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In this studywe present the crystal structure, spectroscopic and thermal behavior, Hirshfeld surface analysis, and
DFT calculations of a new organic-inorganic hybrid compound (C7H8N3)2[CoCl4]. This compound crystallizes in
the centrosymmetric space group P1. Single-crystal X-ray diffraction analysis indicates that structure consists
of a succession of mixed layers formed by organic cations and inorganic anions parallel to the (001) plane and
propagate according to the c-axis. Layers further are assembled into a 3D supramolecular architecture through
N-H…Cl hydrogen bonds andπ…π interactions. The peak positions of the experimental PXRDpattern are in agree-
ment with the simulated ones from the crystal structure, indicating phase purity of the title compound. The pres-
ence of the different functional groups and the nature of their vibrations were identified by ATR-FTIR and FT-
Raman spectroscopies. The tetrahedral environment of Co2+ was confirmed by UV–visible spectroscopy,
where the spectrum shows three weak absorption bands in the visible range due to d-d electronic transitions
4A2(F) → 4T2(F), 4A2(F) → 4T1(F) and 4A2(F) → 4T1(P) typical of Co(II) coordination compounds. The direct and
indirect optical band gap valueswere determined by Taucmethod. The optimized structure and calculated vibra-
tional frequencies were obtained by density functional theory (DFT) using B3LYP functional. TGA and DSC
coupled to mass spectrometry (MS) experiments under argon atmosphere in the temperature range (25–950
°C) were carried out in order to determine the thermal stability of the title compound.

© 2020 Elsevier B.V. All rights reserved.
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1. Introduction

In recent years,much attention has been given to a novel class ofma-
terials, namely organic– inorganic hybrid materials. This arrangement
gives the opportunity of gathering the properties of organic and inor-
ganic compounds at the molecular level. The class hybrid compounds
are very wide and features a large set of variable structures, properties,
and applications [1]. In particular, the organic-inorganic compounds of
general formula A2MX4, where A is an organic cationic part, M is a diva-
lent transition metal ion and X is a halide anion (Cl, Br, I), has received
much attention [2]. Most of thesematerials exhibit multiple phase tran-
sitions attributed to the reorientational dynamics of the substituted
amino groups. Such a mechanism of structural phase transitions was
classified as “order-disorder” [3]. This is due to the various physical
and chemical properties they provide, leading to applications in electri-
cal [4,5], magnetic [6–10], optical [11–13] and antimicrobial [14] fields.
These compounds have provided an excellent starting point for the cre-
ation of magnetic and semiconductingmaterials due to their interesting
optical properties, and the development of low-cost electronic devices.
The structural topology of thesematerials can be tuned by careful selec-
tion of the MX4 tetrahedral anions, the organic cation and some weak
interactions such as directional hydrogen bonds, D-H…X (X = Cl, Br, I;
and D = N, O etc.) and C-H…π or π…π interactions. These interactions
also often play an important role in the construction of these molecular
materials. Considering the attractive structural, optical, electrical and
catalytic properties of the organic tetrachlorocobaltate(II) [15–17] and
the new promising opportunities they may open with regard to the de-
velopment of useful organic–inorganic hybrid materials [18,19], the
present study reports the synthesis of the new 2-
aminobenzimidazolium tetrachlorocobaltate(II) compound, structural
characterization by single crystal and powder X-ray diffraction, spectro-
scopic study, optical properties, thermal analysis (TGA/DSC),mass spec-
trometry (MS) and Hirshfeld surfaces analysis. In addition, a reliable
attribution of vibrational bands in the infrared and Raman spectra was
done with the aid of density functional theory (DFT) calculations.
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Table 1
Crystallographic data for (C7H8N3)2[CoCl4].

Chemical formula (C7H8N3)2[CoCl4]

Formula weight (g mol-1) 469.06
Temperature (K) 298
Crystal system Triclinic
Space group P1
a (Å) 7.947 (2)
b (Å) 8.787 (2)
c (Å) 14.293 (2)
α (°) 74.90 (3)
β (°) 86.86 (3)
γ (°) 79.67 (3)
V (Å3) 947.9 (3)
Z 2
Density calculated (Mg m−3) 1.643
Absorption coefficient (mm-1) 1.48
F(000) 474
Range for data collection θmin = 2.4°, θmax= 27.1°
Reflections collected - Independent 4531-4159
Rint – R1 [I N2σ(I)]-wR2 0.030-0.034-0.091
S(GOF) 1.06

Table 2
Specified hydrogen bonds (Å, °) for (C7H8N3)2[CoCl4].

D-H…A D-H (Å) H...A (Å) D...A (Å) b(DHA)N (°)

N1-H1A···Cl2i 0.860(1) 2.711(2) 3.409(3) 139.18(4)
N2-H2A···Cl4 0.860(1) 2.397(2) 3.227(3) 162.34(4)
N3-H3A···Cl3ii 0.860(1) 2.444(2) 3.261(3) 158.76(4)
N3-H3B···Cl2iii 0.860(1) 2.695(2) 3.368(4) 136.08(4)
N4-H4A···Cl1ii 0.860(1) 2.762(2) 3.408(2) 133.09(4)
N4-H4A···Cl3iv 0.860(1) 2.793(3) 3.397(2) 128.61(4)
N5-H5A···Cl1 0.860(1) 2.451(3) 3.299(3) 169.17(4)
N6-H6A··· Cl3ii 0.860(1) 2.673(2) 3.327(3) 133.92(4)
N6-H6B···Cl4 0.860(1) 2.413(2) 3.248(3) 163.87(4)

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

2 S. Hassen et al. / Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 240 (2020) 118612
2. Experimental

2.1. Materials and measurements

Solvents and reagents were obtained from commercial sources and
used as received, CoCl2. 6H2O, 2-aminobenzimidazole and HCl (37%)
were obtained from Aldrich. The powder X-ray diffraction pattern was
measured at room temperature on the powder diffractometer at the
SNBL beamline of the European Synchrotron Radiation Facility (ESRF),
Grenoble, France. The wavelength of the incident X-ray was 0.798 Å.
ATR-IR spectrum was recorded on a Bruker Alpha spectrometer
equipped with a platinum ATR module (diamond crystal) in the
4000–370 cm−1 range. Raman scattering spectrum was recorded
using a Bruker FT Raman RFS 100/S spectrometer in the frequency
range 0–2000 cm−1, using a 1064 nm laser. UV–visible spectrum was
recorded on an UV-1700 PharmaSpec form Shimadzu in the range of
200–800 nm in an absolute ethanol solution. The thermogravimetric
(TGA) and differential scanning calorimetry (DSC) measurements
under argon atmosphere (25–950 °C) were carried out using a Netzsch
STA 449 F3 Jupiter TGA/DSC device equipped with a stainless steel oven
housed in an argon-filled glovebox and coupled to a NetzschQMS403 D
Aëolos mass spectrometer. 9.65 mg of compound was used for these
measurements. The measurements were performed under an argon
flow of 100 mL.min−1 at a heating rate of 5 °C.min−1.

2.2. Synthesis of (C7H8N3)2[CoCl4]

The organic-inorganic hybrid compound was prepared by slow
evaporation according to the following chemical equation:

2 C7H7N3 þ 2 HCl→2 C7H8N3ð ÞCl ð1Þ

2 C7H8N3ð Þclþ CoCl2→ C7H8N3ð Þ2 CoCl4½ � ð2Þ

The first stepwas the preparation of 2-aminobenzimidazolium chlo-
ride (C7H8N3)Cl ((C7H8N3)+, Cl−) that was formed by the addition of an
aqueous solution of HCl (37%) to 2-aminobenzimidazole (C7H7N3) (2
mmol, 0.270 g) dissolved in 6 mL of ethanol. The added acid quantity
has an important role in the reaction product; in this case the pH was
adjusted to 5.6. The next step was the formation of the desired com-
pound, when the obtained solution in the first step was added to an
aqueous solution (5 mL) of CoCl2. 6H2O (1 mmol, 0.238 g). The resulting
solution was stirred for 1 h and subsequently was left at room temper-
ature. After 9 days, when the solution was evaporated until dryness,
blue crystals were obtained. Single crystals were selected and studied
by X-ray diffraction analysis, thermal and spectroscopic measurements.

2.3. X-ray crystallography

Single crystal X-ray diffraction intensity data were collected at 298
(2) K with Enraf-Nonius CAD4 automatic four-circle instrument
equipped with graphite monochromator using Mo Kα radiation (λ =
0.71073 Å). Unit-cell parameters were determined by least-squares
treatment of the setting angles of 25 reflections in the range (10.73°–
15.72°). The crystal structure has been solved in the triclinic system,
space group P1 according to the automated search for space group avail-
able inWINGX [20]. The structurewas solvedwith directmethods using
SHELXS-97 [21], and refined by a full-matrix least squares technique on
F2 with SHELXL-2014/7 [22]. All Hydrogen atoms of the protonated 2-
aminobenzimidazolium were positioned geometrically and refined
using the riding model [N\\H is set to 0.86 Å using Uiso(H) = 1.2 Ueq

(N) and C–H = 0,93 Å with Uiso(H) = 1.2 Ueq(C)]. Selected crystallo-
graphic data and experimental details are presented in Table 1. Speci-
fied hydrogen bonds and selected bond lengths and angles are listed
in Tables 2 and 3, respectively.
2.4. Theoretical methods

The geometry optimization of the structurewas carried out from the
structure obtained by single crystal determination. The structure was
optimized with the DFT method using the Gaussian 09 program [23].
The calculations were performed using the B3LYP functional and 6-
311+G(2d,2p) basis set for H, C, N, Cl and LANL2DZ for Co [24,25]. Vi-
brational frequency calculations were then performed at the same
level of theory of the optimized geometries to confirm that there are
no imaginary frequencies. The computed vibrational frequencies were
achieved using an appropriate scaling factor of 0.967. The Hirshfeld sur-
faces and the associated 2Dfingerprint plotswere calculated using Crys-
tal Explorer 3.1 [26].
3. Results and discussion

3.1. Crystal structure

The title compound crystallizes in the centrosymmetric space group
P1 of triclinic system. The asymmetric unit was formed by one
tetrachlorocobaltate anion [CoCl4]2− and two protonated 2-
aminobenzimidazolium (C7H8N3)+ organic cations (Fig. 1). The geome-
try of the [CoCl4]2− anion is characterized by a range of Co\\Cl bond
lengths from 2.285 (7) to 2.292 (8) Å and Cl-Co-Cl angles varying
from 104.9 (3) to 113.7 (3)°, building a slightly distorted tetrahedron.
These data are in agreement with those found in related compounds
[27,28]. The calculated average values of the distortion indices as de-
scribed by Baur [29] corresponding to the different lengths and angles



Table 3
Selected bond lengths and angles for the studied compound.

Bond
lengths
(Å)

Experimental Theoretical Angles(°) Experimental Theoretical

Co-Cl4 2.285 (7) 2.277 Cl4-Co-Cl1 107.9 (3) 107.8
Co-Cl1 2.286 (8) 2.285 Cl4-Co-Cl2 107.9 (3) 107.8
Co-Cl2 2.292(8) 2.291 Cl1-Co-Cl2 113.7 (3) 113.6
Co-Cl3 2.292 (8) 2.292 Cl4-Co-Cl3 109.5 (3) 109.4
N1-C7 1.344 (3) 1.343 Cl1-Co-Cl3 104.9 (3) 104.7
N1-C6 1.401 (3) 1.400 Cl2-Co-Cl3 112.7 (3) 112.6
N2-C7 1.342 (3) 1.342 C7-N1-C6 109.5 (2) 109.4
N2-C1 1.400 (4) 1.399 C7-N2-C1 109.4 (2) 109.3
N3-C7 1.322 (4) 1.320 C14-N4-C8 109.2 (2) 109.3
N4-C14 1.341 (3) 1.341 C14-N5-C13 109.3 (2) 109.1
N4-C8 1.398 (3) 1.396 C2-C1-C6 121.4 (3) 120.9
N5-C14 1.342 (3) 1.341 C2-C1-N2 132.1 (3) 132.3
N5-C13 1.401 (3) 1.400 C6-C1-N2 106.5 (2) 106.4
N6-C14 1.319 (3) 1.318 C1-C2-C3 116.6 (3) 116.5
C1-C2 1.383 (4) 1.382 C2-C3-C4 121.7 (3) 121.6
C1-C6 1.389 (4) 1.389 C5-C4-C3 121.4 (3) 121.2
C2-C3 1.390 (5) 1.389 C6-C5-C4 116.8 (3) 116.9
C3-C4 1.391 (5) 1.389 C5-C6-C1 122.2 (3) 122.2
C4-C5 1.383 (4) 1.384 C5-C6-N1 131.6 (3) 131.5
C5-C6 1.376 (4) 1.374 C1-C6-N1 106.2 (2) 105.9
C8-C9 1.385 (4) 1.384 N3-C7-N2 126.7 (3) 125.9
C8-C13 1.390 (4) 1.379 N3-C7-N1 124.9 (2) 124.7
C9-C10 1.379 (5) 1.378 N2-C7-N1 108.4 (2) 108.4
C10-C11 1.383 (5) 1.382 C9-C8-C13 121.5 (3) 121.3
C11-C12 1.395 (5) 1.393 C9-C8-N4 131.9 (3) 131.8
C12-C13 1.379 (4) 1.380 C13-C8-N4 106.6 (2) 106.5

C10-C9-C8 116.5 (3) 116.4
C9-C10-C11 122.2 (3) 122.1
C10-C11-C12 121.5 (3) 120.9
C13-C12-C11 116.2 (3) 116.1
N6-C14-N4 125.6 (2) 125.5
N6-C14-N5 125.7 (2) 125.6
N4-C14-N5 108.7 (2) 108.2
C12-C13-C8 122.1 (3) 122.9
C12-C13-N5 131.6 (3) 131.4
C8-C13-N5 106.2 (2) 106.5

Fig. 1.The asymmetric unit of (C7H8N3)2[CoCl4],with displacement ellipsoids drawn at the
30% probability level.
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in the CoCl4 tetrahedron, DI (Co\\Cl) = 0.0015 and DI (Cl-Co-Cl) =
0.0226, show a slight distortion of the tetrahedron.

In the crystal structure, the [CoCl4]2− tetrahedron and the two pro-
tonated 2-aminobenzimidazolium (C7H8N3)+ organic cations are inter-
connected by intermolecular N2-H2A…Cl4, N5-H5A…Cl1 and N6-H6B…

Cl4 hydrogen bonds. The organic-inorganic parts are interconnected
by intermolecular N3-H3A…Cl3ii, N6-H6A…Cl3ii and N4-H4A…Cl1ii hy-
drogen bonds, into 1D undulating chains running parallel to the [100]
direction of the unit cell, forming graphs set motifs of the types R42(10)
and R2

2(8) [30,31] (Fig. 2). Chains further grow into 2D layers packed
along the c-axis of the unit cell mediated by N3-H3B…Cl2iii and N1-
H1A…Cl2i hydrogen bonds, forming a graph set motif of the type R2

1

(6) (Fig. 3) [32]. Thesemixed layers formed by organic cations and inor-
ganic anions are parallel to the (001) plane and propagate according to
the c-axis (Fig. 3). These supramolecular layers are interconnected to
adjacent layers via N4-H4A···Cl3iv hydrogen bonds and π…π stacking
interactions (Fig. 4), around the inversion center, with centroid-
centroid Cg-Cg= 3.49(1) Å [33] forming a 3D supramolecular architec-
ture (Table 2, Fig. 5).
3.2. Geometry optimization

The geometry optimization of the title compoundwas carried out by
density functional theory (DFT) using B3LYP functional and 6-311+G
(2d,2p) basis set for H, C, N, Cl and LANL2DZ for Co. The obtained opti-
mized geometry of the molecular structure and the X-ray diffraction
structure show an excellent agreement between the experimental and
calculated data (Table 3, Fig. 6).
3.3. Hirshfeld surface analysis

Hirshfeld surfaces analysis plays a unique role in exposing valuable
information on the inter- and intra-molecular interactions close to
VanderWaals radii betweennearest neighbors. The two cases ofmolec-
ular Hirshfeld surface dnorm for the title compound are illustrated in
Fig. 7 and mapped over dnorm ranges −0.5013 to 1.3569 Å in case 1
(representing the Hirshfeld surface of the anionic part [CoCl4]2− with
one of the cationic fragment (C7H8N3)+) and − 0.5713 to 1.4769 Å in
case 2 (representing the Hirshfeld surface of the anionic part [CoCl4]2−

with the other cationic fragment (C7H8N3)+). The dnorm values are rep-
resented on the Hirshfeld surface by using red-blue-white coloring. The
red regions correspond to negative dnorm values for which the intermo-
lecular contacts are shorter than the Van der Waals separations and are
representative of significant hydrogen bonding contacts. The blue re-
gions correspond to positive dnorm valueswhere the intermolecular con-
tacts are longer than the van derWaals separations and thewhite areas
correspond to intermolecular contacts near the van der Waals separa-
tions and dnorm values near zero. The 2D fingerprint plots reveal that
the H…Cl/Cl…H inter- and intramolecular interactions which involve
the N-H…Cl hydrogen bonding is the most significant contribution to
the total Hirshfeld surface, comprising 53.3% (case 1) and 54.8% (case
2) of the total number of contacts. The H…H interactions contacts con-
tribute 21.7% (case 1) and 19.9% (case 2) to the total Hirshfeld surface
and arises as broad spikes in the fingerprint plot. Furthermore, the C…
H/H…C contacts contribute 12.6% (case 1) and 7.7% (case 2). Then the
N…H/H…N contacts contribute 3.2% (case 1) and 4.8% (case 2) of the
total Hirshfeld surface (Fig. 7). The Hirshfeld surface analysis shows
the existence of other weak. These results are in good agreement with
the structural studywhere the structure is dominated byN-H…Cl inter-
actions in the crystal.



Fig. 2. View of the 1D supramolecular architecture of (C7H8N3)2[CoCl4] formed by hydrogen bonding interactions (hydrogen bonds are represented by dashed green lines).

Fig. 3. View of the 2D supramolecular architecture layer of (C7H8N3)2[CoCl4]formed by hydrogen bonding interactions (represented by dashed brown lines).
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Fig. 4. The π-π stacking interactions formed by the organic parts, distance is measured
between the centroids of opposite 5- and 6-membered rings.

Fig. 6. The optimized geometry of the studied compound with the DFT/b3LYP Method.
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3.4. Powder X-ray diffraction analysis

In order to check the phase purity and homogeneity of the sample,
powder X-ray diffraction (PXRD) patterns of the hybrid compound
were also obtained at room temperature. As shown in Fig. 8, the peak
positions of the experimental PXRD pattern are in agreement with the
simulated ones from the crystal structure, indicating phase purity of
the title compound. However, the difference in reflection intensities
Fig. 5. Perspective view showing the 3D supramolecular architecture of (C7H8N3)2[CoC
between the simulated and experimental patterns may be attributed
to preferential orientation of the powder sample during collection of
the experimental PXRD data.
l4] formed by hydrogen bonding interactions (represented by dashed blue lines).
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Fig. 7. 3D-Hirshfeld surface mapped over dnorm and 2D fingerprint plots of the title compound resolved into Cl…H/H…Cl, H…H, C…H/H…C and N…H/H…N contacts showing the
percentages participations to the total Hirshfeld surface area in two differents cases.
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3.5. Infrared and Raman spectroscopy

The experimental and calculated infrared spectra in the range of
4000–370 cm−1 are shown in Fig. 9. The observed IR spectrum showed
two strong bands at 3440 and 3320 cm−1 assigned to the asymmetric
and symmetric NH2 stretching [34]. These two stretching bands were
calculated at 3510 and 3390 cm−1. The band observed at 3228 cm−1

was attributed to the N\\H stretching [34]; theoretically this stretching
was found at 3254 cm−1. The C\\H vibration of the aromatic ring was
observed at 3169 cm−1 [35], the corresponding calculated value ap-
pears at 3190 cm−1. The bands observed at 1687 and 1590 cm−1 were
attributed to the N\\H bending and C_N stretching respectively [36].
However, these theoretical bands are located at 1713 and 1570 cm−1.
The bands observed at 1532 and 1480 cm−1 were assigned to the
C_C and C\\N stretching respectively [37,38], theoretically these
stretching were observed at 1513 and 1441 cm−1. The in-plane aro-
matic C\\H bending and rocking vibrations occur at 1060 and 760
cm−1 [39]; the corresponding calculated values appear at 1080 and
745 cm−1. The correlation graph of the experimental and theoretical vi-
brational frequencies for the title compound is shown in Fig. 10. The ob-
tained correlation coefficient was equal to 0.991. As it can be seen from
the correlation graph, the experimental frequencieswere in good agree-
mentwith the calculated values. The shift differences observed between
the experimental and calculated infrared spectra are due to the fact that



Fig. 8. Rietveld refinement of powder X-ray diffraction (PXRD) pattern of the title
compound.

Fig. 10. The correlation graph of experimental and theoretical vibrational IR frequencies.
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the DFT calculations of the vibrational frequency are performed for an
isolated molecule while the intermolecular interaction with the neigh-
boring molecule are absent, whereas the experimental spectrum are
performed in the solid state when the weak interactions between the
adjacent molecules could be taken.

The experimental and theoretical Raman spectra of the title com-
pound recorded at room temperature are displayed in Fig. 11. Further-
more, the wavenumbers of the main bands and tentative assignments
are provided in Table 4. The low frequency range 400–20 cm−1 of the
Raman spectra corresponds to the [CoCl4]2− tetrahedra motion.
In-plane and out-of-plane bending are assigned to the Raman peaks ob-
served at 101 and 136 cm−1 and calculated at 98 and 134 cm−1 respec-
tively. Their corresponding stretching vibrational modes are located at
256 and 348 cm−1, respectively [40,41], the corresponding calculated
value appears at 264 and 358 cm−1.

3.6. Optical properties

3.6.1. UV–vis absorption spectroscopy
The UV–vis absorption spectra of the title compound and 2-

aminobenzimidazole were measured in an ethanol solution at room
Fig. 9. The experimental and theoretical IR spectra of the title compound.

Fig. 11. The experimental and theoretical Raman spectra of the title compound.

Table 4
Experimental and theoretical infrared and Raman data for (C7H8N3)2[CoCl4].

Exp IR
(cm−1)

Theo IR
(cm−1)

Exp Raman
(cm−1)

Theo Raman
(cm−1)

Assignment

3440 3510 – – νas(NH2)
3320 3390 – – νs(NH2)
3228 3254 – – ν(N\\H)
3169 3190 – – ν(C\\H)
1687 1713 1672 1695 δ(NH2)
1590 1570 1592 1630 ν(C=N)
1532 1513 1520 1560 ν(C\\C)
1480 1441 1477 1490 ν(C\\N)
1060 1080 1051 1090 δ(C\\H)
760 745 701 750 ρ(C\\H)
– – 348 358 νas(Co\\Cl)
– – 256 264 νs(Co\\Cl)
– – 136 134 δas(Cl-Co-Cl)
– – 101 98 δs(Cl-Co-Cl)



Fig. 12. Experimental UV–visible spectrum of (C7H8N3)2[CoCl4] (left) and zoom in the visible region (right).
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temperature from 200 to 800 nm and are displayed in Figs. 12 and 13.
The UV–vis absorption spectrum of the title compound shows the pres-
ence of three large and high intensity absorption bands in the UV region
and some featureswith lower intensities at higherwavelengths. The ab-
sorption bands observed at 218, 245 and 303 nm are due to the π→ π*
transitions of the organic part (Fig. 12). As can been observed, they are
red shifted compared with the absorption bands of the 2-
aminobenzimidazole which was located at 209, 235 and 291 nm
(Fig. 13). The weak absorption bands observed at 609, 654 and 694
nm (Fig. 12) were attributed to the d-d electronic transitions 4A2(F) →
4T2(F), 4A2(F)→ 4T1(F) and 4A2(F)→ 4T1(P) that are typical of Co(II) co-
ordination compounds.

3.6.2. Optical band gap
The absorption coefficient (α) is a very important parameter for op-

tical applications. The absorption coefficient (α) is calculated by using
the formula [42]:

α ¼ 2:303 � A
d

where (A) is the absorbance and (d) is the thickness of the pellet (d= 1
cm).
Fig. 13. Experimental UV–visible spectrum of 2-aminobenzimidazole.
The optical band gap (Eg) is related to absorption coefficient (α) and
photon energy (hv) through the Tauc relation [43]:

αhνð Þ ¼ B hν−Eg
� �n

where B is constant, hν is the photon energy, Eg is the optical band gap
and n is the index, which takes different values depending on the mech-
anismof interband transitions n=2and n=½corresponding to indirect
and direct transitions, respectively. Fig. 14 shows the variations of (αhν)n

versus the photon energy (hν) for different values of n. The Eg value of the
title compound was obtained by extrapolating the slope to (αhν)n equal
to zero. The obtained direct and indirect optical band gap values were
3.89 eV and 3.77 eV respectively. These band-gap values indicate that
the title compound exhibits semiconductor behavior [44].

3.6.3. Urbach energy
In the low photon energy range (hν b Eg), absorption coefficient can

be explained by Urbach relation [45]:

α ¼ α0 exp
hν
Eu

where α0 is a constant and Eu is the Urbach energy which defines the
width of the localized states in the band gap. Eu is correlated to transi-
tions between extended states of the valence band and localized states
of the conduction band. The Urbach energy Eu is obtained from the plot
of ln(α) versus photon energy (hν) which is deduced from the recipro-
cal of the slope of the linear part (Fig. 15). The Eu value of the title com-
pound is 3.25 eV.

3.7. Thermal analysis and mass spectrometry

Thermogravimetric analysis (TGA) anddifferential scanning calorime-
try (DSC) experiments under argon atmospherewere carried out in order
to determine the thermal stability of the studied compound. TGA andDSC
methodswere investigated in the temperature range 25–950 °C (Fig. 16).
It is clear from the TGA curve that the compound decomposes in four
weight loss stages. The first one lies in the temperature range of
100–140 °C related to the endothermic peak of the DSC curve. This can
be assigned to the loss of some water molecules. This is confirmed by
MS that reveals characteristic peaks ofwater during this step. The TGA ex-
periment was performed in an argon glovebox were the crucibles were
stored. The water concentration in the glovebox is below 0.1 ppm. It is
very unlikely that the water molecule comes from the crucible or the in-
strument. The compound starts to decompose under argon at a tempera-
ture of 194.8 °C. The second and third steps of the TGA curve could be
attributed to the decomposition of one of the organic moieties (C7H8N3)



Fig. 14. Tauc Plots of (αhν)2 and (αhν)0.5 versus the photon energy (hν).

Fig. 15. Lnα versus hν (photon energy) of the title compound.

Fig. 16. The TGA-DSC thermograms of (C7H8N3)2[CoCl4] in the range of 25–950 °C.
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(experimental weight loss: 28.6% and calculated weight loss is 29.4%).
However, this decomposition occurs in multiple steps as indicated by
the many DSC peaks in this region and the MS spectra did not allow to
confirm the exact nature of the leaving fragments during this complex
process (Fig. 17).

4. Conclusion

In summary, a new organic-inorganic hybrid compound, (C7H8N3)2
[CoCl4], was synthesized by slow evaporation. It's crystal structure con-
sists of a succession of mixed layers formed by organic cations and inor-
ganic anions parallel to the (001) plane and propagate according to the
c-axis. Layers further are assembled into a 3D supramolecular architecture
through N-H…Cl hydrogen bonds and π…π interactions. The optimized
geometry of the title compound using the B3LYP level of theory and X-
ray diffraction structure showanexcellent agreement between the exper-
imental and calculated data. We found also that the theoretical values of
infrared and Raman spectra are in good agreementwith the experimental
ones. The PXRD analysis confirms the phase purity of the crystalline sam-
ple. The tetrahedral environment of Co2+ was confirmed by UV–visible
spectroscopy. In addition, the direct (3.89 eV) and indirect (3.77 eV) opti-
cal band gap values were determined by Taucmethod and show that this
compound exhibits semiconductor behavior. Thermal analysis shows that
the compound is stable up to 194.8 °C. Hirshfeld surface analysis con-
firmed that the structure is dominated by N-H…Cl interactions.
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