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Abstract 

The crystal structure of a novel compound (C8H14N2)2[CdCl6] denoted (MXDCdCl6) is 

discussed based on single crystal X-ray diffraction. This compound crystallizes in the triclinic 

system, with the space group P and the lattice parameters obtained are a = 7.5482(8)Å, b = 

8.495(1)Å, c = 10.4656(12) Å, α = 101.649(3)°,  β=100.006(3)°, γ =112.971(3)°, V= 

580.92(11) Å3 and Z = 1. 

The compound is built up from inorganic layers formed by CdCl6
4– anions and 

ammonium groups. The organic entities are located between these layers, and are linked to the 

anions through N–H…Cl and C–H…Cl hydrogen bonds generating a three-dimensional 

network, which stabilizes the crystal packing.  

The surface mapped over the dnorm support the X-ray structural analysis and highlights 

the hydrogen bonds as the main intermolecular contacts. An infrared spectrum was registered 

to reveal the vibrational modes of the various characteristic groups of the title compound. 

 Optical property asserts a noteworthy band gap energy stating the stability of the 

resulting structure. The non-covalent interactions were studied through AIM and RDG 

analysis. 

Subsequently, DFT and TD-DFT calculations were carried out to study the molecular 

structure, vibrational and electronic properties of the investigated molecule. 

In silico investigation was performed via molecular docking analysis to explore the 

anticipated antibacterial activity possessed in the title compound. 

 

Keywords: Bis(m-xylylenediaminium) hexachlorocadmate(II); X-ray diffraction; DFT 
calculations; IR spectroscopy; Hirshfeld surface; Molecular docking. 
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1. Introduction 

 The assembly of both organic and inorganic materials was the take off way to 

promote new sophisticated hybrid compounds with targeted physical and chemical 

characteristics. The hybrid nature of these compounds gives them not only intermediate 

properties between the mineral and the organic but also new behaviors, astonishing 

composition, and diversity of exceptional structure in more suitable materials. The properties 

of interest in these materials open up a wide field of application in numerous domain such as 

biology [1,2], optics, electrical conductivity, photochemistry [3,4], medicine [5,6], and photo 

catalysis [7] to mention just a few. 

Among these materials, Xylylenediamine and its derivatives have been of great 

interest due to their possessing of valuable pharmacological properties [8], which have been 

evaluated by antimicrobial studies against various bacteria and fungi species, cytotoxicity 

against cancer cells and good antioxidant activity [9]. On the other hand, chlorocadmates(II) 

crystal chemistry is extremely diverse and complex, it exhibits structural flexibility, 

manifested by a wide variety of geometries and stoichiometries such as CdCl3
-, CdCl4

2-, 

CdCl5
3-, CdCl6

4–, Cd3Cl10
4-, etc [10]. Furthermore, octahedral coordination of CdII is 

essentially present in polymeric chlorocadmates [11-12]. 

 Particularly, m-xylylenediamine organic molecules where the two ammonium 

groups are in meta position can be associated with chlorocadmates to produce systems with a 

potentially forceful network of hydrogen bond interactions. 

 In the present contribution to the above materials, we report the crystal structure study 

in detail of a novel material, (C8H14N2)2[CdCl6]. The compound has been characterized by X-

ray diffraction, to determine the crystallographic characteristics and atomic arrangements.  

Besides, Hirshfeld surfaces analyses and fingerprints plots calculations have been investigated 

to clarify the nature of the intermolecular interactions. Furthermore, vibrational and optical 

measurements were also reported. 

 Theoretical studies using Time-dependent DFT and DFT calculations have been 

combined with experimental results throughout this work for structural, vibratory and 

electronic characterization. Frontier orbitals (HOMO-LUMO), topological properties and 

RDG analysis were obtained computationally. 

 Due to the different potential biological activity of the title compound and since a 

recent docking study have been conducted with the same organic cation [9], we studied the 
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docking characteristics with various bacteria: Escherichia coli (6G9P), Pseudomonas 

aeruginosa (2W7Q), Pseudomonas exotoxin (1XK9), Klebsiellapneumoniae (5O77), 

Enterococcus faecalisAhpC (5Y63), Staphylococcus epidermidis (3KP3), Bacillus subtilis 

(4OYH) and Enterococcus faecalis FIC (5NV5). Results reveal that these bacteria are 

classified into two parts: five Gram-negative bacteria: 6G9P, 2W7Q, 1XK9, 5O77 and 5Y63; 

and three Gram-positive bacteria: 3KP3, 4OYH and 5NV5. 

2. Experimental details 

2.1. Synthesis and crystallization 
 

Stoichiometric solutions of m-xylylenediamine dissolved in ethanol and CdCl2.H2O 

mixed in dilute HCl (10 mL, 1M) were added together and stirred for several minutes to yield 

a homogeneous assortment of solution.  

Well-defined colorless and prisms single crystals of MXDCdCl6 were formed as the 

solvent slowly evaporated within a few days at room temperature then isolated and subjected 

to X-ray diffraction analysis. Schematically the reaction can be written as follow: 

 

2.2. Investigation techniques 

2.2.1. X-ray data collection 
The intensity data were collected at 150 K using a D8 VENTURE Bruker-AXS 

diffractometer equipped with Multilayer monochromator and MoKα radiation (λ = 0.71073 

Å). Absorption corrections were performed using the multi-scan technique using the 

SADABS program [13]. The total number of measured reflections was 13112 among which 

2661 were independent and 2630 had the intensity I > 2σ(I).  

The structure was solved by direct methods using SHELXS-97, which revealed the 

position of all non-hydrogen atoms, and then refined with full-matrix least-square methods 

based on F2 (SHELXL-97) [14] included in the WINGX program [15]. 

A final refinement on F2 converged at R(F2) = 0.016 and wR(F2) = 0.045. A summary 

of the crystallographic data and the structure refinements are given in Table 1. An ORTEP 

drawing of the molecular arrangement is exposed in Fig. 1. 

Supporting data (CIF files) have been deposited in the Cambridge Crystallographic Data 

centre as supplementary materials N° CCDC 1962252. Copies of the data can be obtained, 

free of charge via www.ccdc.cam.ac.uk/data_request/cif or from the Cambridge 
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Crystallographic Data Centre, 12 Union Road, Cambridge CB21EZ, UK; or by email to 

deposit@ccdc.cam.ac.uk. 

2.2.2. Physical measurements 

IR spectrum was recorded at room temperature in the frequency range 4000–400 cm-1 

with a Perkin-Elmer FT-IR 1000 spectrometer using the technique of pellets with KBr as a 

dispersant. 

Solid state UV-Vis spectrum was registered with a Perkin-Elmer Lambda 35 

spectrophotometer in the range of 200-800 nm. 

2.3. Computational details 

Initially, the structure of MXDCdCl6 compound was modeled with the GaussView 

program [16] and, then this form was optimized in the gas phase with the Gaussian 09 

software package [17] by using the Density functional theory (DFT) with the Becke-three-

parameter hybrid exchange functional combined with the Lee-Yang-Parr correlation 

functional (B3LYP) [18,19]  levels, the 6-311++G(d,p) basis set was used for all atoms except 

for the cadmium atom, the LANL2DZ basis set and effective core potentials (ECPs) have 

been used in order to represent the metal. All the calculations have converged to an optimized 

geometry that corresponds to the lowest energy. Positive vibrational frequencies obtained 

confirming the stability of the optimized geometries. 

The vibrational assignments were performed considering the potential energy distribution 

components (PED) ≥ 10% using the VEDA4 package. The GaussView molecular 

visualization program [20] was used to verify the assignments of the bands. 

To analyze the interactions in the crystal, Hirshfeld surfaces mapped with dnorm and their 

associated 2D fingerprint presented in this paper were plotted using Crystal Explorer version 

3.1 software [21] imported on a CIF file. The topological properties at the BCPs were 

determined with the Multiwfn program [22] while the reduced density gradient of the title 

molecule are graphed by Multiwfn and plotted by the VMD program [23]. 

The reactivity was predicted by using the frontier molecular orbitals (FMOs) [24] together 

with prominent descriptors computed by means of equations reported in the literature [25-27] 

at DFT/LANL2DZ level. The (FMOs) was visualized with the GaussView software. The UV-

Visible spectrum was predicted in aqueous solution by using Time-dependent DFT 

calculations TD–DFT/ LANL2DZ at the B3LYP and the BLYP levels with the Gaussian 09 

program [17]. 
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The docking calculations were carried out using iGEMDOCK [28] program. The 

crystalline structures of bacteria are illustrated from the Research Collaboratory for Structural 

Bioinformatics (RCSB) Protein Data Bank (PDB) [29]. Using ZINC database [30], we choose 

the ligand associated with these bacteria. We note that Discovery Studio Visualizer makes it 

possible to obtain the visual representations for the best conformations of docking, whose 

setting is as follows: population size 800, generations 80 and number of solutions 10. 

3. Results and discussion 

3.1. X-ray diffraction and geometry optimization 

The asymmetric unit of the title material depicted in an ORTEP drawing, takes in one 

dication doubly protonated at the N1 and N2 nitrogen atoms, and one-half of a [CdCl6]
4- 

anion, located on an inversion center (Fig.1a). 

The packing of (C8H14N2)2[CdCl6], viewed along the a-axis (Fig. 2a), shows that the 

compound is built up by a succession of cationic and anionic layers which alternate along the 

c-axis, the organic cations are distributed around the z = 1/2  planes. These layers are held 

together by hydrogen bonds types N-H...Cl and C-H...Cl where all the chlorine atoms involve 

as acceptors to form an infinite three-dimensional network (Fig. 2b). The same stacking 

interactions were also observed between the m-xylylenediaminium cations and the 

corresponding halometalate anions [31]. 

Interatomic bond lengths and angles of the [CdCl6]
4- anion (Table 2) are typical of six-

coordinated Cd(II) [32,33]. The calculated average values of the distortion indices [34] 

corresponding to the different angles and distances in the CdCl6 octahedron [DI(CdCl) = 

0.01721, DI(ClCdCl) = 0.0073 and DI(ClCl) = 0.0079] show a large distortion of the CdCl 

distances if compared to the ClCl distances and ClCdCl angles. 

Assessment of the organic geometrical features shows that the m-xylylenediammonium cation 

exhibits a normal spatial configuration with (C-C, C-N) distances and (C-C-C, N-C-C) angles 

quite similar to those found in other compounds involving the same organic groups [35-37]. 

The aromatic ring of the cation is essentially planar with an r.m.s. deviation of 0.0015 Å. 

Organic cations are also connected together via C-H…π interactions forming subsequently 

infinite chains spreading along the b-axis (Fig. 2c). 
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Inside this arrangement, (Fig. 2d) the entities are interconnected via multiple hydrogen bonds 

generate rings forming R2
2(5), R4

2(8) and  R3
2(6) motifs (Details in Table 3). 

The optimized molecular structure of MXDCdCl6 compound is given in Fig. 1b. A 

comparison between selected optimized geometrical parameters, with experimental X-ray 

crystallographic parameters, is given in Table 2. 

Examination of the organic cation reveals that the calculated values of binding lengths of the 

aromatic ring are almost identical to those observed experimentally by X-ray diffraction. The 

variation of the optimized bond length of aromatic C-C is from 1.40 Å to 1.41 Å. The linkage 

lengths of the methyl groups bound to N are, N8-C23 = 1.50 Å and N9-C18 = 1.52 Å, which 

are close to the observed XRD values of about 1.49. The C-C-C binding angles forming the 

m-xylylenediammonium ring were calculated between 119.06° and 120.90°. These values do 

not differ greatly from those observed by X-ray diffraction. 

For the anionic group, the values of the experimental and the calculated bond length of Cd-Cl 

spread in the ranges 2.5849(4) - 2.7177(4) Å and 2.7717  - 2.8012 Å, respectively. As well, 

the Cl-Cd-Cl binding angles are calculated between 88.5537° and 91.4463°, and varying from 

87.913(11)° to 92.087(11)° for the observed XRD values. We have observed that the 

optimized bond lengths and binding angles are slightly different from those observed 

experimentally by X-ray diffraction. This difference is due to that the theoretical calculations 

were performed in the gas phase where the molecules are isolated while experimental results 

belong to molecules in solid-state, where the crystal structure is related to intermolecular 

interactions, despite that the optimized parameters represent a good approximation. 

3.2. Hirshfeld surface investigation 

For visualization, quantification and exploration of intermolecular close contacts 

present within a crystal structure, Hirshfeld surface [38] and their associated 2D fingerprint 

plots [39] were used, measured through the CrystalExplorer 3.1 program [20]. The Hirshfeld 

dnorm surfaces of the title compound are shown in Fig. 3 where the bright red spots indicate the 

existence of N-H ... Cl and C-H ... Cl hydrogen bonding and the H ... H and C ... H / H ... C 

contacts are located in the blue and white areas respectively [40]. Examining 2D graphs 

shown in Fig. 4 highlights atoms involved in close contact and allows us to connect numeric 

values to previously described surfaces. 

For the compound, H…Cl/Cl…H contacts that are attributed to N-H...Cl and C-H...Cl 

hydrogen-bonding interactions have the most significant percentage contributions to the 
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surface of Hirshfeld 67.3% and appear as two symmetrical wings with two long and narrow 

points at a maximum sum of de + di ~ 2.2 Å less than the sum of van der Waals radii of 

involvedatoms (1.75+1.09 = 2.84); it affirms that the inter-contact are considered close. 

The H…H contacts comprise 21.5% of the entire surface of Hirshfeld appear in the 

middle of the scattered points in the two-dimensional fingerprint maps by two weak peaks 

around de + di ~ 2.4 Å, a value greater than the sum of the van der Waals radii of the atoms of 

hydrogen (1.09 + 1.09 = 2.18 Å). This reveals the absence of close H…H contacts. 

The contacts C...H / H...C cover 10% of the overall surface of Hirshfeld show on its 

2D graph the presence of a symmetric pair of wings around a sum (de + di ~ 2.7 Å) less than 

the sum of the van der Waals radii of the carbon and hydrogen atoms (2.79 Å). These contacts 

are considered as being close contacts. 

The C…C contacts, which represent only 0.9% of the Hirshfeld surface with (de + di 

~3.6 Å) greater than the sum of the van der Waals radii of the carbon atoms (3.4 Å) reveals 

the absence of close C…C contacts and therefore no π-π interactions in our crystalline 

stacking [41]. Such illustration study for intermolecular contacts is coherent with the results 

observed by crystallography investigation. 

3.3. Vibrational IR spectra and assignments 

Herein, we discussed the vibrational properties of the MXDCdCl6 molecule by conducting a 

vibratory study using experimental and calculated infrared spectroscopy. The experimental IR 

spectrum measured between 400 and 4000 cm-1 and the simulated one using 

B3LYP/LanL2DZ basis set are shown in Fig. 5 in this figure we observed good correlations 

among the experimental and the predicted spectra. The experimental infrared wavenumber 

and the calculated one from DFT method assigned by VEDA program [44] and GaussView 

software [16] are provided in Table 4 along with a tentative assignment of the observed bands 

essentially based on comparisons with data previously reported for similar compounds [9]. 

This table shows that there is a slight difference between the experimental values and the 

calculated frequencies, these small differences are due, in the experimental process we 

recorded spectra in the solid phase sample where the crystalline packing was not considered 

while the DFT calculations were carried out with an isolated molecule and in the gas phase. 

Brief discussions of the assignments for the most important groups are presented below. 

 

3.3.1. Vibrations of hexachlorocadmate(II) anion 
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Based essentially on comparison with the literature for numerous chlorocadmate compounds 

[43,44], and according to the DFT calculations it is found that all bands originating from 

vibrations of CdCl6
4- anions are observed below 500 cm-1. The asymmetric and symmetric 

stretching of Cd-Cl appeared at 193 and 171cm-1, respectively.  

The band corresponding to the bending mode of H-Cl-Cd appeared in the 74 cm-1. 

3.3.2. m-xylylenediammonium vibration 

Concerning the organic entity, the high-frequency region between 3439 and 3112 cm-1 is 

assigned to the N-H asymmetric and symmetric stretching vibration. The DFT computations 

give the frequency of these bands between 3455 and 3012 cm-1. 

The bands between 1634 and 1476 cm-1 are attributed to the C=C stretching vibration of the 

aromatic ring and to the characteristic NH3
+ asymmetric and symmetric stretching vibrations. 

The corresponding bands are calculated to be found at 1663 and 1485 cm-1. 

In m-xylylenediaminium bis(perchlorate) monohydrate [45] these modes are observed nearly 

in the same region. The band exhibited at 2730 cm-1 is due to the aromatic C-H stretching 

vibration and predicted at 2990 cm-1. The bands at 983 and 907 cm-1 in the experimental 

spectrum correspond to the C-N stretching. The same vibration is calculated between 1035 

and 958 cm-1 by DFT level. The C-H in-plane bending vibration and the C-H out of plane 

bending vibration are observed at 1165 cm-1 and 1095 cm-1 respectively and predicted at 1212 

cm-1at 1043 cm-1. The spectral domain between 547 and 455cm-1 is ascribed to the out of 

plane vibration modes of the C-C and C=C groups. This was calculated to be found in region 

645-479 cm-1. 

3.4. AIM topological analysis 

The topological properties related to Atoms-In-Molecule (AIM) approach [46] are useful to 

elucidate the type of interactions present within a molecule and therefore we foretell its 

stability [47-49]. According to AIM theory each chemical bond possesses a critical point of 

binding denoted BCP defined as being a minimum of electronic density along the connecting 

path and a maximum in the other two perpendicular directions. 

Several energetic and topological parameters can be defined after the location of the BCP to 

evaluate the properties of the bonds in the title compound, and in particular, the hydrogen 

bonds. 

The graphical representation of the AIM analysis using Multiwfn program [21] at LANL2DZ 

level of (C8H14N2)2CdCl6 compound and of its corresponding cation is illustrated respectively 

in Fig. 6 and Fig. 7, while the corresponding geometrical, energetic and topological 

parameters are listed in Table S1 and Table S2. 
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The AIM analysis reveals that our material is stabilized by eight hydrogen bonds that meets 

Koch and Popelier criteria [50] and that H17…Cl3, N8…Cl2, H27…Cl3, H28…Cl7 

interactions present symmetrical topological properties to H52…Cl4, N32…Cl5, H51…Cl6, 

H41…Cl6 interactions. The G/ρ ratio is also used to characterize the type of interaction. This 

ratio must be greater than 1.0 to confirm the existence of hydrogen bonds [46]. This is the 

case in the present work. 

According to the BCP analysis of Table S1 and Based on the Rozas et al. [51] criterion all of 

the eight hydrogen bonds are considered weak since the Laplacian and the energy density 

values are positive. 

Positive Laplacian values indicate as well the depletion of electronic charge along the 

liaison path, the density observed is in the range of 0.00601 and 0.01300 a.u the highest value 

is for the H27…Cl3 or H51…Cl6 interactions (0.01300 a.u)  probably because the distance 

between those two atoms is the lowest. 

In Fig. 8, the C-H…π interactions between the two cations are very quietly visible from the 

position of the three BCPs that link this two latter, AIM analysis allows us to detect the 

presence of the cage character with the presence of cage critical points (CCPs) and the cyclic 

character in a molecular system with the presence of ring critical points (RCPs), as shown as 

well in Fig. 9. 

The ellipticity value provides an idea about the accumulation of charges in a given plane here 

the very low value (ε = -1.4260, -1.3921) at the RCP points confirms that there is 

delocalization of electron in aromatic nucleus. 

3.5. Reduced density gradient (RDG) analysis 

The existing non-covalent interactions (NCIs) in MXDCdCl6 compound have been also 

validated and evaluated by an NCI descriptor introduced by Johnson et al. [52] and Contreras-

Garcia et al. [53] based on the electronic density and its first derivative named RDG. The 

reduced electron density gradient (RDG) provides clear fingerprints of various kinds of NCIs 

and it is defined by the following equation. 

 

RDG(r) =  

When the quantity ρ(r)sign(λ2) is mapped onto the RDG isosurface, it enables one to highlight 

the attractive or repulsive nature of the interactions and to rank their relative strength on a 

qualitative, visual basis. 
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According to the sign of the second largest eigen value λ2 (λ1≤λ2≤λ3) of the ED Hessian 

matrix at each isosurface point: 

- If λ2<0 : Attractive and binding interactions (hydrogen bonds). 

- If λ2>0 : repulsive and non-binding interactions (steric effect in ring and cage). 

- If (λ2≈0) : van der Waals interactions.  

The results were performed and plotted respectively by the use of Multiwfn and VMD 

Programs [21,22]. These results were collected in Figs. 8a and 8b for the entire compound 

and in Figs. 9a and 9b for the corresponding cation. 

According to Fig. 8a, the attractive, van der Waals and repulsive interactions in the 

MXDCdCl6 structure appear respectively as blue, green and red spikes. 

The RDG peaks toward -0.031of sign (λ2)ρ correspond to a strong attractive interaction 

confirmed as well by the low density values.  

Turning to Fig. 8b, clear blue spots are checked between the hydrogen and chlorine atoms, 

which signify the strong attractive interaction N-H...Cl and C-H…Cl. The interactions appear 

in the form of green plates are attributed to van der Waals interactions. The elliptic red plate 

located at the center of the aromatic nucleus is related to repulsive interactions which show a 

strong steric effect. 

NCIs encompass a wide range of bonding types, such as hydrogen and halogen bonds, C-

H…π interactions, and several binding (or anti-binding) forces, like those due to dispersion, 

or to electrostatics. Fig. 9b shows a C-H…π type intermolecular interaction similar to those 

found in benzene [54] since a large RDG surface appears that encompasses the whole region 

between the two facing aromatic rings. 

In Fig. 9a three out of five spikes maintained confirming as well the repulsive interactions 

between the aromatic nucleus and the C-H…π intermolecular interaction. 

The results of the NCI descriptor provide a complimentary picture to that offered by AIM 

calculation. 

 

3.6. UV absorption of (C8H14N2)2[CdCl6] 

The predicted UV-Visible spectra of MXDCdCl6 by using TD–DFT/ LANL2DZ method at 

the B3LYP and the BLYP level of theory with the Gaussian 09 program [17] are compared in 

Fig.10 the differences are attributed to the calculations and to the basis set. The corresponding  

experimental UV-Visible spectrum in solid-state is given in Fig.11a, the title compound 

exhibits only one band centered at 355 nm that corresponds to π – π* transitions, which is 
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relative to the aromatic conjugation in the cations according to the literature [9] and to the 

ligand to metal charge transfer LMCT confirmed by a weak absorption of the spectrum. This 

feature is typical of similar chlorocadmate materials [43] and varies with the coordination 

number.  

This band is observed in the BLYP level calculated spectrum at 373 nm  due to the electronic 

transition from HOMO-2 → LUMO+1 (100%) molecular orbitals, and for the B3LYP level  

at 260 nm due to the electronic transition from HOMO-3 → LUMO (90%) molecular orbitals. 

The calculated absorption wavelength λ, excitation energies E along with oscillator strengths f  

for the (C8H14N2)2CdCl6 using TD–DFT/ BLYP/LANL2DZ method and TD–DFT/ 

B3LYP/LANL2DZ  method in Water solvent are presented respectively in Table S3 and 

Table S4. 

The evaluated band gap of our compound was found to be 2.98 eV according to the Tauc plot 

model [55], (see Fig. 11.b) suggesting that the crystal may possess dielectric behavior to 

induce polarization when powerful radiation is incident on the material [56]. 

3.7. HOMO-LUMO analysis 
In order to study the stability and chemical reactivity of the molecule, the frontier 

molecular orbitals (FMOs) analyses have been performed. Conceptual molecular orbital 

calculations were applied to evaluate the spatial separation of FMOs in m-

Xylylenediammonium. The energy difference between the HOMO (Highest Occupied 

Molecular Orbital) and LUMO (Lowest Unoccupied Molecular Orbital) frontier orbitals 

called «gap» is an excellent indicators of electron transfer in molecular systems [23]. In our 

case, the evaluation of the gap energy value is important regarding the antioxidant, 

antibacterial and antifungal activities associated with m-Xylylenediammonium compound [9]. 

The HOMO and LUMO graphics that can be easily observed by using Gauss View 

program [16] are given in Fig. 12. Orbital analysis revealed that HOMO components are 

localized on the anionic part, while the LUMO components are mainly located on the organic 

cation. These findings manifest that the electrons are delocalized in the inorganic part 

[CdCl6]
4-, the space of energy between HOMO-LUMO molecular orbitals calculates 3.17 eV 

is an index of high kinetic stability and low chemical reactivity, because  it is energetically 

unfavorable to add electron to a high-lying LUMO or to extract electrons from a low-lying 

HOMO [57].  
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3.8. Global reactivity descriptors 

Through the results of the HOMO and LUMO calculated energies and adequate equations, 

we can set the global chemical reactivity descriptors that are necessary to predict the behavior 

of the title molecule [25-26].  

The reactivity parameters settings are as follows: the hardness η: η = (I  ̶  A) / 2, where A is 

the ionization potential and I is the electron affinity [ A= -ELUMO, I= -EHOMO ], the word 

“hardness” means resistance to deformation or change specifically resistance of the chemical 

potential to change in the number of electrons [58-59]. Softness is the opposite of hardness: a 

low value of η means high softness defined by S: S=1/2η; the chemical potential µ: µ = - (I + 

A) / 2, the electronegativity χ: χ = (I + A) /2 [60] and the electrophilicity index ω: ω = µ2 /2η 

[61].  

The values obtained of (C8H14N2)2CdCl6 compound by using DFT method are summarized 

in Table S5. Since the DFT/ LANL2DZ level gave an energy value 3.17 eV very close to that 

found with the Tauc model unlike the DFT method. Thus, these results clearly evidence that 

the basis set has remarkable influence on the reactivities and behaviors of the species [62]. 

Table S5 shows that all determined energies are negative as well as the chemical potential, so 

we can conclude that the crystal structure is stable and does not decompose spontaneously 

into its elements [63-64]. 

The conclusion can be drawn of this part, is that the gap value indicates that this compound 

is definitely stable but can be quite reactive with higher η and low S. 

3.9. Molecular docking 

The main objective of ligand-protein docking is to provide the binding mode of a ligand 

with a protein containing a three-dimensional structure [65-66]. Using iGEMDOCK program, 

the best-docked poses of (C8H14N2)2CdCl6 compound with eight bacteria: 6G9P, 2W7Q, 

1XK9, 5O77, 5Y63, 3KP3, 4OYH and 5NV5 have been determined and represented in Fig. 

13. To study the interactions between ligand and protein in more details, we have summarized 

in Table 5 the energetic results of docking calculations. Note that these best poses and these 

interaction energies have physical, biological and pharmaceutical interests. 10 poses are found 

during the docking calculations. We only present the best pose that is referring to minimal 

energy. This minimal energy is the sum of three interaction energies (VDW, H-bond and 

electronic binding energies). As it is shown in Table 5, 1XK9 was found to be the strongest 

binding bacteria with an energy equal to -92.702 kcal/mol. Likewise, she owns the strongest 

van der Waals (VDW) interaction (E= -92.534 kcal/mol). While, the 5O77 is the weakest 
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binding bacteria and also it forms the weakest VDW interaction (E=-72.670 kcal/mol). We 

notice that the binding energies of 5Y63 and 1XK9 bacteria are very close with average 

energy equal to -92.554 kcal/mol. Same thing for 5NV5 and 3KP3 whose total energies scores 

equal to -89.613 kcal/mol and -89.093 kcal/mol, respectively.  

We represent in Fig. 14, several forms of intermolecular interactions between 

(C8H14N2)2CdCl6 ligand and the strongest binding bacteria 1XK9. For more details, Fig. S1 

shows all the interactions between (C8H14N2)2CdCl6 and other bacteria. We notice, from these 

results, the existence of π-π stacking interactions. This type of interaction presents many 

applications in the biomedical and biotechnological fields [67]. They have been applied as a 

driving force for drug loading. There are also pi-alkyl interactions. Typically in these 

interactions, there is a crystal cloud interaction on an aromatic group and a group of electrons 

of any alkyl group. According to these results, we can conclude that (C8H14N2)2CdCl6 

compound have antibacterial activity. It plays an important role in drug discovery against 

these diseases. As we have seen in Table 5, (C8H14N2)2CdCl6 present revealing inhibition 

activity against 1XK9, 5Y63, 5NV5 and 3KP3 bacteria. He also has an interesting inhibition 

activity against 4OYH, 6G9P, 2W7Q and 5O77. So, we can conclude that this compound can 

be considered as a potent inhibitor against these bacteria. 

4. Conclusion 

A Single crystal of (C8H14N2)2[CdCl6] was grown at room temperature by the slow solvent 

evaporation method. The structural arrangement can be described as an alternation of organic-

inorganic layers supported by means electrostatic, H-bonds type N-H…Cl and C-H…Cl, C-

H…π and van der Waals interactions. The Hirshfeld surface analysis reveals the percentage of 

intermolecular contacts of the title compound and shows that the major part of the Hirshfeld 

surface is occupied by the contacts H…Cl/Cl…H. 

The vibrational properties of this structure were studied by infrared spectroscopy and the 

assignment of the vibrational bands was performed by comparison with the vibration modes 

frequencies of homologous compounds. 

The studies of optical activities in solid-state confirm the semiconductor behavior of this 

material with a significant band gap at 2.39 eV. 

Structural and spectroscopic properties (IR and UV-Vis) were presented as well via TD-DFT 

and DFT calculations. The comparison between both theoretical and experimental methods 

shows a good agreement.  The non-covalent interactions were studied through AIM and RDG 

analysis. The Orbital analysis revealed that HOMO components are localized on the anionic 
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part, while the LUMO components are mainly located on the organic cation. Furthermore, the 

docking study shows that the compound might exhibit antibacterial activity. 
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Table 1. Crystal data and experimental parameters used for the intensity data collection 

strategy and final results of the structure determination. 

 
Temperature      150 K 
Empirical formula     2(C8H14N2)CdCl6 
Formula weight (g mol-1)    601.52 
Crystal system     Triclinic 
Space group       P 
a       7.5482 (8) Å 
b       8.495 (1) Å 
c       10.4656 (12) Å 
α       101.649 (3)° 
β       100.006 (3)° 
γ       112.971 (3)° 
Z          1 
V           580.92 (11) Å3 
F(000)       302 
µ(Mo Kα)        1.64 mm-1 
Index ranges         -9 ≤  h ≤ 9, -11 ≤ k ≤ 11, -13 ≤  l ≤ 13 
Reflections collected     13112 
Independent reflections     2661 
Reflections with I > 2σ(I)    2630 
Rint       0.025 
(sinθ/λ)max (Å

−1)      0.649 
Absorption correction: multi-scan   Tmin= 0.562, Tmax = 0.653 
Refined parameters        149 
R[F2> 2σ(F2)]      0.016 
wR(F2)               0.045 
Goodness of fit               1.22 
∆ρmax = 0.41 e Å-3     ∆ρmin = −0.45 e Å-3 
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Table 2. Principal intermolecular distances (Å) and bond angles (°) in (C8H14N2)2CdCl6 by 

X-ray data (with estimated standard deviation in parentheses) and by theoretical 
calculations. 

 

Bond length(Å) Bond angles(°) 
                    Calculated 
                    B3LYP 
                    6-311++G(d,p) 

X-Ray                               Calculated 
                              B3LYP 
                              6-311++G(d,p) 

X-Ray 

Inorganic   

Cd1-Cl2 2.7717 2.6449(4) Cl2- Cd1-Cl3        88.8229 91.324 (10) 
Cd1-Cl3 2.8012 2.5849(4) Cl2- Cd1-Cl4                   91.4463 90.183 (14) 
Cd1-Cl4 2.7881 2.7177(4) Cl2- Cd1-Cl6                     91.1771 88.676 (10) 
Cd1-Cl5 2.7717 2.6449(4)  Cl2- Cd1-Cl7                  88.5537 89.817 (14) 
Cd1-Cl6 2.8012 2.5849(4) Cl3- Cd1-Cl4                    90.6138 92.087 (11) 
Cd1-Cl7 2.7881  2.7177(4)  Cl3- Cd1-Cl5                     91.1771 88.676 (10) 
   Cl3- Cd1-Cl7                    89.3862 87.913 (11) 
   Cl4- Cd1-Cl5                  88.5537 89.817 (14) 
   Cl4- Cd1-Cl6                   89.3862 87.913 (11) 
   Cl5- Cd1-Cl6                 88.8229 91.324 (10) 
   Cl5- Cd1-Cl7                 91.4463 90.183 (14) 
   Cl6- Cd1-Cl7                 90.6138  92.087 (11) 
Organic    
N8-C23 1.509 1.4907 (19) C12-C10-C16           119.4547 119.49 (13) 
N9-C18 1.5295 1.4943 (18) C12-C10-C18           120.6014 120.11 (14) 
C10-C12 1.4143 1.396 (2) C16-C10-C18          119.9431  120.39 (14) 
C10-C16 1.4074 1.393 (2) C14-C11-C16           119.0631 119.41 (14) 
C10-C18 1.514 1.505 (2) C14-C11-C23          120.2001 120.79 (13) 
C11-C14 1.4094 1.392 (2) C16-C11-C23          120.7226 119.78 (13) 
C11-C16 1.4134 1.396 (2) C10-C12-C21           120.0256 119.76 (14) 
C11-C23 1.5179 1.5089 (19) C11-C14-C21           120.3842 119.96 (14) 
C12-C21 1.4048 1.386 (2) C10-C16-C11           120.9009 120.73 (14) 
C14-C21 1.41 1.394 (2) N9-C18-C10 111.6645 111.61 (11) 
   C12-C21-C14 120.163 120.62 (14) 
   N8-C23-C11 112.2668 112.22 (12) 
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Table 3. Hydrogen-bonds geometry (Å, °) of MXDCdCl6. 
 
D—H···A D—H (Å) H···A(Å) D···A(Å) D—H···A (°) 
N1—H1N1···Cl3i 0.92 (3) 2.34 (3) 3.2427 (14) 167 (2) 
N1—H2N1···Cl1ii 0.83 (2) 2.55 (2) 3.1658 (14) 131.7 (19) 
N1—H2N1···Cl3iii  0.83 (2) 2.80 (2) 3.4410 (13) 135.0 (19) 
N1—H3N1···Cl2 0.91 (2) 2.38 (2) 3.2147 (14) 152.5 (19) 
N1—H3N1···Cl1 0.91 (2) 2.86 (2) 3.3018 (13) 111.1 (17) 
N2—H1N2···Cl2iv 0.81 (3) 2.49 (3) 3.2229 (14) 152 (2) 
N2—H1N2···Cl1v 0.81 (3) 2.82 (3) 3.2936 (14) 119 (2) 

N2—H1N2···Cl3v 0.81 (3) 3.05 (3) 3.4049 (14) 109 (2) 
N2—H2N2···Cl1vi 0.89 (2) 2.40 (2) 3.2176 (14) 153 (2) 
N2—H3N2···Cl3vii 0.91 (2) 2.49 (2) 3.2431 (14) 140.8 (19) 
C3—H3···Cl2 0.93 2.80 3.5631 (15) 140 
C5—H5···Cl1vi 0.93 2.78 3.6421 (15) 155 
 
Symmetry codes: x−1, y, z; (ii) −x+1, −y, −z; (iii) −x+2, −y, −z; (iv) −x+2, −y, −z+1; (v) x, y, z+1; 
(vi) −x+2, −y+1, −z+1; (vii) −x+3, −y+1, −z+1.  
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Table 4. Observed and calculated wavenumbers (cm-1) and assignments for MXDCdCl6 

molecule. 

 

 Calculated frequencies   
Experimental 
IR Unscaled Scaled Ii Vibrational assignments (% PED) 
3439 3606 3455 59.98 ʋNH (99) 
3439 3593 3442 65.72 ʋNH (99) 
 3263 3126 23.46 ʋCH (95)   
 3234 3098 20.51 ʋCH (99)     
 3225 3090 4.26 ʋCH (95)     
 3214 3079 25.28 ʋCH (99)  
 3196 3062 7.23 ʋCH (99)  
 3193 3059 11.69 ʋCH (96) 
3112 3144 3012 413.63 ʋNH (88) 
2730 3127 2995 7.02 ʋCH (98) 
2730 3121 2990 76.67 ʋCH (91) 
2559 3038 2910 758.87 ʋNH (88) 
2559 2943 2819 1075.71 ʋNH (91) 
2559 2800 2683 1050.56 ʋNH (95) 
1634 1735 1663 112.15 βHNH (65) 
1634 1731 1658 145.64 βHNH (58) 
1593 1711 1639 5.45 ʋCC (37) 
1593 1698 1669 52.04 βHNH (57)   δHNHCl (25)    
1593 1685 1656 1.39 ʋCC (51)   βCCC (12) 

1593 1674 1645 199.95 
βHNH (41)   δHNHCl (17)   δCNHCl 
(13) 

1593 1666 1638 40.97 δHNHCl (13)   βHNH (42) 
1593 1640 1612 75.13 δHNHCl (85)    
1476 1561 1535 7.33 βHCC (42)  βCCC (10) 
1476 1546 1520 18.16 βHCH (76) 
1476 1541  1515 13.68 βHCH (75)   δHCCC (14) 
1476 1511 1485 11.82 ʋCC (45)    βHCC (27) 
 1451 1426 8.29 δHCCC (36)    
 1438 1414 9.89 δHCCC (59) 
1367 1405 1381 4.60 βHCC (76) 
1367 1393 1369 2.20 ʋCC (42)   βHCC (15) 
 1358 1335 5.48 δHCCC (32)    
 1345 1322 6.32 ʋCC (10)   δHCCC (28) 
1300 1313 1290 11.59 ʋCC (45)   βHCC (11)   βCCC (10) 
1300 1257 1235 7.78 βHCC (43)   ʋCC (18) 
1300 1233 1212 21.40 βHCC (55) 
1165 1205 1185 36.33 δHNHCl (22)   βHNC (18) 
1165 1189 1169 19.41 δHNHCl (29)   βHCC (12) 
1165 1176 1156 1.27 βHNC (23)   βHCC (19) 
1165 1162 1142 10.54 βHCC (34)   βHNC (15) 
 1125 1106 16.93 ʋCC (24)   βHCC (21) 
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1095 1061 1043 4.87 δHCCC (78) 
1095 1049 1031 4.38 δHCCC (55)   δCCCC (11) 
 1035 1018 0.83 ʋNC (44) 
 1032 1015 0.36 ʋCC (10)   ʋNC (12)   βCCC (44) 
 1010 993 35.38 ʋNC (72) 
 986 969 2.74 δHCCC (65) 
907 958 942 11.21 δHCCC (22)   ʋNC (11)   
878 943 927 16.61 δHCCC (30)    
853 909 893 4.47 βHCC (14)   ʋCC (12)   δHCCC (23) 
807 849 835 36.08 δHCCC (66) 
701 758 745 42.47 δHCCC (23)   γCCCC (14) 
 739 726 6.18 ʋCC (27)   βCCC (30) 
547 657 645 0.67 γCCCC (22)   βCCN (23)  βCCC (12) 
547 586 576 2.33 βCCC (53) 
547 531 522 1.19 βCCC (49) 
456 487 479 11.56 δHCCC (13)   γCCCC (29) 
 423 416 2.77 βCCC (54) 
 405 398 6.18 βNHCl (32)   δHNCC (11) 
 388 381 2.57 βCCC (47)    
 378 371 36.31 βCCC (43)   ʋClH (20)    
 338 333 51.38 δCCCC (16)   ʋClH (21) 
 303 298 52.92 ʋClH (56)   βCCC (11) 
 290 285 30.32 ʋClH (38) 
 254 249 5.63 βCCC (33) 

 232 228 51.23 
δCCCC (17)   ʋClH  (21)   δHNHCl 
(14) 

 217 213 52.63 
ʋClH (21)   δHNHCl (11)   δHNCC 
(11) 

 193 190 27.28 ʋCdCl (65) 
 171 168 46.13 ʋCdCl (18)   δCNHCl (15) 
 151 148 3.96 βCCN (22)   δCCCN (15) 
 138 136 4.19 γCCCC (16)   ʋClH (18)   δHNHCl (21) 

 116 114 18.59 
βNHCl (14)   δCCCN (14)   δHNCC 
(13) 

 109 107 12.27 βNHCl (26) 

 95 93 2.31 
δCCCN (11)  δHNCC(12)   δHNCC 
(13) 

 74 73 1.64 βHClCd (50)   δHNCC (11) 
 
Ii: infraredintensity (km.mol-1). ʋ, β, δ and γdenote stretching, in-planebending, torsion and 

out-of-plane bending modes, respectively. 

 PED: potential energy distribution data are taken fromVEDA4 

Scaling factor: from 4000 to 1700 cm-1 are scaled with 0.983 and lower than 1700 cm-1 are 

scaled with 0.958. 
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Table 5. Molecular Docking Results of binding energies in kcal mol-1 via iGEMDOCK 

program. 

Ligand Bacteria Total energy VDW H-bond Electronic AverConPair 

(C8H14N2)2CdCl6 

1XK9 -92.702 -92.534 0 -0.168 26.130 
5Y63 -92.407 -91.626 0 -0.781 25.000 
5NV5 -89.613 -89.957 0 0.344 26.478 
3KP3 -89.093 -88.873 0 -0.220 22.391 
4OYH -84.719 -84.263 0 -0.455 23.391 
6G9P -84.630 -85.658 0 1.027 25.521 
2W7Q -80.698 -80.692 0 -0.006 26.826 
5O77 -72.670 -72.670 0 0 20.087 
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Figure captions 

 
Fig. 1. ORTEP drawing of (C8H14N2)2[CdCl6] with atom-labeling scheme. Displacement 

ellipsoids are drawn at the 30% probability level. (i) (-x, -y, -z). H atoms are represented as 

small spheres of arbitrary radii. Hydrogen bonds are denoted as dashed lines (a) and the 

optimized molecular structure (b).  

Fig. 2. The packing of (C8H14N2)2[CdCl6] viewed down the a-axis (a), and along the b-axis 

(b), CdCl6 is given in polyhedral representation.  Hydrogen bonds are denoted as dashed lines. 

View highlighting intermolecular interactions between organic cations C-H...π stacking (c). 

Projection of a layer in the plane (a,b) showing the patterns of hydrogen bonding in the title 

compound. H atoms not involved in hydrogen bonding were omitted while carbon atoms were 

omitted for clarity of the projection along the c-axis (d). 

Fig. 3. Hirshfeld surfaces mapped with dnorm. The surfaces are shown as transparent to 

highlight the visualization of the orientation and conformation of the functional groups in the 

crystal, hydrogen bonds are represented by dotted lines. 

Fig. 4. 2D fingerprint plots of the main intercontacts showing percentage of various 

intermolecular contacts contributed to the Hirshfeld surface in the title compound. Surfaces to 

the side highlight the relevant surface patches associated with the specific contacts. 

Fig. 5. Theoretical and experimental IR spectrum of MXDCdCl6. 

Fig. 6. AIM molecular graph screening the different bond critical points (BCPs) of 

(C8H14N2)2CdCl6calculated at DFT/LANL2DZ level. The BCPs are denoted as orange smaller 

balls. 

Fig. 7. Graphical representation for the corresponding cation: bond critical points (small red 

spheres), ring critical points (small yellow spheres), cage critical points (small green spheres), 

bond paths (pink lines). 

Fig. 8. Plots of the RDG versus the electron density ρ multiplied by the sign of λ2 (a) and 

color scaling of weak interactions (b) for the (C8H14N2)2CdCl6 compound. The surfaces are 

colored on a blue–green–red scale according to values of sign λ2. Blue indicates strong 

attractive interactions and red indicates strong non-bonded overlap 
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Fig. 9. Plots of the RDG versus the electron density ρ multiplied by the sign of λ2 (a) and 

color scaling of weak interactions (b) for the corresponding cation of MXDCdCl6. The 

surfaces are colored on a blue–green–red scale according to values of sign λ2. Blue indicates 

strong attractive interactions and red indicates strong non-bonded overlap. 

Fig. 10. Theoretical TD-DFT UV–Visible spectrum of the title compound at BLYP and 

B3LYP level. 

Fig. 11. Solid-state UV-Vis spectrum (a) of (C8H14N2)2CdCl6 and the energy gap (b) 

according to the Tauc model.  

Fig. 12. The frontier molecular orbitals of (C8H14N2)2CdCl6 molecule at DFT/LANL2DZ 

level. 

Fig. 13. The best docked poses of (C8H14N2)2CdCl6 compound with eight bacteria: 1XK9(a), 

5Y63(b), 5NV5(c), 3KP3(d), 4OYH(e), 6G9P(f), 2W7Q(g), 5O77(h). 

Fig. 14. Different types of interactions between (C8H14N2)2CdCl6 and 1XK9 bacteria.  
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Fig. 1. ORTEP drawing of (C8H14N2)2[CdCl6] with atom-labeling scheme. Displacement 

ellipsoids are drawn at the 30% probability level. (i) (-x, -y, -z). H atoms are represented as 

small spheres of arbitrary radii. Hydrogen bonds are denoted as dashed lines (a) and the 

optimized molecular structure (b).  
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Fig. 2. The packing of (C8H14N2)2[CdCl6] viewed down the a-axis (a), and along the b-axis 

(b), CdCl6 is given in polyhedral representation.  Hydrogen bonds are denoted as dashed lines. 

View highlighting intermolecular interactions between organic cationsC-H...π stacking(c). 

Projection of a layer in the plane (a,b) showing the patterns of hydrogen bonding in the title 

compound. H atoms not involved in hydrogen bonding were omitted while carbon atoms were 

omitted for clarity of the projection along the c-axis (d).  



5 

 

 

 

Fig. 3. Hirshfeld surfaces mapped with dnorm. The surfaces are shown as transparent to 

highlight the visualization of the orientation and conformation of the functional groups in the 

crystal, hydrogen bonds are represented by dotted line 
  



6 

 

 

 
 

 

 
  

 

  



7 

 

  

 

 

 

 

 

 

 

 

 

 

Fig. 4. 2D fingerprint plots of the main intercontacts showing percentage of various 

intermolecular contacts contributed to the Hirshfeld surface in the title compound. Surfaces to 

the side highlight the relevant surface patches associated with the specific contacts. 
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Fig.5. Theoretical and experimental IR spectrum of MXDCdCl6. 
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Fig. 6. AIM molecular graph screening the different bond critical points (BCPs) of 

(C8H14N2)2CdCl6 calculated with B3LYP/6-311++G(d,p) level. The BCPs are denoted as 

orange smaller balls. 

 

 

 

 

 

 

 

 

 

Fig. 7. Graphical representation for the corresponding cation: bond critical points (small red 

spheres), ring critical points (small yellow spheres), cage critical points (small green spheres), 

bond paths (pink lines). 
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Fig. 8. Plots of the RDG versus the electron density ρ multiplied by the sign of λ2 (a) and 

color scaling of weak interactions (b) for the (C8H14N2)2CdCl6 compound. The surfaces are 

colored on a blue–green–red scale according to values of sign λ2. Blue indicates strong 

attractive interactions and red indicates strong non-bonded overlap. 
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Fig. 9. Plots of the RDG versus the electron density ρ multiplied by the sign of λ2 (a) and 

color scaling of weak interactions (b) for the corresponding cation of MXDCdCl6. The 

surfaces are colored on a blue–green–red scale according to values of sign λ2. Blue indicates 

strong attractive interactions and red indicates strong non-bonded overlap. 
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Fig. 10. Theoretical TD-DFT UV–Visible spectrum of the title compound at BLYP and 
B3LYP. 

 

 

 

Fig. 11. Solid-state UV-Vis spectrum (a) of (C8H14N2)2CdCl6 and the energy gap (b) 

according to the Tauc model.  
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Fig.12. The frontier molecular orbitals of (C8H14N2)2CdCl6molecule at DFT/LANL2DZ level.  
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(a) 

 

(b) 

 

1XK9 5Y63 

(c) 

 

(d) 

 
5NV5 3KP3 

(e) 

 

(f)  

 

4OYH 6G9P 
(g) (h) 
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2W7Q 5O77 

 

Fig. 13. The best docked poses of (C8H14N2)2CdCl6 compound with eight bacteria: 1XK9(a), 

5Y63(b), 5NV5(c), 3KP3(d), 4OYH(e), 6G9P(f), 2W7Q(g), 5O77(h). 
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Fig. 14. Different types of interactions between (C8H14N2)2CdCl6 and 1XK9 bacteria. 

 

 

 

 

 

 

 

 

 

 

 

 



• Novel Cd(II) complex compound, MXDCdCl6, was synthesized. 

• Optimized geometry and vibrational spectra were computed using DFT method.   

• MXDCdCl6 was characterized by single crystal DRX and IR analyses. 

• Charge transfer interactions were analyzed by AIM, RDG and HS analysis. 

• Molecular docking studies confirmed the inhibitory activity of MXDCdCl6. 
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