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Introduction

In the past several decades, much attention has been dedicated to organic-inorganic metal halides due to their interesting structural features and physical properties. They have been widely adopted in the field of catalysis, nonlinear optics, luminescence and magnetism [1]. They have received much attention not only due to the rich diversity of their crystal structures but also for the reason that these systems can be fine-tuned to obtain desirable properties such as light emission, semiconductivity, dielectric switching, ferroelectricity, and multiferroism [2]. One of the major topics to be investigated in this field is compounds possessing polymeric anionic chains because they provide original supramolecular networks.

The halocadmate(II) family, in particular the chlorocadmate, has numerous structures mainly composed of an anionic sublattice built up of distorted [CdCl 6 ] 2-isolated octahedra or connected via corners, edges, or faces forming ribbons, plans or layers [3][4][5][6][7][8][9][10][11][12]. This is due to the Cd 2+ ion, being a d 10 , exhibits a great variety of coordination numbers and geometries [13]. The anionic sub-lattice of the crystal may consist of a simple discrete octahedral, onedimensional chain, 2D or 3D anionic frameworks [14]. The cavities between the inorganic moieties are filled with organic cations that connect to the anionic framework through hydrogen bonds and electrostatic interactions [15]. The size of the organic molecules, their symmetry, and their ability to form hydrogen bonds determine the physico-chemical properties in these materials [16]. Compared to single inorganic materials, organic cations can realize special properties such as small dielectric constant, short response time, and large electro-optic coefficient, hence, these hybrid materials presenting favorable nature in nonlinear optical materials [17].

For this study, it was of interest to investigate the properties of the newly synthesized chlorocadmate compound (C 4 H 10 N) 8 [CdCl 5 ] 2 [CdCl 4 ]. The overall goal of this work was to study, in the first place, the crystal structure, optical characteristics, vibrational spectrum and thermal stability of the compound, then, to examine its biological activity.

Experimental

Chemical preparation

The (C 4 H 10 N) 8 [CdCl 5 ] 2 [CdCl 4 ] compound was prepared by mixing stoichiometric quantities of Pyrrolidine (2 mmol) and Cadmium(II) chloride (2 mmol) with adding three drops of concentrated acid of HCl 38% in the presence of water (20 ml). The solution was stirred for one hour and kept evaporating at room temperature over several days. Prismatic colorless single crystals suitable for X-ray structure determination were collected from the solution.

The chemical reaction scheme is: with the parameters a = 15.9451( 14), c = 11.1726(10) Å, V = 2840.6(6) Å 3 ; Z = 2 and ρ = 1.640 g.cm -3 , μ = 1.803 mm -1 . The structure was solved by dual-space algorithm using the SHELXT program [18], and then refined with full-matrix least-squares methods based on F 2 (SHELXL) [19]. All non-hydrogen atoms were refined with anisotropic atomic displacement parameters. H atoms were finally included in their calculated positions and treated as riding on their parent atom with constrained thermal parameters. A final refinement on F 2 with 3263 unique intensities and 132 parameters converged at ωR(F 2 ) = 0.0961 (R(F) = 0.0445) for 2648 observed reflections with I > 2σ(I). Experimental details of the structure for the new compound are summarised in Table 1. Molecular graphics were made using Mercury [START_REF] Macrae | Mercury 4.0: from visualization to analysis, design and prediction[END_REF].

UV, IR, and Thermal measurements

The optical absorption spectrum was recorded on a Perkin Elmer Lambda 35 UV-Vis spectrophotometer equipped with an integrating sphere in the range of 200-400 nm at room temperature. The IR spectrum was carried out through NICOLET IR 200 FT-IR infrared spectrometer in the range of 4000-400 cm -1 . The TG-DSC analysis spectra were obtained with a simultaneous Thermogravimetry -Differential Scanning Calorimetry using "NETZSCH STA 449F1" operating from 28 up to 700° C temperature at an average heating rate of 5°C/min in Argon atmosphere with a sample amount of 9.45 mg.

Determination of in-vitro antibacterial activity of the compound (TC) and the amine with the disc diffusion method

H 2 O
The antibacterial activity of the title compound (C 4 H 10 N) 

In vitro antioxidant activity

The antioxidant activity of the tested compound (TC) and amine was evaluated using two tests DPPH (1,1-diphenyl-2-picryl hydrazyl) and ABTS (2,2ʹ-azino-bis(3ethylbenzothiazoline-6-sulphonic acid).

DPPH radical scavenging activity

1,1-diphenyl-2-picrylhydrazil (DPPH) is a stable free radical known for its deep purple color and its absorption band ranging between 515 and 520 nm. In the presence of antioxidant compounds, DPPH can accept an electron or a hydrogen atom from the antioxidant scavenger molecule to become a more stable DPPH molecule. Taking into account the pale yellow color of the reduced form of DPPH, it is possible to determine the antioxidant activity of a compound by studying the color change using spectrophotometry. The results are normally expressed as inhibitory concentration (IC50), which is defined as the concentration of antioxidant that reduces the free radical DPPH by about 50%. Briefly, 3 ml of DPPH solution (0.1mM) prepared on methanol were added to 100 μl of the compound or the amine dissolved on methanol, at different concentrations. After 30 min of incubation, the absorbance was measured at 517 nm [23]. The scavenging activity was assessed according to the following formula: DPPH radicals scavenged activity (%) = [(A 0 -A 1) /A 0 ] × 100. Where A 0 refers to the absorbance of the blank and A 1 refers to the absorbance measured in the presence of the compound (TC) or amine.

ABTS radical scavenging activity

After reacting with potassium persulfate, ABTS is converted into its radical cation, characterized by its blue color. The reaction of ABTS cation with an antioxidant, frequently, leads to ABTS colorless form. The ABTS radical scavenging activity was performed according to the technique described by (Hachani et al., 2020). The stock solution was prepared by mixing equal volumes of ABTS (2,2'-azinobis(3-ethylbenzothiazoline-6-sulfonic acid)) solution (7 mM) and potassium persulfate solution (2.45 mM) followed by incubation for 12 hours at room temperature in the dark to yield a dark-blue-colored solution containing ABTS •+ radicals. Before each assay, a working solution was freshly prepared by diluting the stock solution with an equal volume of methanol (50%). The free radical scavenging activity was assessed by mixing 300 μl of the compound or amine, diluted in methanol, at various concentrations with 3 ml of ABTS working solution. The absorbance was measured at 734 nm. The scavenging activity was estimated based on the percentage of ABTS radicals scavenged by the following formula:

ABTS radicals scavenging activity (%) = [(A 0 -A 1 )/A 0 ] × 100

Where A 0 is the absorbance of the blank (the reaction mixture without the tested compound)

and A 1 is the absorbance measured in the presence of the tested compound. Measurements were performed twice in triplicate.

Statistical analysis

Data obtained from the antibacterial activity with a Gaussian distribution were analyzed using a parametric analysis of variance (ANOVA). Post hoc comparisons were performed using Fisher's protected LSD test when ANOVA was significant. Significance was set at p< 0.05.

Results and discussion

1. Structure description

The asymmetric unit consists of three cadmium atoms (Cd1, Cd2 and Cd3), five chlorine atoms and two pyrrolidinium groups (Fig. 1). All the cadmium atoms as well as the This deformation is less in the case given in the literature [25], and it is logical that our compound has a polymeric configuration at the anionic part but sharing the vertices instead of the faces. Examination of the organic geometrical features (Table 3, 4) shows that the pyrrolidinium molecule exhibits a regular spatial configuration with C-C and C-N distances and C-C-C and C-C-N angles quite similar to those found in pyrrolidinium derivatives [26].

Hirshfeld surface analysis

The Hirshfeld surface was mapped with the d norm property, to accumulate additional information on weak intermolecular interactions in the crystal with the CrystalExplorer 3.1 software [27]. The blue, white and red colour scale used for the d norm distinguish the interatomic contacts as longer, at van der Waals separations or short interatomic contacts, respectively. In our case, the red plots observed on the Hirshfeld surface confirm the presence . These results, therefore, reveal the significance of these contacts in the packing arrangement of the crystal structure. the insulator characteristic of the material (Fig. 5). This value was obtained from the formula:

Optical study

(αhν) 1/n =A(hν -E g ) with n =1/2 for direct allowed transitions, where h is Planck's constant, n is the photon's frequency, α is the absorption coefficient, Eg is the band gap, and A is a proportionality constant [28].

Vibrational study

To gain more information on the crystal structure, we have undertaken a vibrational study using infrared absorption at room temperature. The FT-IR spectrum measured between 400 and 4000 cm -1 are shown in Fig. 6. Assignment of the observed bands were realized according to previous works on similar compounds with the same cation [29][30][31]. The weak and strong band, formed by the overlapped peaks between 3670-2656 cm -1 region, corresponds to stretching symmetric and antisymmetric vibrations of ν(NH 2 ) and ν(CH 2 )

groups interconnected by a system of hydrogen bonds in the crystal. The intense band at 1587 cm -1 corresponds to in-plane bending vibration of δ(NH 2 ). The two intense bands observed at 1469 and 1369 cm -1 correspond to in-plane bending vibration of δ(CH 2 ) and out of plane bending vibration of ω(NH 2 ) δ(CH 2 ), respectively. The band observed around 1244 cm -1 corresponds to the out of plane bending vibration of T(N-C-C). The bands located at 1021 and 878 cm -1 can be assigned to the stretching vibrations of ν a (CN) and ν s (CN), respectively. The two bands observed at 915 and 871 cm -1 can be attributed to the stretching vibration of ν(CC).

The band observed at 915 cm -1 can be assigned to the stretching vibration of δ(CC). The very weak band observed at 623 cm -1 corresponds to the bending vibration of δ(C-C-N) and the second one at 573 cm -1 is attributed to δ(C-C-C).

Thermal study

TG-DSC measurements, shown in Fig. 7 The TG curve ends with a plateau which begins at a temperature of 630 °C, a value very close to that which gives the saturated vapor pressure of CdCl 2 around 656 °C.

Determination of in-vitro antibacterial activity of the compound (TC) and the amine with the disc diffusion method

The in-vitro antimicrobial activity of the compound and the pyrrolidine, were tested against two gram-positive (Enterococcus faecalis, Staphylococcus aureus NCTC 6571) and three gram-negative (Escherichia coli JW 1772, Pseudomonas aeruginosa SH 38, Salmonella typhimurium ATCC 14028) bacteria using the disc diffusion method. Inhibition zones are reported in Table 4 and Fig. 8.

Statistical analysis showed that there is no significant difference (p≥0.05) between the inhibition zones caused by the compound and the amine. Their in-vitro antibacterial activity depended on the tested bacteria. The diameter of inhibition varied between 6±0.215 and 8.8±0.143 mm for the compound and between 6±0.035 and 8.6±0.215 mm for the pyrrolidine.

The sensitivity of the five bacteria toward the compound and the amine was not related to the structure of the bacterial membrane (gram positive or gram-negative bacteria). In fact, the smallest inhibition zone (6 ±0.036) caused by the compound was toward S. aureus. However, Escherichia coli was the most sensitive bacteria toward the whole compound.

In vitro antioxidant activity

Free radical scavenging activity of both the compound (TC) and the amine were assessed by two standard methods (DPPH and ABTS) using spectrophotometry. Results issued from both DPPH and ABTS test, showed that the scavenging activity of (C 4 H 10 N) 8 [CdCl 5 ] 2 [CdCl 4 ] is higher than the pyrrolidine. For the DPPH test the IC 50 of the compound (1.61± 0.12mg) was 14.22 fold lower than the amine IC 50 (22.90± 0.04 mg). For the ABTS test, the IC 50 of the compound (2.13± 0.03 mg) was 13.2 fold lower than the amine IC 50 (28± 0.08mg). As a result, the synthesized compound can be used as an efficient free radical scavenger substance (Table 5). ABTS tests showed that the free radical scavenging activity of the synthesized compound is higher than the amine.

Declaration of interests

☒ 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.

☐ The authors declare the following financial interests/personal relationships which may be considered as potential competing interests:  Intermolecular interactions were investigated by Hirshfeld surface analysis.

D-H•••A D-H H•••A D•••A D-H•••A N4-H4A

 The optical properties were studied by UV-visible absorption spectroscopy.

 The vibrational frequencies of the compound were also predicted.

 The hybrid material was characterized by TG-DSC thermal analysis between 28 and 700 °C.

 A comparison study of the antibacterial and antioxidant activity of the compound and the amine were made.

  Cl12 and Cl14 atoms belong to four-order axes and therefore occupy special positions with an occupancy rate of 0.25. The rest of the atoms occupy general positions which contribute to the electrical neutrality of the crystal with the empirical formula (C 4 H 10 N) 8 [CdCl 5 ] 2 [CdCl 4 ]. The Cd2, Cd3 ions have slightly distorted octahedral coordination geometry, and alternatively divide their common vertices by chlorine atoms (Cl12 and Cl14), to generate an infinite onedimensional coordination polymeric chain running at the intersection of the planes (x = 1/4, y = 1/4) and (x = 3/4, y = 3/4). While Cd1 has a slightly distorted isolated tetrahedral, located in the plane z=0 at (3/4, 1/4, 0) and (1/4, 3/4, 0) coordinates (Fig.2). To construct the threedimensional network, different hydrogen bonds are established. The N-H•••Cl bonds type between the organic group and the covalent polymeric chains of general formula (CdCl 5 ) n , and via the C-H•••Cl hydrogen bonds type between pyrrolidinium cations and CdCl 4tetrahedron (see Fig.3). The distance between consecutive metal atoms within the polymeric chain is 5.5226(9) Å between Cd2 and Cd3 and the Cd2-Cd3-Cd2 angle is 180.00°, indicating that the polymeric chain is perfectly linear. The Cl11-Cd2 and Cd3-Cl13 octahedra are eclipsed by an angle of 17.355(53)°. The Cd-Cd shortest distances within the chain, are fairly close to those reported in the case of one-dimensional chain of slightly distorted edgesharing octahedra[24].In the polymeric chains, the Cd 2+ ion is in an octahedral coordination environment composed of six chloride anions; but the moderate capacity of the pyrrolidinium cations to form hydrogen bonds with the chlorine atoms of the inorganic chains enables the chlorine atoms to be principally involved in the metal coordination and to give rise to a one dimensional simple inorganic chain characterized only by bridging chlorine atoms. In the polymeric chain of the title compound, the values of the Cd-Cl bond lengths vary between 2.5718(10) and 2.868(2) Å, the Cl-Cd-Cl angles range from 87.66(3) to 92.34(3)°. These geometrical parameters are in good agreement with those found in (tpH)n[CdnCl3n] where (tp = 1,2,4-triazolo-[1,5-a]pyrimidine), the Cd-Cl distances are between 2.5898(5) and 2.7929(5) Å and the Cl-Cd-Cl angles ranging from 80.793(16) to 100.303(16)°[25]. Because of the obvious differences in the Cd-Cl distances and the Cl-Cd-Cl angles in our compound, the coordination geometry of the Cd atom could be considered a slightly deformed octahedron.

  of non-covalent interactions, being mainly constituted of N-H•••Cl and C-H•••Cl hydrogen bonds as described in the crystallographic section (Fig.4(a)). The two-dimensional fingerprint plot derived from the Hirshfeld surface provides a convenient visual summary of the frequency of each combination of d e and d i across the surface of the molecule. The colour of each point: blue, green and red correspond to small, moderate and high contributions whereas an uncoloured region indicates no contribution to the Hirshfeld surface. The contributions from different interaction types which overlap in the full fingerprint (Fig.4(b)) are then separated. The weak intermolecular interactions in the crystal are mainly constituted by H•••Cl and H•••H contacts with a contribution of 69.6% and 27%, respectively (Fig.4(h)). The H⋯Cl/Cl⋯H contacts, appear as two sharp spikes (d e +d i ~2.8 Å) on the fingerprint plots, which is indicative of strong hydrogen bond interactions (Fig.4(c)). The H…H contacts appear as the largest region on the fingerprint plots with a high concentration at d e =d i ~1.4 Å (Fig.4(d))

Fig. 5

 5 Fig.5 shows the optical absorbance spectrum of the studied material in the wavelength range of 200-400 nm. The results reveal that the compound presents two bands at λ= 230 nm (5.39 eV) and λ= 282 nm (4.39 eV) related to the transitions in [CdCl 5 ] 2 and [CdCl 4 ] anionic parts, given that the pyrrolidinium molecule is simple and saturated. These transitions are, probably, due to a photoinduced exciton formed by the transition from the top of the valence band consisting of Cl (3p) orbital to the bottom of the Cd (5s) conduction band. The bandgap energy was determined according to the Tauc model by the intersection point between the tangent of the cutoff and the wavelength axis and it was found to be 4.1 eV, which indicates

  , were carried out to characterize the thermal stability of the compound (C 4 H 10 N) 8 [CdCl 5 ] 2 [CdCl 4 ], under Argon atmosphere, at a heating rate of 5°C/min in the temperature range of (28 -700 °C). The DSC curve shows that the compound undertakes, at about 130°C, an endothermic melting point, which is in good agreement with the result obtained by the capillarity tube method, and well confirmed by the lack of loss in the weight observed on TGA curve. By heating further, the important weight loss observed in the temperature range of 190-370°C corresponds to the decomposition and the departure of volatile molecules, with a mass loss very close to the theoretical value (experimental 50.71 %, calculated 50.91%) according to the following reaction: [(C 4 H 10 N) 8 (CdCl 5 ) 2 (CdCl 4 )] 8(C 4 H 9 N)  + 4 HCl  + (4H + , Cd 3 Cl 10 4-)  190-370°C Then comes the second mass loss in the range 460-630 ° C attributed to the departure of HCl and CdCl 2 molecules (experimental 48.66%, calculated 49.64%) according to the following

  This paper has investigated the synthesis, crystal structure and some properties of the new polymeric compound (C 4 H 10 N) 8 [CdCl 5 ] 2 [CdCl 4 ]. Hirshfeld surface analysis was used to verify the contributions of the different intermolecular interactions in the formation of the crystal packing. The optical study revealed the absorption bands of the compound and the wide band gap value around 4.1 eV. The presence of functional groups of the cation was proved by IR study. In vitro antibacterial activity test showed no significant difference between the inhibition zones caused by the compound and the amine, whereas, DPPH and

Fig. 1

 1 Fig. 1 Asymmetric unit of (C 4 H 10 N) 8 [CdCl 5 ] 2 [CdCl 4 ].

Fig. 2

 2 Fig. 2 (a) Anionic arrangement of (C 4 H 10 N) 8 [CdCl 5 ] 2 [CdCl 4 ]; (b) A view of (CdCl 5 ) n polymeric chains.

Fig. 3

 3 Fig. 3 Projection of the atomic arrangement of (C 4 H 10 N) 8 [CdCl 5 ] 2 [CdCl 4 ] on the (ab) plane. Blue dotted lines indicate hydrogen bonds.

Fig. 4

 4 Fig. 4 (a) Hirshfeld surface analysis mapped with the d norm function, (b-g) 2D fingerprint plots, and (h) relative contribution of each contact to the Hirshfeld surface.
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 5 Fig.5 (a) UV-Vis absorption spectrum (a), and energy gap according to the Tauc model of (C 4 H 10 N) 8 [CdCl 5 ] 2 [CdCl 4 ].

Fig. 6

 6 Fig.6 FTIR spectrum of (C 4 H 10 N) 8 [CdCl 5 ] 2 [CdCl 4 ].

Fig. 7

 7 Fig.7 TG-DSC curve of (C 4 H 10 N) 8 [CdCl 5 ] 2 [CdCl 4 ].
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 8125 Fig. 8 Zone of inhibition (mm), caused by the compound (TC) and the amine against bacteria: 1:Pseudomonas aeruginosa, 2: Escherichia coli, 3.Staphylococcus aureus, 4: Salmonella typhimurium, 5: Enterococcus faecalis.

  

Table 1 .

 1 Crystallographic data and structure refinement parameters for the crystal.

	Crystal data

Table 2 .

 2 Hydrogen bonding parameters (Å, °).

Symmetry codes : (i) x, y, z+1 ; (ii) y+1/2, -x+1, -z+2 ; (iii) y, -x+1/2, z.

Table 3 .

 3 Selected bond distances (Å) and angles (°) in the compound.

	•••Cl11	0.89	2.50	3.313(6)	152.5
	N4-H4B•••Cl14 i	0.89	2.57	3.344(6)	145.5
	C5-H5A•••Cl13 i	0.97	2.83	3.787(7)	167.6
	C5-H5B•••Cl1 ii	0.97	2.98	3.711(7)	132.7
	C11-H11B•••Cl13	0.97	2.88	3.707(6)	143.1
	N15-H15A•••Cl13 iii	0.89	2.62	3.405(5)	148.3
	N15-H15B•••Cl11	0.89	2.43	3.287(5)	163.1

Table 4 .

 4 Inhibition zone (mm), caused by the compound (TC) and the amine against bacteria.

	The data are reported as mean ± standard deviation.		
	Zone of inhibition (mm)	
	(C 4 H 10 N) 8 [CdCl 5 ] 2 [CdCl 4 ]	Pyrrolidine
	Pseudomonas aeruginosa SH 38	8.8±0.143	8.6±0.215
	Escherichia coli JW 1772	8.6±0.215	7.6±0.215
	Salmonella typhimurium ATCC 14028	6±0.215	6.4±0.064
	Staphylococcus aureus NCTC 6571	6±0.035	7±0.013
	Enterococcus faecalis	7±0.215	6±0.035

Table 5 .

 5 Scavenging activity of the compound (TC) and the amine in both DPPH and ABTS test. The data are reported as mean ± standard deviation, *** p<0.001 significantly different from the amine

		DPPH (IC 50 mg/ml)	ABTS (IC 50 mg/ml)
	(C 4 H 10 N) 8 [CdCl 5 ] 2 [CdCl 4 ]	1.61± 0.12 ***	2.13± 0.03 ***
	Pyrrolidine	22.90± 0.04	28± 0.08
	Figure captions		

Supplementary data

Crystallographic data of the structure recorded in this paper have been deposited in the Cambridge Crystallographic data center. CCDC 2067326 contains the supplementary crystallographic data. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif. 
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