pattern of Z’ vs. Z“ 
obtained throughout the frequency range of 5–––13 MHz at various 
temperatures (290 K to 408 K) is shown in Fig. 8. a. The experimental 
data were fitted and adjusted by the EC-Lab fitting software. Fig. 8. b 
displays the Nyquist plot of (C5H6ClN2)[CdCl3H2O].H2O achieved at 
368 K and the corresponding fitted data. A resistance coupled in series 
with two parallel (R/CPE) circuits accurately describes the compound’s 
equivalent circuit. Low-frequency semicircles represent the grain 
boundary effect, whereas high-frequency semicircles represent the bulk 
(grain) of the material. The intercepts of the semicircles on the real axis 
are the grain resistance (Rg) and grain boundary resistance (Rgb) related 
to the experimental temperature. It is important to notice that when 
temperatures increase, Rg and Rgb increase [61–64]. 

Investigation of Fig. 9 reveals the impedance increases instead of 
decreasing between temperatures of 323 K and 363 K. Consequently; the 
measurements were carried out again, focusing on those at 323 K. The 
sample was maintained at 324 K for 24 h, and the impedance was 
measured at different times. Fig. 9 shows the complex impedance 
spectra measured when the oven temperature reached 323 K after 10 

Fig. 8. Impedance spectra, complicated at various temperatures (a), Nyquist diagrams at 368 K, and the equivalent circuit model of (C5H6ClN2)[CdCl3H2O].H2O.  

Fig. 9. Time dependence of complex impedance spectra at 323 K.  
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min. and 24 h later. It is observed that the impedance significantly in-
creases, indicating that the mechanism of conduction changes over time. 
Our material contains hydrogen bounded water molecules, which can 
evaporate at 323 K [65]. Consequently, We believe that the evaporation 
of hydrogen bouded water molecules causes the change of the conduc-
tion mechanism between 323 and 368 K. 

Figure S12 show the frequency-dependent fluctuation of the real 
(Z’) and imaginary (Z“) impedance components of (C5H6ClN2) 
[CdCl3H2O].H2O at various temperatures. In fact, when the temperature 
rises, the amplitude of Z” drops and the peak frequency moves to higher 
values, causing the relaxation times to become thermally active. The 
broadness of the peaks suggests that the system has undergone several 
periods of relaxation. The relaxing process may be triggered by the 
presence of immobile species at low temperatures and defects at high 
temperatures [63,64]. 

We use the Arrhenius modeling equation to comprehend the con-
duction phenomena in (C5H6ClN2)[CdCl3H2O].H2O [66]: 

σT = A eEa/kbT  

where: Ea is the activation energy, kb is the Boltzmann constant, σ 
represents the conductivity, and A is the preexponential factor. Fig. 10 
depicts the temperature development of the compound’s specific con-
ductivity σT vs. 1000/T, which indicates an Arrhenius-type behavior. A 
discontinuity in the linear curve’s slope is seen between 323 K and 363 
K, and around 380 K, a shift in slope was noticed. Subsequently, there 
are three distinct zones of conductivity, labeled (I), (II), and (III), with 
the activation energies in areas Ea (I) = 0.53 eV, Ea (II) = 3.13 eV, and 
Ea (III) = 3.13 eV. The thermally activated mechanism explains the 
conduction in this manner [63]. 

The investigation of electrical characteristics has utilized the com-
plex modulus formalism since it captures the primary responsibility of 
the polycrystalline bulk. In addition, it is ideal for extracting informa-
tion such as electrode polarization and conductivity relaxation dura-
tions [67,68]. When analyzing the data in modulus format, M’ tends to 
be extremely small at lower frequencies, demonstrating that the elec-
trode effects have little impact and may thus be disregarded. Addition-
ally, it exhibits an extremely low value of M’ (0) in the low-frequency 
domain. For all temperatures, a continuous dispersion with frequency 
increase tends to saturate at a maximum asymptotic value denoted by M 
in the high-frequency zone, showing a relaxation process covering a 
variety of frequencies. The polycrystalline’s best fits for M“ at various 
temperatures are shown in Figure S13. Due to the distributed nature of 

the frequencies involved in the relaxing processes, M” approaches a 
constant value at high frequencies for all temperatures [59]. This graph 
shows three main areas near one another, demonstrating three con-
duction zones. 

The activation energy value obtained for our compound suggests 
similarity to translocative proton conductors, indicating proton transfer 
through propagation along H-bonding chains rather than pure ionic 
diffusion. Moreover, the crystallographic study revealed a three- 
dimensional H-bonding network, resulting in higher conductivity 
compared to lamellar structures that restrict proton mobility to two- 
dimensional networks [69–71]. 

3.10. Antibacterial activity 

Different concentrations of cadmium complex (C5H6ClN2) 
[CdCl3H2O].H2O was applied against two strains, one is Gram-negative 
(Klebsiella pneumonia), and the other is Gram-positive (Staphylococcus 
aureus) using the disc diffusion method, as can be seen in Fig. 11. In the 
area of inhibition (mm), the compound showed high antibacterial ac-
tivity against both strains in even small concentrations of 12.5 µg.mL− 1. 
In the case of Klebsiella pneumonia, the antibiotics Norfloxacin (NOR-10), 
Nalidixic acid (NA30) did not inhibit cell viability, but Novobiocin (NV- 
5) and Erythromycin (E-15) did. In the case of Staphylococcus aureus, all 
four antibiotics used showed a remarkable antibacterial effect. The 
combination of cadmium complex with the four antibiotics was tested 
against K. pneumonia and Staphylococcus aureus using the disc diffusion 
method. The zone (mm) of inhibition of different antibiotic discs with 
the (C5H6ClN2)[CdCl3H2O].H2O compound against both strains was 
measured and showed the highest antimicrobial activity than the free 
compound or the reference used four antibiotics. Cadmium complex 
with 50 μg.mL− 1 produced a maximum fold increase of 60% antibac-
terial activity against K. pneumonia and S. aureus. In this study, the an-
tibiotics showed enhanced synergistic activity in the presence of 
(C5H6N2Cl)[CdCl3(H2O)].H2O against both strains. The increasing 
antimicrobial activity of the cadmium compound can be explained based 
on the membrane penetration because there is no charge for the Cd(II) 
complex and its lipophilicity is greater than that of metal salt. As a result, 
it can penetrate through the lipid layers of the cell membrane, which 
causes it to have better antibacterial properties. This can be explained by 
the fact that there is no charge for the Cd(II) complex [6,72,73]. 

4. Conclusion 

A newly discovered hybrid compound with the formula : (C5H6ClN2) 
[CdCl3H2O].H2O has been successfully synthesized. In this compound, 
the organic cations 2-amino-3-chloropyridinium occupy the space con-

tained by the chains of [CdCl3(H2O)] n−
n and water molecules that make 

up the framework. Its vibrational properties were investigated through 
IR spectroscopy, and it was discovered that the compound has semi-
conducting characteristics and an optical band gap equivalent to 2.8 eV. 
The low values of the activation energies indicate that protons can 
assure conduction in this material. Based on the theoretical calculations 
performed, an attempt was made to provide commentary on the activity 
of the metal complex. The activity of the metal complex is predicted with 
the numerical values of the parameters found by both Gaussian calcu-
lations and docking calculations. However, ADME analysis of the metal 
complex predicted its movements in human metabolism. In this inves-
tigation, (C5H6ClN2)[CdCl3H2O].H2O increased the antibiotics’ syner-
gistic action against both strains, the intense antibacterial activity is 
consistent with its ability to permeate membranes; since the Cd (II) 
complex is lipophilic and has no charge, it can pass through cell mem-
brane lipid layers and has greater antibacterial capabilities. 

Fig. 10. Dependence of Ln(T) on the temperature in comparison to the recip-
rocal temperature of (C5H6N2Cl)[CdCl3(H2O)].H2O. 
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curation. Khalid M. Alotaibi: Resources. Abdelhak Othmani: Re-
sources, Investigation. Hamdy A. Hassan: Investigation. Cherif Ben 
Nasr: Validation, Investigation. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

No data was used for the research described in the article. 

Acknowledgments  

• The author would like to thank the Deanship of Scientific Research at 
Shaqra University for supporting this work. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.inoche.2023.111122. 

References 

[1] C. Ayari, A.A. Alotaibi, M.A. Baashen, F. Perveen, A.H. Almarri, K.M. Alotaibi, M. 
S. Abdelbaky, S. Garcia-Granda, A. Othmani, C.B. Nasr, M.H. Mrad, Materials. 
(2022), https://doi.org/10.3390/ma15227973. 
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