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Abstract

The paper reports the preparation and structural characterization of a new complex
(C¢H16N2)[CuCl4] grown by slow evaporation technique in aqueous solution and
characterized by X-ray diffraction, spectroscopy measurement, DTA-TG analysis, and
photoluminescence properties. The crystal structure determination shows that the title
compound crystallizes in the C 2/c space group of the monoclinic system. The unit cell
dimensions at T=150K are as follows : a = 14.500(5) A, b=14.619(5) A, c=5.9173(17) A, B
=107.419(11) °, V =1196.8(7) A’ and Z = 4. The atomic arrangement can be described by
thick layers of inorganic entities, made up from CuCl, anions, developed parallel to the (a, ¢)
planes aty = 0 and 1/2. The organic cations are anchored onto successive layers and connect
them via N-H...CI hydrogen bonds, to form an infinite three dimensional network. In addition,
the nature and proportion of contacts in the crystal packing were studied by the Hirshfeld
surfaces. The vibrational properties were investigated experimentally by means of IR and
Raman spectroscopy and theoretically by DFT calculations. Furthermore, the UV-Visible
optical absorption and photoluminescence properties were explored by experimental

techniques and TDDFT calculations. Good agreement was found between theoretical and



experimental results. Thermal analysis reveals the decomposition of the compound at 511 K.
The bioassay results showed that the structure exhibits significant antibacterial activity.
Keywords: Complex compound, X-ray single crystal diffraction, , Infrared and Raman
spectroscopy, DFT and TDDFT calculations, Optical absorption and photoluminescence
measurements, impedance spectroscopy, biological study.

1. Introduction

Organic-inorganic hybrid materials represent a formidable class of materials that
combine the physicochemical properties of organic and inorganic product components into a
single compound at molecular scale [1]. Concerning the organic part, a diversity of amines
has been employed already in the preparation of halocuprates, including aliphatic, aromatic
and cyclic amines. In particular, piperazine and its derivatives, have also attracted serious
interest amongst crystal engineers, because they are adept to style hydrogen bonds in multiple
directions and are adequately harsh cations [2,3]. The piperazine nucleus is usually found in
biologically active compounds across a number of various therapeutic areas [4]. Part of these
therapeutic field include antimicrobial, cytotoxic, anticonvulsant, antidepressant, anti-
inflammatory, antimalarial, anti-tubercular, antiarrhythmic, antiviral and antioxidant
activities etc [5].

As example, the chlorocuprate compounds present an important and interesting class
of materials belonging to the large halogenometallate family. In the inorganic component,
copper (II) halide complexes have played a significant part in the developments of
optoelectronic devices and electronic, laser technology, as well as wireless temperature
sensors [6] and optical communication [7].

The objective of the article is to synthesize a new copper (II) hybrid trans 2, 5-
dimethyl-piperazinium  tetrachloridocuprate(Il)  with  general = chemical  formula
(C6¢Hi6N2)[CuCly], and to discuss the results of the structural characterization by X-ray
diffraction, Hirshfeld surface, vibrational, optical, thermal properties and biological study.
Furthermore, impedance spectroscopy study in the temperature range from 393K to 503K and
in the frequency range between 10 and 13 MHz was reported in this work.

2. Experimental
2.1 Synthesis of (C¢H16N2)[CuCly]

The (CsH¢N2)[CuCly] crystals were obtained by dissolving in a concentrated HCI

solution a stoichiometric mixture of trans-2,5 dimethylpiperazine and a solution of

CuCl,.2H50 in a minimum volume of water and stirring for 7h, until the formation of a clear



mixture without any precipitate. Within few weeks, yellow crystals suitable for X-ray
investigation were grown.

2.2 X-ray single crystal structural analysis

Single crystals were carefully selected under a microscope in order to perform its

structural analysis by X-ray diffraction. Data were collected at 150 K on a D§ VENTURE
Bruker AXS diffractometer using a mirror monochromatic Mo Ka radiation, A = 0.71073 A.
The structure was solved by dual-space algorithm using the SHELXT program, and then
refined with full-matrix least-square methods based on F* (SHELXL) [8].
All non-hydrogen atoms were refined with anisotropic atomic displacement parameters.
Except nitrogen linked hydrogen atoms that were introduced in the structural model through
Fourier difference maps analysis, H atoms were finally included in their calculated positions.
A final refinement on F* with 1367 unique intensities and 69 parameters converged at @R(F?)
=0.069 (R(F) = 0.026) for 1230 observed reflections with / > 2c(/). Crystal data are reported
in (Table 1). Drawings were made with Diamond [9].

2.3 Physical measurements

The X-ray powder diffraction (PXRD) was carried out on a BRUKER D8 ADVANCE
X-ray diffractometer and graphite monochromatic CuKa radiation with a 26 range from 10 to
40°. The infrared spectra were recorded in the 400-4000 cm ' range with a Nicolet 1000
spectrophotometer, using a sample pressed in spectroscopically pure KBr pellets at ambient
temperature. The UV absorption spectrum and-diffusereflectance—speetra was measured at
room temperature with Perkin Elmer Lamda 35 UV/Vis spectrophotometer in the range of
200-700 nm. Emission spectrum was obtained on a Perkin-Elmer LS55 fluorescence
spectrometer equipped with a 450W xenon lamp as the excitation source using solid sample at
room temperature. As for the Raman spectra, they were performed at room temperature using
a Dilor XY set-up. The ATD-TG analysis curves of the title compound was carried under
argon atmosphere at a heating rate of 5°/min in the temperature range 310-780 K on a sample
of 9.3 mg.

The AC conductivity data and electrical measurements of the real Z’ and imaginary
7>’ components of the impedance parameters were made over between a range of
temperatures (393-503 K) in 10°C intervals. These measurements have been executed by
using an HP 4192A impedance analyzer. To assure electrical contacts, the two parallel
surfaces of the sample (having a cylindrical shape) were coated by a layer of silver paint. The
platinum wires and the sample were held in contact by a weak mechanical pressure controlled

by a screw/spring system and transmitted by an alumina rod. The signal frequency ranged

4



from 10 Hz to 13 MHz. In fact, the sample was pressed into pellets of 12 mm in diameter and
0.6 mm in thickness.
24 Biological study

The in-vitro antioxidant activity of(C¢H;sN>)[CuCls] and trans-2,5 dimethylpiperazine
were studied, using two tests diphenylpicrylhydrazyl (DPPH) and (2,2'-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid)) ABTS.
The DPPH activity of (CsHi¢N2)[CuCls] and trans-2,5 dimethylpiperazine was studied
according to the method [10] as described in [11]. Briefly, different concentrations ranging
between (0.5 and 50 mg/ml) for (CsH;¢Ny)[CuCls], (0.1 and 2.5 mg/ml) for trans-2,5
dimethylpiperazine were prepared. Both the tested compounds were dissolved on methanol.
Three milliliters of DPPH methanol solution (0.1mM) were added to 100ul of
(C¢H16N2)[CuCly] and trans-2,5 dimethylpiperazine solution. After 30 min of incubation at
room temperature and on the obscurity, the absorbance was measured at 517 nm. All samples
were tested in triplicate. The scavenging activity was determined according to the following
formula: DPPH radicals scavenged activity (%) = [(Ao — A1/Aq] % 100.
Where Ay refers to the absorbance of the blank and A; refers to the absorbance measured in
the presence of (CsH;6N2)[CuCly] or trans-2,5 dimethylpiperazine.
ABTS test is based on color change of the ABTS cation after its reaction with an antioxidant.
Indeed, ABTS is converted into its radical cation, having a blue color, after reacting with
potassium persulfate. The reaction of ABTS cation with an antioxidant, frequently, leads to
ABTS colorless form. The color change is measured by spectrophotometry. To perform the
ABTS test, an equal volume of 7 mM ABTS solution and 2.45 mM potassium persulfate
solution were mixed to prepare a stock solution. After incubation, for 12 h at room
temperature in the dark, a working solution is freshly prepared, before each essay, by mixing
an equal volume of the stock solution and methanol (50%). Different concentrations ranging
between (10 and 20 mg/ml) for (CsH;¢Ny)[CuCls], (0.1 and 10 mg/ml) for trans-2,5
dimethylpiperazine were prepared. Three milliliter of ABTS working solution were added to
300 pl of (C¢H6N2)[CuCly] and trans-2,5 dimethylpiperazine. The mixture was incubated, in
the dark and at room temperature, for 6 min. Then the absorbance was measured at 734 nm
[11, 12]. For each concentration, data are recorded in triplicate. The scavenging activity was
estimated based on the formula as bellow:
ABTS radicals scavenged activity (%) = [(Ao — A1)/Ao] x 100. Where Ay is the absorbance of
the blank (the reaction mixture without the tested compound) and A; is the absorbance

measured in the presence of the tested compound.
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The antibacterial activity of (C¢H;sN2)[CuCls] and trans-2,5 dimethylpiperazine were tested
against 4 bacteria including one gram-positive bacteria: Staphylococcus aureus NCTC 6571
and three gram-negative bacteria, namely Escherichia coli W 1772, Salmonella typhimurium
ATCC 14028 and Pseudomonas aeruginosa SH 38 as recommended by the Clinical
Laboratory Standards Institute [11]. After growing bacterial strains overnight on nutrient
broth at 37° C, 100pl of each tested bacteria suspension, containing 10’ colony-forming units
(cfu/ml), were placed on the surface of sterile agar plates. 6 mm of diameter sterile discs
(Whatman filter paper No.l), were soaked with 10ul of (CsH;N2)[CuCls] and trans-2,5
dimethylpiperazine dissolved in Dimethyl sulfoxide (DMSO) (1 mg/mL). For the negative
controls, dimethylsulfoxide (DMSO) was used instead. Impregnated discs were then placed
on inoculated plates. The plates were inverted and incubated for 24 h at 37°C. Inhibition
zones were measured in mm. Each test was performed twice in triplicate.
3. Computational details

The theoretical study conducted in this work consists of DFT and TDDFT calculations
of the vibrational and optical properties of our material, respectively. All the calculations were
carried out using Gaussian 09 W program package [13] with the B3LYP functional [14-16]
and using the LANL2DZ basis set [17]. Firstly, optimization geometry has been applied on a
well chosen cluster from the single crystal RX data. Then, a theoretical study of IR and
Raman vibrational modes was carried out and the absence of negative calculated frequencies
clearly indicates that the optimized geometry reproduces an equilibrium state and a minimum
local energy. Finally, the calculation of the electronic transitions liable to take place between
200 and 700 nm was undertaken on the optimized geometry of the cluster. Throughout this
work, the GaussView 5.0 software [18] was used to reproduce the theoretical spectra by
Lorentzian line shape and through half widths of 10 cm™ for the IR and Raman spectra and of
25 nm for the UV-Visible absorption spectrum. The assignment of the vibrational modes was
provided by the visualization of the atoms movements for each calculated frequency with the
same software. All the computed frequencies were scaled by 0.961 [19] for more reliability
with their related experimental vibrational modes.
4. Results and discussion

4.1 Structure description

The experimental powder X-ray diffraction pattern (PXRD) of (CsH;N2)[CuCly] is in
good agreement with the simulated pattern derived from the atomic coordinates deduced from
single crystal diffraction data analysis, indicating the purity and homogeneity of the

synthesized product (Fig.1). The trans2,5-dimethyl-piperazinium tetrachloridocuprate(II)
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(CsH16N»)[CuCly] crystallizes in monoclinic space group Co/c (Z = 4), with a= 14.500(5) A,
b= 14.619(5) A, c=5.9173(17) A, p=107.419(11) at T=150K, as deduced from X-ray single
crystal diffraction study. Configurations of the different organic and inorganic species
including the vibrational ellipsoids at 50% probability are depicted in (Fig.2). In the present
crystal structure, the molecular components are stabilized through intricate three dimensional
hydrogen bonding network as listed in Table 3.
The atomic arrangement can be described by thick layers of inorganic entities, made up from
CuCly anions and NHj groups, developed parallel to the (a, c) planes at y = 0 and 1/2 (Fig.3).
The organic cations are anchored onto successive layers and connect them via N-H...CI
hydrogen bonds with lengths lying in the range of 2.29 (2) to 2.95A, with H2A bifurcated, to
form an infinite three dimensional network. This structure consists of one-dimensional tubes
centre to the axes located at the intersection of the planes (x =0, y = 1/2) and (x = 1/2, y = 0),
linked together so as to form the open framework structure (Fig.4).
The inorganic anion consists of one crystallographical atomic site for Cupper atom (Cul)
linked to four Chlorine atoms in a square planar geometry. The description of [CuCly]* entity
is justified by Cu-CI bonds distances.
The organic molecule, adopt a chair conformation, the interatomic distances C-C and N-C are
in the ranges of 1.512(2) - 1.513(3) A and 1.497(2) -1.498(2) A respectively. The N-C-C
angle value vary from 110.15 (15) to 111.66 (15) °All the bond angles and distances are
compared to those found within the hybrid compounds [20-23]. The conformation of the
piperazine six-membered ring can be described in terms of Cremer and Pople puckering
coordinates [22], evaluating the parameters Q (total puckering amplitude), g2, g3, 6 and .
The calculated values are as follows: Q = 0.9467 A, g2 = 0.9467 A, q3 = 0.0000 A, 6 = 90°
and ¢ = 159.32°, which correspond to the structure most stable chair conformation.
4.2 Hirshfeld surface

In order to analyze the function of the organic base in structural propagation, Hirshfeld
surface analyses on (CgH;¢N,)[CuCls] were carried out. Hirshfeld surface have been
calculated using CRYSTALEXPLORER 3.1 [24]. The 3D Dyom surfaces are mapped over a
fixed color scale of -0.47 to 1.39 A, shape index mapped within the color range of -1.00 to
1.00 A, and curvedness in the range of -4.00to 0.40 A respectively (Fig.5). The 2D fingerprint
plots obtained by Hirshfeld surface analysis can classify every type of intermolecular
interactions, and their relative contribution can be attained from the area of the surfaces.
The Hirshfeld surface of the asymmetric unit mapped with d,om property, the large circular

depressions (deep red) are indicators of hydrogen bonding contacts. The little extent of area
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and light colour on the surface indicates weaker and longer contact compared to other
hydrogen bonds. The complete fingerprint plot has been derived. 2D fingerprint plots inform
not only which interactions are present but also the relative contributions to the Hirshfeld
surface. The 2D fingerprint plots were displayed by using the standard view with the d. and d;
distance scales displayed on the graph axes.

The enrichment ratios of contacts between the different chemical species were computed with
software MoProViewer [25], in order to highlight which contacts are statistically favored and
are maintaining the crystal packing. Enrichment ratios larger than unity denote contacts which
are over-represented in the crystal packing with respect to the chemical composition on the
Hirshfeld surface. The hydrophobic Hc atoms bound to carbon were distinguished from the
more electropositive H...N and reciprocal contacts XY and YX were merged. The chemical
nature of contacts in the crystal structure is shown in Table 4.

Globally, H---Cl/Cl---H, and H---H interactions were most abundant in the crystal
packing (58.2, 33.6 % respectively) (Fig. 6). These contacts are attributed to C-H...Cl and N-
H...Cl hydrogen bonding interactions and appear as two shape symmetric spikes (1) in the
two dimensional fingerprint maps with a prominent long spike at de+di~2.8 A. They have the
important significant contribution to the total Hirshfeld surface (58.2 %) and this type appear
with elevated enrichment ECI...HC=1.08 and ECI..HN= 2.80. Then the chlorine and
hydrogen atoms are often mutual partners in the crystal contacts and they are electrostatically
favorable due to the partial positive charge of H atoms. Furthermore, this type of contacts is
important frequent interactions due to the abundance of chlorine and hydrogen on the
molecular surface (%SCI1=25.85 , % SHC=47 and %SHN=9.48) (Table 4). H...H interactions
are the second most frequent interactions, these interactions cover 33.6 % of the total surface
and present in the middle of the scattered points in the two-dimensional fingerprint maps with
a single broad peak at de=di~1.1 A, and this type appear with enrichment EHC...HC=2.10.
Also the Cl...Cu/Cu...Cl contacts show the presence of scattered points in the middle of the
two-dimensional fingerprint maps with a single board peak respectively at de=di~1.6 A and
which represent 5.9 %. These contacts are impoverished in the crystal with a value of
enrichment equal to 0.89. Finally, the types of contacts present the stability of the crystal
structure and the Cl...H is the driving forces in the molecular arrangement.

4.3 Vibrational analysis

In order to give more information on the crystal structure, we have studied the

vibrational properties of our compound using Raman scattering and Infrared absorption at

room temperature. For more convincing, we used the theoretical results of the DFT
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calculations to better attribute the observed vibration modes. Therefore, we present in Fig. 7
and Fig.8 the superimpositions of the experimental and theoretical spectra of the IR and
Raman vibrational studies, respectively. In addition, in Table 5, we have gathered assignment
attempts of some IR and Raman vibrational modes based mainly on the theoretical results and
on previous studies conducted on similar compounds [26-33].

The Raman features observed under 300 cm™ are characteristics of the anionic [CuCly]* as
mentioned in literature [28, 32, 33]. In effect, the symmetric and asymmetric deformations
modes are observed at 115 and 155 cm™, respectively. The intense peaks at 180 and 260 cm™
are assigned respectively to symmetric and asymmetric stretching modes of the CuCl bonds.
The Raman peaks calculated at 227 cm’! correspond to the CHj3 torsion mode and no related
feature is detected experimentally.

The vibrational modes related to the piperazinium cation can be decomposed in
several wavenumbers ranges as can be seen in Table 5. We observed separately the angular
ring deformation, the rocking, twisting and deformation modes of NH,, CH, and CHj; groups
while the stretching modes were observed between 900 and 1100 cm™. At higher
wavenumbers range, the asymmetric and symmetric stretching modes of the hydrogen linked
atoms are well defined and assigned. It is worthily noting the relative good agreement
observed between the theoretical and experimental vibrational modes for both the Raman and
IR techniques. This is well proved with the good correlation between almost all the calculated
and observed vibrational wavenumbers depicted in the correlation graph shown in Fig. S1
(The calculated correlation coefficient is 0.999)

4.4 Optical Absorption and photoluminescence

The optical properties of the titled compound have been investigated by recording
their room-temperature UV-Visible absorption, emission and excitation spectra. TDDFT
calculation is also carried out in order to compute the existing electronic transitions
wavelengths and to define their natures and to aid in more accurately identifying the observed
UV-Visible absorption features. The experimental UV- Vis absorption spectrum superposed
with its theoretical homologue is presented in Fig.9. The experimental absorption spectrum of
(C¢H16N2)[CuCly] shows a broad band centred at 373 nm (3.32 eV) with an higher and lower
energies shoulders at 285 nm (4.35 eV) and 430 nm (2.88 eV), respectively. Also, at more
low energies side, we observed an enhancement of the absorption intensities with the
detection of a band at 630 nm (1.96 eV) and the presence of additional low energetic
transitions referred to the well-known d-d transitions in the orbits of metal ion Cu**. These

observed features are typical of CuCl based materials and agree well with similar compounds
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[29-37]. Worthily, we also reclaim the relatively harmony between experimental and
theoretical results, as can be seen in Fig.9. Indeed, the theoretical absorption spectrum shows
a band centred at 379 nm and two shoulders on either side at 303 nm and 486 nm. It also
proved the presence of computed transitions assigned to d-d transitions at lower energies sides
(687 nm). The main assignments of these recorded spectra are regrouped in Table 6.

Theoretically, the calculated transitions between 200 and 700 nm are due to electrons
transfers from deep HOMO levels toward the LUMO level only. Based on the 3D
representation of the molecular orbitals involved in these transitions (Fig. 10), we notice that
all the theoretical absorption features, and therefore those observed experimentally; involved
a change in electronic density only within the inorganic CuCly part. More precisely, the four
highest occupied molecular orbitals (from the HOMO level to the HOMO-3 level) show a
charge distribution on the 3d atomic orbitals of Cu and 3p of Cl. Whereas, the HOMO-4 and
HOMO-5 levels prove charges distributed only on the 3p atomic orbitals of chlorine. On the
other hand, the LUMO level indicates a distribution of charge on the atoms of copper (3d) and
chlorine (3p).

Therefore, according to the theoretical results of the assignments gathered in Table 6,
we can confirm the fact that the observed shoulder at 430 nm is due to excitonic transitions at
the within the CuCly planes. Whereas, the intense band around 373 nm and the shoulder on
the high energy side at 285 nm, clearly indicate the contribution and the presence of the
charge transfer phenomenon between the chlorine atoms and the central copper.

In addition, the band gap of the title compound evaluated using the Tauc plot method
[38], and using the Kubelka-Munk function from the reflectance R [F(R)=(1-R)*2R] is 2.24
eV (Fig. S2). This value indicates that the title compound is a semiconductor with wide band
gap [39]. Based on this band gap value of 2.24 eV and on the excitonic transitions location at
2.88 eV, we can deduce a value for the exciton binding energy at about 640 meV. This energy
is typical of other values presented in the bibliography and clearly proves the great stability of
the excitons and the high favorability to recombine and emit intense luminescence that can be
seen with the naked eyes even at room temperature. In the present case, under the excitation at
280 nm, the recombination of the electron and the hole in the exciton sends a blue emission at
two very close wavelengths; 410 and 430 nm (inset of Fig. 9). Since the organic molecule
used is transparent in the visible range, this luminescence comes mainly from the electronic
and excitonic transitions within the inorganic anions [CuCL]* [29, 30, 32]. Moreover, the

excitation spectrum which represents the variation of the intensity of the emission band at 400
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nm as a function of excitation wave lengths is reported in (inset of Fig. 9). It exhibits one

band with maximum at 285 nm, proves the selected region of the excitation wavelength.

Interestingly, the molecular orbital calculations of these materials show evidence of a
powerful tool for the semi quantitative study of some reactivity indices and are very important
for assessing stability, chemical hardness and flexibility [40,41]. In fact, the ionization energy
and electron affinity are expressed using the following relations: 1= -Egome and A= -Erymo.
Using the HOMO and LUMO energies, the chemical potential u, the hardness 1, the softness

S and the electrophilicity index of the compound are given respectively by the following

relations: [| = @, 0= (I_Z;A), S= % and W = ZUZ—thich are given in Table 7. According

to the table, the title compound has a good stability and high chemical hardness (low chemical
reactivity) because it is energetically unfavorable to add electron to high-lying LUMO, to
extract electrons from low lying HOMO [42].

4.5 Thermal study

The study of simultaneous thermograms (TG-DTA) was carried out by heating a
sample (C¢H 6N,)[CuCly] from 310 to 780 K. The profile of the thermograms is presented in
Fig.11, illustrates the existence of four distinct anomalies at T1 = 425 K, T2 = 520 K, T3 =
550K, and T4 = 610 K. The first anomaly located at T1 = 425 K, without loss of mass on the
signal TG, may be due to a phase transition confirmed by the conductivity measurements. In
order to know what type of phase transition is it. we analyzed the compound by DSC
technique up to a temperature of 450 K, with recording of the signal during cooling. During
this cycle, no thermal accident is detected (Fig.S3), which means that it is an irreversible
phase transition of the first order.

The second and third observed respectively at 520 K and 550 K can be assigned to the
decomposition of the compound resulting in the successive departure of two molecules of
hydrochloric acid, in good agreement with the calculated weight loss [Am1 (exp) = Am2 (exp)
~ (10.75%), Am1 (theo) = 11.35%]. finally the last broad peak at 680 K corresponds to the
degradation of the organic part, confirmed by the presence of black powder mixed with CuCl,

at the end of the experiment.

4.6 Complex impedance spectroscopy

Impedance analysis
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The variation of the imaginary part Z " of the impedance as a function of its real part
Z' at different temperatures are given in Fig.12. The curves present as semicircles either
passing through or close to the origin were obtained for 393 K to 503 K. The value of the
resistance at a given temperature is determined from the intersection of the Nyquist diagram
with the abscissa. The equivalent electrical circuit of this sample could be regarded as parallel
combination of a bulk resistance Rb and constant phase element CPE. When temperature
intensifies, these circles become greatly smaller indicating an activated thermal conduction
mechanism [43].

The variation of the real part of the complex impedance Z' (Fig.13a) as a function of
the frequency at different temperatures shows that the increase of these latter factors leads to
the decrease in the values of Z' until it cancel to high frequencies. On the other hand, the
spectra Z" = f (log f) giving the variation of the imaginary part Z" (Fig.13b) are characterized
by the appearance of the maximums (fp.x, Z"max) of which the intensity decreases with
increasing temperature which reflects the presence of relaxation phenomenon [43]. Each peak
is characterized by a maximum frequency fnax Which decreases in intensity and shifts towards
the high frequencies for increasing temperatures. This shows that the relaxation phenomenon
depends on the temperature [44,45].

Modulus analysis

The complex modulus formalism has been used in the analysis of the electrical
properties because it gives information about the relaxation mechanism. The electric modulus
data are calculated from the real and imaginary parts of the measured impedance data and the
pellet dimensions using the following equations: M’ = -wCoZ”’ ; M”’ = wCoZ’ where Cy =
goS/e : The frequency dependence of the real and imaginary part M' & M’’ of the title material
at different temperatures are given respectively in Fig.14 (a,b).

We observed that in the low frequency region the values of M' are very low, which explains
why the polarization phenomena due to the interfacial effects and to the electrodes contribute
in a negligible way. At high frequencies, the diagrams relating to M" are characterized by the
appearance of peaks at a critical frequency wmax highlighting a relaxation phenomenon. These
peaks move to higher frequencies while increasing the temperature.

Fig.15 (a, b) shows respectively the variation of the real part € and the imaginary one €’ of
the permittivity as a function of the frequency for different temperatures. The analysis of these

diagrams reveals that for low frequencies the permittivity €’ and €”’ increase with the decrease
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of the frequency for the temperature differences, which suggests the presence of different
types of polarizations and mainly the electrode polarization.
Conductivity study

The values of resistance Rp (the intercept of the semicircular arcs of the grain
response on the real axis at different temperatures), can be used to obtain the electrical
conductivity o defined by the following relation : 6 = €/RpS (S is the electrolyte-electrode
contact area and e is the thickness of the sample) increases with the increase in temperature.
In order to understand the conduction phenomena, we used the Arrhenius relation [46]. The
thermal evolution of the specific conductivity Ln(cT) versus (1000/T) is shown in Fig.16
indicating an Arrhenius-type behavior. The Arrhenius diagram proves that there is a change
in the conduction mechanism and that our material is not stable in the temperature range

[393-503] K because the curves are in the form of two linear branches that check well the law

of Arrhenius:
A —Ea
o= T ex (KBT)
p

Two regions associated with two activation energies are observed separated at T = 433 K.
Thus, following the Arrhenius law, the obtained activation energies are Eal = 1.31 eV in
region I between [393- 433] K and Ea2 = -0.08 eV in region II between [433- 503] K. These
observations suggested that the conductivity is caused by temperature increase of the protons
hoping motion.
4.7 Biological study

The result issued from the DPPH test revealed the scavenging activity of trans-2,5
dimethylpiperazine (ICsp = 1.83+ 0.06 mg/ml) is significantly higher (p<0.05) than
(C¢H16N2)[CuCly] (ICso= 49.05+ 0.22 mg/ml) (Table 8). DPPH test results were approved by
the ABTS test results. Indeed the trans-2,5 dimethylpiperazine scavenging activity (ICso=
0.97+ 0.008 mg/ml) was approximatively thirteen time higher than the (C¢H;6N2)[CuCly]
(13.73+ 0.004mg/ml).
Our results showed that both trans-2,5 dimethylpiperazine and (C¢H;6N2)[CuCl4] can be used
as free radical scavenger substance. Nevertheless, both ABTS test and DPPH test revealed
that trans-2,5 dimethylpiperazine —scavenging activity is significantly higher than the
(C¢H16N2)[CuCly]. This result can be explained by the fact that the trans-2,5
dimethylpiperazine has a higher proton diffusion ability; furthermore, the trans-2,5
dimethylpiperazine structure contains more reactive sites, which could be proton donors or

electron acceptors.
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The disc diffusion method showed that, the effect of both the trans-2,5 dimethylpiperazine
and (CgH;6N2)[CuCly] dissolved in Dimethyl sulfoxide (DMSO) (1 mg/mL) on bacteria
depended on membrane structure: gram positive or gram-negative bacteria (Table 9). Indeed,
for gram-negative bacteria, the largest inhibition diameter (6.16 + 0.26 mm) is recorded in
Pseudomonas aeruginosa SH 38 by (CeHi¢N2)[CuCly]. Moreover, the trans-2,5
dimethylpiperazine and (CsH;sN2)[CuCls] have no observed effect on both Escherichia coli
JW 1772 and Salmonella typhimurium ATCC 14028 where the inhibition zone does not
exceed (bmm). However for the tested gram positive bacteria Staphylococcus aureus NCTC
6571 both the trans-2,5 dimethylpiperazine and (C¢H;sN»)[CuCls] were efficient. Statistical
analysis showed that the the trans-2,5 dimethylpiperazine (9.83+0.28 mm) was more
effective (p=0,015) against Staphylococcus aureus NCTC 6571 than the (C¢H;6N2)[CuCly]
(8.33 £0.27mm) in Fig.17. Our results join many previous researches, where the antibacterial
activity of newly synthesized compound depends on the membrane structure [45]. The
difference of sensitivity, found between Gram-positive and Gram-negative bacteria to the the
trans-2,5 dimethylpiperazine and our newly synthetized compound can be attributed to the
outer membrane of Gram-negative bacteria that usually forms a physical barrier to most
antibiotic. Indeed, for gram-negative bacteria the outer membrane permeability depends on
many characteristics influencing the diffusion efficiency of the antibacterial compound via
porins such us its polarity, lipophilicity and its size [12]. However, for Gram-positive bacteria,
the diffusion of antibacterial agent is easier as the antibacterial agent target is the
peptidoglycan layer and the inner membrane [12].
5. Conclusion

Finally, we have presented the synthesis and physicochemical characterization of the
new compound (C¢H;sN;)[CuCls]. The atomic arrangement can be described by thick layers
of inorganic entities, made up from CuCly anions, developed parallel to the (a, ¢) planes. The
organic cations are anchored onto successive layers and connect them via N-H...Cl hydrogen
bonds to form an infinite three dimensional network. Hirshfeld surface allowed us to
investigate the stabilization of the crystal packing and to quantify the propensity of the
intermolecular interactions to form the supramolecular assembly. The presence of functional
groups of both anion and cation was proved by IR and Raman vibrational analysis and DFT
theory. The optical properties were examined by experimental optical absorption and TDDFT
calculation. The assignment of the observed electronic transitions reveals the formation of
stable excitonic states and the occurrence of charge transfer within the inorganic sublattice.

We also concluded the semiconductor behavior of this material and thus, the electrical
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response was studied as a function of temperature and frequency. The AC conductivity was
found to obey the universal power law. Moreover, the temperature dependence of
conductivity was analyzed using the Arrhenius approach. Finally the bioassay results showed

that the structure exhibits significant antibacterial activity.

Supplementary data

Crystallographic data for the structural analysis have been deposited at the Cambridge
Crystallographic Data Centre, N° de Cambridge: CCDC 1975728
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Fig.1: Experimental (black) and simulated (pink) powder XRD patterns of
(C6H16N2) [CuCl4].

Fig.2: ORTEP view of the asymmetric unit of the (C¢H;16N2)[CuCly].
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Fig.3: View along the [100] direction of an inorganic layer of the title compound

Fig.4: View along the [001] direction showing the three dimensional network of
(CeH16N2)[CuCly]
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Fig.5: Hirshfeld surface analysis of (C¢H6N2)[CuCly]. (a) dnorm, (b) de, (c) shape-index,

(d) di, (e) curvedness.
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Fig.6: Fingerprint plots of contacts in (CsH6N2)[CuCly].
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Fig.7: Experimental (black) and theoretical (red) IR spectra of (CsH6N2)[CuCly].
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Fig.8: Experimental (black) and theoretical (red) Raman spectra of (C¢H16N2)[CuCly].
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Fig.9: Optical properties of (C¢H;sN2)[CuCly]: experimental (black) and theoretical
(red) Absorption spectra. In the inset: Excitation (black) and Emission (red) spectra.
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Fig.12: Complex impedance diagrams (- Z’’ vs Z) for (C¢H4N2)[CuCly] at various

temperatures.
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Fig.13: Plots of the real and imaginary parts of impedance Z' (a) and Z'' (b) vs. log(f) of

(C¢H16N2)[CuCly] at various temperatures.
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Fig.14: Variation of the real M' (a) and imaginary parts M"' (b) of the electric modulus
as a function of the frequency at various temperatures in (C¢H;6N2)[CuCly].
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(CeH16N7) [CuCly] Trans-2,5 dimethylpiperazine

Fig.17: Zone of inhibition (mm), caused by the (C¢H;6N2)[CuCly] and the trans-
2,5dimethylpiperazine against bacteria: 1:Pseudomonas aeruginosa, 2: Escherichia coli, 3:
Staphylococcus aureus, 4: Salmonella typhimurium
Table 1: Summary of crystal data, intensity measurements, and refined parameters for

(C6H16N2) [CllCl4].

Crystal data

Chemical formula (CsHi6N,) [CuCly]
Mr 321.55

Crystal system Monoclinic

Space group C2/c

Temperature (K) 150

a, b, c(A) 14.500 (5), 14.619 (5), 59173 (17)
£(°) 107.419 (11)
V(A% 1196.8 (7)

Z 4

Radiation type Mo Ka

u (mm™) 2.677

Crystal size (mm) 0.58 x 0.12 x 0.09
Crystal color Yellow

Data collection

Diffractometer D8 VENTURE Bruker AXS
Absorption correction Multi-scan

Tmin, Tmax 0.786, 0.551

No. of measured, independent and observed [/ 20(/)] reflections 5782, 1367, 1230
Rint 0.058

Refinement

R [F*> 20(F))], wR(F”), S
No. of parameters
Apmax, Apmin (e A7)

0.026, 0.068, 1.06
69
0.40,-0.41
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Table 2: Hydrogen-bond geometry (A, °) in (C¢H6N;)[CuCly].

D-H...A D-H H...A D...A D-H...A
Cl—HIA..CI1_#1  0.99 2.95 3.5995(19) 123.8
Cl—HIA ..CI3 0.99 2.75 3.394 (2) 122.9
N2— H2A...CI2 #2  0.88(2) 2.40(2) 3.2084(19) 153.3(19)
N2— H2A...CI3 0.88(2) 2.76(2) 3.1756(17) 110.7(16)
N2 —H2B..CI2 #3 090 (2) 2.29(2) 3.1850(18) 171(2)
C3 —H3...Cl1_#4 1.00 2.83 3.4555(18) 121.3
Symmetry transformations used to generate equivalent atoms:

#1 -x,-y,-z T=[1, 1, 1]

#2 x,-y,z-1/2 T=10, 1, 0]

#3 x,-y,z-1/2 T=10, 1, 1]

44 x+1/2,y+1/2,z  T=[0, 0, 0]

Table 3: Geometric parameter (°) in (C¢H;6N»)[CuCly].

Distance (A) Angle (°)

Cul—Cl1 2.2610 (10) Cl1—Cul—CI3 180.0
Cul—CI3 2.2772 (10) Cl1—Cul—CI2 90.164 (11)
Cul—CI2 2.3585 (8) CI3—Cul—CI12 89.836 (11)
Cul—Cl2ii 2.3585 (9) Cl1—Cul—CI2ii ~ 90.164 (11)
C1—N2 1.498 (2) CI3—Cul—CI2ii  89.836 (11)
C1—C3i 1.512 (2) CI2—Cul—CI2ii  179.67 (2)
N2—C3 1.497 (2) N2—C1—C3i 111.66 (15)
C3—C4 1.513 (3) C3—N2—Cl1 111.04 (14)
Dihedral (°) N2—C3—Cli 109.41 (14)
C3—Cli—N2—C3  -57.60 (19) N2—C3—C4 110.14 (15)
ClI—N2—C3—Cli  56.3(2) Cl—C3—C4 110.88 (16)

Cl—N2—C3—C4 17843 (16)

Symmetry code: (i) —x+3/2, —y+3/2, —z+1 ; (i1) —x+1, y, —z+1/2 .

Table 4: The chemical nature of contacts in the crystal structure of (CsH;4N,)[CuCly].

Enrichment C N Cl Cu HC HN
C 5.20

N 18.01 0.00

Cl 0.12 0.00 0.52

Cu 0.20 0.00 0.89 2.83

HC 0.52 0.00 1.08 0.06 2.10

HN 0.15 0.00 2.80 0.26 0.19 0.00
Surface % 14.83 0.69 25.85 2.4 47.00 9.48
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Table 5: Assignments of IR and Raman vibrational modes in (C¢H;6N>)[CuCly].

Infrared Raman Assignments
Experimental Theoretical Experimental  Theoretical
3361 3327 Vas (NH2)
3268 3262 vs (NH»)
3158 3020 Vas (CHy)
2948 Vas (CH3)
2771 2786 vs (CH»)
2722 2728 vs (CH3)
2561 2641 v (NH...CD)
1668 1631 1629 8 (NH»), 6 (CHyp)
1552 1573 1545 1573
1526
1486 1488 o (NH»)
1469 1464 1468 das (CH3)
1448 1454
1433
1398 1399 1394 ds (CH3)
1380 1376 sh 1383 1375 sh 6 (CH)
1353 1354 1355 sh ® (CHy)
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1332 1333 1330 1334 t (NH), t (CHa,)
1318 1315 1316
1303 1300
1285 1281 1284
1243 1264 1254 1265
1231
1216
1191 1199 1200 1205
1184 1184
1132 1110 1134 1113
1089 1093 1089
1054 1033 1055 v (CC), v (CN)
1024 sh 1005 1009 1004
964 981
948 952 957 951 p (NH,)
883 916 sh 947 sh v (CN)
840 850 850 p (CHs), p (CH,)
818 818 818
781 785 771 787
709 714 715 d ring
605 579 604 579
476 467 488 466
446 460 451
426 429 402 426
372 394 373
324 302 310 sh
270 260 266 Vas (CuCl)
227 7 (CH3)
195 180 206 v, (CuCl)
159 155 157 Sas (CuCl)
96 115 104 3s (CuCl)
Table 6: Experimental and TDDFT computed electronic transitions in
(C6H16N2)[CuCl4].
Experimental Theoretical

Wavelength (nm)

Wavelength (nm)

Transition (nm)

Oscillator strength Nature (%)

630

430

373

285

687

486

379

303

687.18

496.56
483.63

382.82
376.47

303.50

0.0271

0.0165
0.0123

0.0597
0.1114

0.039

H— L (25%)

H-1 - L (30%)
H-2 - L (13%)

H-3 — L (11%)
H-4 — L (32%)

H-5 > L (21%),

Table7: The calculated HOMO, LUMO, energy values, HOMO-LUMO, energy gap,
chemical potential, chemical hardness, electrophilicity index and softness of the

compound.

Parameters

Values (eV)
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E nomo -11.73

E rumo -9.29
Energy band gap |E gomo-Erumol 2.44
Chemical hardness 0= (I_Z—A) 1.22
Chemical potential for the molecule [] = # -10.51
The softness S = % 0.409
Electrophilicity index of the molecule W = ZUZ—D 45.27

Table 8: Scavenging activity of trans-2,5 dimethylpiperazine and (C¢H;6N2)[CuCly] in
both DPPH and ABTS test.

DPPH (IC5, mg/ml)  ABTS (ICs, pg/ml)

Hok ok Hok ok

(C6H6N,) [CuCly] 49.2+0.22 13.73+ 0.03
trans-2,5 dimethylpiperazine  1.83+ 0.06 0.97+ 0.02

The data are reported as mean + standard deviation, ~~ p<0.001 significantly different from
the trans-2,5 dimethylpiperazine.

Table 9: Inhibition zone (mm), caused by the trans-2,5 dimethylpiperazine and
(C¢H16N>) [CuCly] against bacteria.

Inhibition Zone (mm)

Bacteria (C¢H16N>) [CuCly]  trans-2,5 dimethylpiperazine
Pseudomonas aeruginosa SH 38 6.16 £0.26 6

Escherichia coli W 1772 6 6

Salmonella typhimurium ATCC 14028 6 6
Staphylococcus aureus NCTC 6571 8.33+0.27 9.83+0.28"

The data are reported as mean + standard deviation. p<0.05: significantly different from the
compound.

Highlights

¢ Synthesis of new organic-inorganic hybrid material (C¢H;sN,)[CuCly]

* The determination of crystallographic coordinates by XRD on a crystal.

e Study the different properties (vibrational, optical) , DFT and TDFT calculations.

* The temperature dependence of conductivity was analyzed using the Arrhenius approach.

* The bioassay results showed that the structure exhibits significant antibacterial activity.
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Supplementary :

S1: the Correlation graph between the experimental and calculated vibrationnal
wavenumbers (cm—1).
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S2: Tthe trauc plot of the (C¢Hy6N2z) [CuCly] compound
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S3: DSC curve for (C¢Hi6N3z) [CuCly]
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