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Highlights 

 

• Two different coordination spheres around cobalt cations in a suprmolecular hybrid 

material. 

• The DSC curve reveals the presence of one phase transition which is confirmed by 

electrical measurements. 

• Optical properties confirm the semi-conducting nature of the title complex with an 

indirect band gap. 

• Electric measurements reveal the presence of relaxation phenomenon.  

 

 

 

 

 

 

                  



2 
 

ABSTRACT  

           Crystals of a novel Cobalt complex [Co(C3H7NO)6][CoBr1.93Cl2.07] were synthesized 

by a slow evaporation technique at room temperature. Crystal structure, energy dispersive X-

ray spectroscopy (EDX), FT-Infrared (IR), thermal behavior, optical analysis, and impedance 

spectroscopy measurements were provided to characterize this complex. The crystal structure 

study showed that the cohesion of this complex is assured through N-H…Br/Cl and N-H...O 

hydrogen bonds giving birth to a 3-D architecture. Infrared spectroscopy is realized to 

confirm the structural composition and examine the vibrational properties of this complex. 

The optical absorption spectrum shows that this new complex has an indirect band gap of Eg 

= 3.71 eV. Differential scanning calorimetry analysis (DSC) showed an endothermic peak 

around 354 K on heating, which is assigned to a phase transition since no decomposition of 

the titled compound is evidenced by thermogravimetric analysis (TGA). The temperature 

dependence of the conductivity (σdc) and the dielectric properties confirm the presence of this 

phase transition already observed by thermal analysis. A deep investigation of complex 

impedance spectra showed that the electrical properties of the material are heavily dependent 

on frequency and temperature, indicating a relaxation phenomenon and semi-conductor-type 

behavior.  

Keywords: Crystal structure, thermal behavior, optical, complex impedance, relaxation 

phenomenon. 
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INTRODUCTION 

  In the fields of coordination chemistry [1], hybrid organic-inorganic materials 

specifically, organometallic complexes have emerged as one of the most promising fields of 

research that has attracted a huge number of scientists. Owing to their unusual structural 

features [2-4] and their unique physico-chemical properties [5-9], these materials have 

demonstrated exceptional technological applications in various domains including catalysis, 

biomedicine, magnetism, electrochemical energy storage, and even in sensing devices [10-

13].  

 Since these complexes are composed of metal centers that are linked to organic 

ligands through coordination links, various properties of both organic and inorganic 

components can be manifested. In fact, the inorganic clusters demonstrate impressive 

properties such us magnetic, luminescence, biology, optical, dielectric, and ferroelectric 

properties [14-18]. Whereas, the introduction of organic ligands leads to a better adaptation 

and functionalization of these materials. As a result, the combination of both components can 

provide the opportunity to integrate practical properties within a single composite, resulting in 

a diverse range of multi-functional complexes. As a result, they are a good candidate for 

photo-active devices such as optoelectronic and photovoltaic, magnets. 

 Particularly, metal complexes have been recently considered as one of the most 

promising candidates in terms of their unique structural diversity and properties as well as 

their fascinating field of applications [19, 20]. The literature has pointed to some previously 

reported works of cobalt complexes containing halide ions such as chloride, bromide ions, or 

even substitution of both chloride by bromide atoms [21-24]. These latter can play an 

impressive role to understand not only their structural features but also their optical and 

electrical properties.  
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In 2005, K. B. Girma et al. reported Cobalt(II) complex with the formula [Co-

(CH2CHC(O)NH2)6][CoCl4]. This compound is stabilized through different types of hydrogen 

bonding and weak intermolecular interactions, where the amine hydrogen atoms are bonded 

to a neighboring coordinated oxygen atom and the anion [21]. N. M. Kolyadina et al. (2013) 

synthesized a new complex with the formula [Co(L)(H2O)][CoCl4]. From a structural point of 

view, the cationic and anionic moieties of this complex are linked through the bridging 

chlorine atom [22]. N. Dege et al. recently synthesized and characterized a novel complex, 

diaquabis(6-chloropyridine-2-carboxylato-N,O)cobalt(II), which exhibits good semi-

conducting properties and a band gap energy value of 4.29 eV, and they appears be an 

interesting candidate for photovoltaic and optoelectronic devices [23]. In addition, M. F. 

Mostafa et al. have also synthesis a mixed halide complex with the formula 

[(CH2)7(NH3)2]CoCl2Br2. Its crystal structure consists of distorted tetrahedral [CoCl2Br2]
2- 

anions and zigzag [(CH2)7(NH3)2]
2+ cations linked by intermolecular hydrogen bonds. These 

latter have demonstrated interesting electric and dielectric properties, which are confirmed by 

the presence of a relaxation phenomenon and highlight the good ionic conductor of this 

material [24].       

 In the present study, we report the synthesis of a novel Cobalt organometallic 

complex with the formula [Co(C3H7NO)6][CoBr1.93Cl2.07], a detailed crystallographic study, 

thermal and spectroscopic analysis. In addition, these investigations are complemented by a 

deep study of the electrical and optical properties in order to further understand the physical 

phenomena that govern the behavior of the studied complex. 

EXPERIMENTAL DETAILS 

Synthesis 

Materials 
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Cobalt(II) chloride hexahydrate (CoCl2.6H2O), Hydrobromic acid (HBr; 33%), 

propionamide (C3H7NO). All these starting materials were purchased from Sigma–Aldrich 

and used without further purification. 

Preparation of [Co(PM)6][CoBr1.93Cl2.07] 

  The novel Cobalt complex with the formula [Co(C3H7NO)6][CoBr1.93Cl2.07] was 

prepared by slow evaporation technique, at room temperature. 2 mmol of propionamide 

(C3H7NO) (hereafter abbreviated PM) and 1 mmol of CoCl2·6H2O were dissolved together in 

10 ml of N,N-diméthylformamide (DMF). Then, 2 mmol of Hydrobromic acid (HBr) were 

added dropwise to the binary solution. After a few days, blue prism-shaped crystals suitable 

for X-ray diffraction studies were formed.  

Energy dispersive X-ray spectroscopy (EDX) analysis 

The elemental analysis was obtained using a Si(Li) detector equipped with an energy 

dispersive X-ray spectroscopy (EDX).  

Spectroscopic measurements 

 The IR spectrum of the title complex was recorded at room temperature and measured 

using a Perkin-Elmer BX spectrometer. The sample was dispersed in spectroscopic grade KBr 

pellets in the wavenumber range of 400–4000 cm-1. 

X-ray data collection 

           The single-crystal X-ray diffraction measurement of this complex was performed at 

150K on a APEXII Bruker-AXS diffractometer using Mo-Kα radiation (λMoKα = 0.71073 

Å). 7462 reflections were recorded, and among them 5236 checked the condition of intensity I 

≥ 2σ (I). The crystal structure was solved in the monoclinic symmetry with the 

centrosymmetric space group P21/c. Co(II) ions were located with Patterson methods using 

the ShelxT-2018 program [25] integrated into the WINGX interface [26]. 
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The nitrogen, carbon, chlorine, and bromine atoms were fixed from successive 

difference Fourier calculations and refined during the final cycles with anisotropic thermal 

parameters using the SHELXL-2018 program [27]. The positions of the H atoms of the 

organic molecule are geometrically generated via the HFIX instruction included in SHELXL-

2018 with N-H = 0.88 Å and C-H = 0.99 or 0.98 Å. The refinement of the structure ultimately 

led to the reliability factors R1 = 0.034 and wR2 = 0.067. Further, all drawings of the crystal 

structure were made using the Diamond software package [28]. 

Crystallographic data and structure refinements are given in Table 1. Atomic 

coordinates and equivalent thermal factors (Ueq) or isotropic (Uiso) as well as the anisotropic 

thermal stirring factors are summarized in Table S1 and Table S2 respectively.   

Table 1. Crystallographic data and structure refinements of [Co(PM)6][CoBr1.93Cl2.07] 

complex 

Formula [Co(C3H7NO)6][CoBr1.93Cl2.07] 

Color/Shape 

Formula weight (gmol−1) 

Blue/Prism 

784.04 

Crystal system Monoclinic 

Space group P21/c 

Density  1.592 

Crystal size (mm) 0.54 × 0.37 × 0.35 

Temperature (K) 150(2) 

Diffractometer APEXII Bruker-AXS 

a, b, c (Å) 15.4532(11), 11.0869(9), 19.3202(13) 

β (°) 98.708(3) 

  V (Å3) 3271.9(4) 

  Z 4 

Radiation type Mo Kα (0.71073 Å) 

Absorption Correction multi-scan 

θ range for datacollection(°) 1.3 ≤ θ ≤ 27.5 

Measured reflections 21256 

Independent reflections 7462 

Observed data  [I > 2σ (I)] 5236 

Index ranges h = −20→18, k = −8→14, l = −23→24 

F(000) 1587 

Rint 0.043 

R[F2> 2σ(F2)],wR(F2),S 0.034, 0.067, 1.007 

∆ρmax, ∆ρmin(eÅ−3) 0.55, −0.38 

                  



7 
 

Hirshfeld surface analysis 

           In order to give more information about the intermolecular interactions already 

observed within the crystal packing, we have studied the Hirshfeld surfaces (HS) [29-36]. The 

3D Hirshfeld surfaces (HS) and the associated 2D fingerprint (FP) plot calculations were 

performed using the Crystal Explorer 17.5 program [37]. In fact, the 3D Hirshfeld surface is 

defined by the normalized contact distance (dnorm) based on de (distance from the point to the 

nearest nucleus external to the surface), di (distance to the nearest nucleus internal to the 

surface) and the radii of Van Der Waals. 

           The normalized contact distance (dnorm) values were mapped on to the Hirshfeld 

surface by employing a color gradient varying from blue to red through white was used to 

quantify the inter-contacts taking place between the atoms within the crystal being studied. 

The blue color represents longer contacts and a positive dnorm value. However, the white color 

results in contacts exactly equal to the Van Der Waals separation with a dnorm value of zero 

and the red color corresponds to closer contacts and a negative dnorm value. 

Thermal analysis 

            In order to study and understand the thermal behavior of the Cobalt(II) complex, 

thermogravimetric analysis (TGA) was performed by heating 4.65 mg of powdered sample in 

the temperature range of 300 to 873 K with a ramp rate of 10 K.min-1. 

  Differential scanning calorimetry (DSC) measurements for [Co(PM)6][CoBr1.93Cl2.07] 

was carried out using a Perkin-Elmer DSC instrument with heating and cooling rates of 5 

K.min−1 in the temperature range 300-473 K under nitrogen atmosphere in an aluminium 

crucible. 

Ultraviolet–visible (UV–vis) absorption spectrum 
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The optical properties of the new Cobalt(II) complex are measured at room 

temperature using a UV–Vis absorption spectrometer for the spectrum range from 200 to 900 

nm. 

Electrical measurements  

 The electrical measurements were carried out by means of two silver electrodes of the 

configuration Ag/electrolyte/Ag. Furthermore, the polycrystalline material was pressed into 

1.2 mm thick pellets with an 8 mm diameter by applying a 3t/cm2 uniaxial pressure. The 

electrical transport properties were measured on this pellet in the frequency range of 20 Hz–7 

MHz using a 1260 Solartron Impedance Analyzer automatic bridge monitored by a 

microcomputer. The measurements were taken over the temperature range of 293–423 K. The 

spectra were fitted to equivalent circuits using the Z-View software. 

RESULTS AND DISCUSSION 

Energy dispersive X-ray spectroscopy (EDX) analysis  

Energy dispersive X-ray spectroscopy (EDX) is an excellent tool for the qualitative 

identification of the different chemical elements existing in this complex. The chemical purity 

of the sample was tested by the EDX measurements. Figure S1 (supplementary informations) 

exhibits the EDX spectrum of the title compound, which reveals the presence of all non-

hydrogen chemical elements: Co, Br, Cl, C and N. 

Infrared analysis 

           The IR spectrum revealed by this complex is shown in Figure S2 (supplementary 

informations). An attempt to assign the major bands is proposed by referring to past work on 

similar compounds published in the literature [38, 39].   

This IR absorption spectrum reveals the presence of two significant bands at 3421 and 

3111 cm-1, which can be attributed to the asymetric and symetric stretching modes νas(NH2) 
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and νs(NH2) of the ligand, respectively. The two close bands at 2962 and 2858 cm-1; 

correspond to the asymetric and symetric stretching (ν) vibrations of the CH3 group, 

respectively. In addition, the symetric stretching modes of the CH2 group appear at 2807 and 

2769 cm-1. The band situated at 1658 cm-1 is attributed to the C = O stretching modes in the 

organic group. Additionally, the β(NH2) bending mode is observed in the infrared spectrum at 

1570 cm-1, while the βas(CH3) vibration mode and the δas(CH3) scissoring mode are appeared 

at 1459 cm-1. The β(CH2), βs(CH3) and ν(C-N) vibration modes are located at 1410 cm-1 and 

the peak observed at 1376 cm-1 is assigned to the βs(CH3), δs (CH3) and the ω(CH2) wagging 

mode. Also, the band of low intensity observed at 1084 cm-1 is related to the ρ(CH3), ρ(CH2) 

rocking modes  and to the t(CH2) twisting mode. On the other hand, the band noticed at 1006 

cm-1 corresponds to νs(C-C), ρ(CH3) and ω(CH2). At the end, the bands located at 874 cm-1 

and 813 cm-1 are due to the modes ρ(CH3), t(CH2), νs(C-C) and the πCo out-of-plane bending.  

All attributions of the different modes of vibration relating to the title complex are 

grouped together in Table S3 (supplementary informations). 

Structure description 

 The studied Cobalt complex, [Co(PM)6][CoBr1.93Cl2.07], crystallizes in the P21/c 

centrosymmetric space group belonging to monoclinic system with four formula units per cell 

and the following parameters: a = 15.4532(11) Å; b = 11.0869(9) Å; c = 19.3202(11) Å, β = 

98.708(3)° and V = 3271.9(4) Å3. 

Figure 1 shows the formula unit extended by symmetry to give a competed 

coordination sphere around the Co atom. It contains three metal centers of Co(II), twelve PM 

ligands and four Br/Cl anions. It should be noted that the metal centers Co(1) and Co(2) are 

located in special positions on the inversion centers (Wyckoff sites (2c) and (2d), 

respectively), while the third atom Co(3) full general position (Wyckoff site (4e)).  
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Fig. 1. Representation of the formula unit of [Co(PM)6][CoBr1.93Cl2.07] extended by symmetry 

to give complete octahedra around Co(II) cations (symmetry codes: (i) −x+2, −y+2, −z+1; (ii) 

−x+1, −y, −z+1) 

In the crystal structure, the metallic centers Co(1) and Co(2) adopt an octahedral 

geometry, where the coordination sphere around Co(1) and Co(2) is formed by six oxygen 

atoms belonging to six different PM ligands. Further, the values of the Co-O distances located 

in the equatorial planes vary from 2.0679(17) to 2.0728(17) Å and from 2.0838(17) to 

2.0974(17) Å, in the first and second octahedra, respectively, while the Co-O distances of the 

apical positions are equal to 2.1214(17) and 2.1049(17) Å for Co(1) and Co(2) atoms, 

respectively. These values are in the same range with those observed in the Co(O-

acrylamide)4Cl2 complex where the Co-O bond lengths are 2.0699(15) and 2.1086(13) Å [21]. 

 The cis-O-Co-O angles are comprised between [86.25(7)-93.75(7)°] and [85.85(7)-

94.15(7)°] for [Co1(PM)6] and [Co2(PM)6] octahedra, respectively (Table S4; supplementary 

informations). We should note that the Co-O distances located in apical positions are longer 

than the other Co-O distances located in equatorial planes. Thus, confirming that the two 
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octahedra are elongated in the axial direction. Such a phenomenon reveals the existence of the 

Jahn-Teller effect. Therefore, the average values of the distortion indices of the different 

distances for these two octahedra are calculated using the following equation: 

ID(M−L) = ∑
|MLi − MLm|

6MLm

i=6

i=1

 

           The average values of the distortion parameters of the two octahedra in this structure 

are IDd(metal-ligand)Co(1) = 0.0018 and IDd(metal-ligand)Co(2) = 0.0006. For these two octahedra, 

these low values clearly indicate that the coordination geometry of the metal is a slightly 

distorted octahedra. It is intersting to note that there are two types of coordination sphere 

around cobalt atoms in this complex. Indeed the third Co atom in the formula unit is 

surrounded by only four Br/Cl atoms.  For the Co(3) atom, three geometries can be observed: 

tetrahedron, square plane, or seesaw geometry. To determine the geometry of our cobalt 

polyhedral, we calculated the τ4 parameter (τ4 = 0 for a square plane geometry and τ4 = 1 for a 

tetrahedral form) using the following formula:  

τ4 = 360 – (α + β) / 360 - 2θ [40] 

With α and β are the two large angles in the polyhedron and θ the angle in a regular 

tetrahedron, 109.5°.  

            The calculation of the τ4 parameter in our cases, considering α = 113.20(2) and β = 

111.73(2) leads to τ4 = 0.96. This result shows that the polyhedron of the Co(3) atom adopt a 

tetrahedral geometry. The Co-Br/Cl distances are between 2.2907(7) and 2.4084(5) Å and the 

Br/Cl-Co-Br/Cl angles vary from 104.21(2) to 113.20(2)° (Table S4), which are similar to 

those found in Co(O-acrylamide)4Cl2 complex (Co-Cl bond lengths are 2.2582(9) and 

2.2783(7) Å) [21]. 
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In order to qualify the deformation of these tetrahedra, a calculation of the distortion 

indices of the distances and the angles was performed according to the method described by 

Baur [41].   

ID(Co−Br Cl) = ⁄ ∑
|di − dm|

n1dm

n1=4

i=1

   (1) 

𝐼𝐷(𝐵𝑟 𝐶𝑙⁄ −𝐶𝑜−𝐵𝑟 𝐶𝑙)⁄ = ∑
|𝑎𝑖 − 𝑎𝑚|

𝑛2𝑎𝑚

𝑛2=6

𝑖=1

  (2) 

 Where, dm denotes the mean value for distance (Co-Br/Cl) and am the mean value for 

angle (Br/Cl-Co-Br/Cl). These values were 0.0037 and 0.0034, respectively. For the 

Co(Br/Cl)4 tetrahedra, the distortion indices are low, this confirms that the coordination 

geometry of the Co(II) metal is a slightly deformed tetrahedron.  

  The cobalt ions are moderately separated with the shortest inter-metallic Co-Co 

distance being 6.95(2) Å. Bond distances and angles are comparable to those reported in other 

similar Co-based hybrid compounds [Co{O-OC-(NH2)CHCH2}6][CoCl4] [21], 

(PhCH2NEt3)2[CoBr4] [42], [Co(TPBP)(bpy)2] [43].  

 The PM ligand is coordinated with the central ions according to the μ1: η1 bridging 

mode connecting the metal centers through an oxygen atom (Fig. 1). The C-N, O-C and C-C 

distances vary from 1.314(3) to 1.328(3) Å, from 1.245(3) to 1.262(3) Å and from 1.497(4) Å 

to 1.525(4) Å, respectively. The N-C-C angles are situated between 116.0(2) and 119.5(3)° 

(Table S4). The distances and the angles of the PM cation are comparable to the previously 

reported ones for other similar hybrid compound [44]. 

On the other hand, the [Co(Br/Cl)4]
2- tetrahedra are stacked in a manner that they form 

anionic inorganic layers while the organometallic cations [Co(PM)6]
2+ form another layers 

and incorporated between two anionic layers. The structure can be consequently described as 
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an alternation of inorganic and organometallic layers along the crystallographic c-axis (Fig. 

2). 

 

Fig. 2. Packing of [Co(PM)6][CoBr1.93Cl2.07] along the crystallographic c-axis 

The cohesion and stability of the crystalline edifice is insured mainly through two 

types of hydrogen bonds: N-H…Br/Cl and N-H...O (Fig. 3). Indeed, the organic ligands are 

connected to the Br/Cl anions through hydrogen bonds of the N-H…Br/Cl type, for which the 

donor-acceptor distances are in the range of 3.201(2) - 3.637(2) Å and the angles range from 

131 to 172 °. The distances of N...O interactions fall in the range of 2.864(3) - 3.037(3) Å and 

the angles range from 139 to 152 °. All these interactions are required for the formation of the 

pseudo-3D architecture and to stabilize the crystal structure. Table 2 summarizes the 

distances and angles that describe hydrogen bonding. 
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Fig. 3. Packing of [Co(PM)6][CoBr1.93Cl2.07] showing hydrogen bonds, are represented  

by dashed lines 

Table 2. Hydrogen-bonding geometry of the title complex 

D—H···A D—H H···A      D···A D—H···A 

N8—H8A···O1 0.88 2.20 2.953 (3) 144 

N13—H13A···O6 0.88 2.13 2.900 (3) 146 

N3—H3A···O11 0.88 2.07 2.859 (3) 150 

N28—H28A···O21ii 0.88 2.06 2.864 (3) 152 

N33—H33A···O26ii 0.88 2.09 2.894 (3) 151 

N23—H23A···O31 0.88 2.31 3.037 (3) 139 

N3—H3B···Br1/Cl1iii 0.88 2.75 3.541 (2) 150 

N23—H23B···Br1/Cl1v 0.88 2.80 3.637 (2) 161 

N13—H13B···Br2/Cl2iv 0.88 2.65 3.504 (2) 165 

N8—H8B···Br3/Cl3 0.88 2.62 3.416 (2) 151 

N28—H28B···Br4/Cl4 0.88 2.56 3.201 (2) 131 

N33—H33B···Br4/Cl4vi 0.88 2.54 3.415 (2) 172 

Symmetry codes: (ii) −x+1, −y, −z+1; (iii) x, −y+3/2, z+1/2; (iv) x, y+1, z; (v) −x+1, y−1/2, 

−z+1/2; (vi) −x+1, −y+1, −z+1. 

 

Hirshfeld surface analysis 

           The corresponding 3D maps of the Hirshfeld surfaces of [Co1(PM)6]
+, [Co2(PM)6]

+, 

and for the inorganic [Co3(Br/Cl)4]
2- entities mapped over the dnorm are shown in Figure 

S3((a), (b)) (supplementary informations) and 2D fingerprint plots were illustrated in Figure 
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S4((a), (b)) (supplementary informations), which are used to quantify and visualize the 

different types of intermolecular interactions. 

         As reported in Figure S3((a), (b)), it is to be noticed that the red visible spots on the 

view of the dnorm surface of the organic and inorganic sub-lattices are attributed to the 

hydrogen bonds, Br/Cl…Br/Cl, whereas the Br/Cl…Co/Co…Br/Cl interactions appears in the 

dnorm surface of the organic part. Other white spots are due to the Van der Waals interactions  

          The 2D fingerprint analysis results of the organic part (Fig. S4(a)) suggests that the 

intermolecular H...H contacts have a dominant contribution (66.4%) in the total surface area 

of cationic part. The second major contribution is Br/Cl...H/H...Br/Cl contact corresponds to 

22.3% of the total Hirshfeld surface. At last, the proportions of the other most low interactions 

of N...H/H…N, C...H/H…C, Br/Cl...Br/Cl, O...H/H…O, O...N/N…O, Co...H/H…Co, 

C...N/N…C and Br/Cl…Co/Co…Br/Cl are classified in the order of (3.6%), (3%), (1.8%), 

(1.5%), (0.5%), (0.5%), (0.2%) and (0.2%), respectively.  

            For the 2D fingerprint of the inorganic part (Fig. S4(b)), intermolecular 

Br/Cl...H/H...Br/Cl contact shows the major contribution with 84.3% in the total Hirshfeld 

surface area. The Br/Cl...Br/Cl contacts are the second most common interactions, with a 

relative contribution 12.1% in the total HS of anionic part, whereas the other lowest 

interactions of Co...H/H...Co and Br/Cl…Co/Co…Br/Cl are 2.4% and 1.2%, respectively.   

           The relative contributions to the percentage of Hirshfeld surface area for the various 

intermolecular contacts in this complex are represented in Figure S4((a), (b)). Such results 

have been confirmed by the X-ray diffraction analysis.   

Thermal behavior 
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TGA and DSC measurements were performed in order to give more information about 

the thermal stability and to highlight the phase transition presented in this complex. The 

thermogravimetric curve of the synthesized complex is depicted in Figure 4(a). The 

examination of this curve shows that the first weight loss is observed between 485 K and 658 

K and corresponds to the decomposition of the organic part (observed weight loss = 51.30%; 

calculated weight loss = 55.92%). The second weight loss observed between 658 and 835K is 

attributed to the removal of bromide and chloride ions and the formation of cobalt oxide, 

CoO.  

The DSC curve (Fig. 4(b)) shows an intense peak appearing at 415 K which relates to 

the melting of the material. This peak is followed by other endothermic peaks observed at 427 

K and 437 K, corresponding to the decomposition of the product. We note, moreover, an 

anomaly at T = 354 K, without any weight loss, which can be explained by a phase transition 

that can lead to interesting electrical properties. Such a phenomenon is already observed in 

other cobalt complexes [14, 23, 45, 46].  

 

Fig. 4. (a) The TGA analysis curve (b) Differential scanning calorimetry measurements of 

[Co(PM)6][CoBr1.93Cl2.07] 
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Optical properties of [Co(PM)6][CoBr1.93Cl2.07] 

Figure 5 displays the UV–Visible absorption spectrum of the title complex at room 

temperature in the 200-900 nm range. As noted, this spectrum shows one intense absorption 

band at 303 nm and a weak intensity band observed at 456 nm. The latter are attributed to an 

electronic charge transfer from ligand to metal, usually named as LMCT: transition from the 

3p/4p orbital of Cl/Br or the 2p orbital of the oxygen atoms pertaining to the PM organic 

ligand to the 3d orbital of Co(II). In addition, the bands centered at 537 nm, 631 nm, 663 nm, 

688 nm and 722 nm are assigned to the d-d transitions of the metal centers (Co2+ ion). The 

attribution of the different absorption bands is similar to that obtained for other cobalt (II) 

chloride [47, 48] or cobalt (II) bromide [49] compounds found in the literature. 

 

Fig. 5. UV–Visible Absorption Spectra for the title complex 

The optical absorption coefficient (α) and the incident photon energy (hʋ) are used to 

determine the optical band gap value using the classical Tauc's relation for direct and indirect 

band transitions [50, 51]: 
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(αhν) = (A(hν − Eg)n) 

Where A is a constant, Eg is the band gap energy, α is the optical absorption 

coefficient, and n is a constant which determines the type of optical transitions. For direct 

transition (n = ½), the direct gap energy is noted Eg
d and for indirect transition (n = 2), the 

indirect gap energy is noted Eg
in.  A plots of (αhʋ)2 and (αhν)1/2 versus hʋ for the new Cobalt 

complex are illustrated in Figure 6((a), (b)).  

On the other hand, the values of the direct and indirect gap energies in this complex 

are obtained by extrapolating the linear part of the curve with the X-axis. The direct and 

indirect gap energy values are in the order of 3.54 and 3.71 eV, respectively. 

 

Fig. 6. Variations of (a) (αhν)1/2 versus hν, (b) (αhν)2 versus hν at room temperature 

for [Co(PM)6][CoBr1.93Cl2.07] 

The curve of Ln (αhν) versus Ln (hν - Eg) allows us to determine the value of n, which 

is the inverse of the slope of the straight line deduced from Figure 7. This value of n almost 

equals 2, which confirms that the gap transition is of the indirect type. 
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Fig. 7. Variations of (αhν) versus Ln (hν - Eg) and the Energy diagram  

of [Co(PM)6][CoBr1.93Cl2.07] complex 

           Therefore, this interest value can classify this complex among the semiconductor 

which is required for applications in the fields of photovoltaics and optoelectronics. The 

estimated Eg equal to 3.71 eV for the title complex is comparable to the calculated values of 

the band gaps found in the other compounds [(CH3)2NH2]2CoCl4 (3.84 eV) [47], 

[(CH3)3N(CH2)2Br]2[CoBr4] (3.7 eV) [52], [N(CH3)4]2CoCl4 (4.59 eV) [53], as well as    

[C8H10NO]2CoCl4 (2.98 eV) [54].  

Electrical properties 

Impedance analysis and equivalent circuit 

In order to gain further insight about the phase transition already present in the DSC 

measurements and to confirm the semi-conducting nature of the title material, we have 

performed the electric measurements. For that, Figure 8 depicts the variation of the Nyquist 

plots (-Z" versus Z') of the title compound from 293 to 423 K. In the temperature range 

previously explored, the Nyquist plots consist of decentred semi-circles, with the centre 

located below the Z' axis, which indicates that the Cole–Cole formalism is appropriate to 
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study this relaxation phenomenon [55]. Two semi-circles are observed in the patterns. Thus, 

the lower frequency dispersion corresponds to the grain boundary (Rjg) and the higher one to 

the grain interior (Rg). To simulate our sample by an equivalent circuit that accounts for these 

experimental data, we have used the software Z-View. 

 

Fig. 8. Complex impedance and equivalent circuit of [Co(PM)6][CoBr1.93Cl2.07] complex 

shown for different temperatures 

The best fit was obtained by using an equivalent circuit composed of two cells 

connected in series, the first one being formed by resistance R1 parallel to a fractal capacity 

CPE1 and the second one being formed of a parallel combination of three elements: resistance 

R2, capacity C1 and fractal capacity constant phase element CPE2. Note that the fractal 

capacitance ZCPE impedance is represented by the following equation:  

ZCPE =
1

Q0(jω)∝ 

Where Q is the capacitance value of the CPE element and 𝛼 represents the fractal 

exponent.  
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The reel and the imaginary part of the complex impedance ((Z') and (Z")) were 

calculated according to the following equations: 

Z′ =
R1(1+R1Q1ωα1 cos(α1

π
2⁄ ))

(1+R1Q1ω∝1 cos(∝1
π

2⁄ ))
2

+(R1Q1ωα1 sin(α1
π

2⁄ ))
2+

R2
−1+Q2ω∝2cos (α2

π
2⁄ )

(R2
−1+Q2ωα2 cos(α2

π
2⁄ ))2+(Cωα2 sin(α2

π
2⁄ ))2

(1) 

 

−𝑍′′ =
R1

2Q1ω∝1 sin(∝1
π

2⁄ )

(1+R1Q1ωα1 cos(α1
π

2⁄ ))
2

+(R1Q1ωα1 sin(α1
π

2⁄ ))
2+

C+Q2ωα2 sin(α2
π

2⁄ )

(R2
−1+Q2ωα2 cos(α2

π
2⁄ ))2+(Cωα2

sin(α2
π

2⁄ ))2
(2) 

Figure 9(a) shows the imaginary part of the impedance, Z', as a function of frequency 

at different temperatures. It is observed that at a lower frequency range, the variation of Z' 

(grain resistance) decreases with rising temperature. As a result, an increase in ac conductivity 

with increasing frequency is possible. The merge of real part of impedance in the higher-

frequency domain suggests a possible release of space charge and a consequent lowering of 

the barrier properties in the materials [56]. 

Figure 9(b) represents the variation of the imaginary part Z" according to frequency at 

different temperatures. These curves display a peak at a specific frequency known as the 

relaxation frequency (ωmax), such that ωmaxτ = 1, (where τ is called the relaxation time). The 

relaxation frequency is not the same for all peaks. Such behavior reflects the non-Debye type 

of relaxation in the system [57]. Also, the widening of peaks and the move of (Z"max) at 

higher temperatures confirm the presence of relaxation phenomena in the system as well as 

that there is a spread of relaxation time [58].  
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Fig. 9. Frequency variation of (a) Real part Z' and (b) imaginary part Z'' of the impedance at 

different temperatures for [Co(PM)6][CoBr1.93Cl2.07] 

Plots detailed in Figures 8, 9(a) and 9(b) show a good coincidence between 

experimental and simulated data indicating that the suggested equivalent circuit describes 

accurately the electrical properties of the complex. 

           Relying on the bulk resistance R1 values and the sample dimensions, the grain 

electrical conductivity (σdc), can be calculated at each temperature using the following 

relationship: 

σ(dc) =
e

R ∗ S
 

 Where, e and S depict the thickness and the area of the pellets, respectively.  

           Figure 10 shows the thermal evolution of the conductivity of the grains, (Ln (σdcT)) 

versus 1000/T. The conductivity of the grain increases within creasing temperature, indicating 

that the electrical conduction in the sample is thermally activated and follows the Arrhenius-

type behavior. 

σdcT= σ0exp (-Ea/kBT) 

Where, σ0 represents the pre-exponential factor, Ea is the activation energy for conduction, 

and kB is the Boltzmann constant.  
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Fig. 10. Variation of (Ln (σdcT)) versus 1000/T of the [Co(PM)6][CoBr1.93Cl2.07] complex 

Two phases were identified with a change in the curve slope towards T = 358 K, 

which confirms the phase transition detected by DSC differential thermal analysis at T = 354 

K. From the linear fitting, the phase I (T < 358 K) was characterized by a growing 

conductivity with an activation energy EI = 0.89 eV. Furthermore, the phase II (T > 383 K) 

was characterized by an increasing conductivity as the temperature increased, with an 

activation energy equal to EII = 1.48 eV. These results allow us to classify this material as a 

good semi-conductor [52]. 

Complex modulus analysis 

The complex modulus formalism is particularly used to determine the conductivity 

relaxation, the jump frequencies, and also electrode polarization. The complex electrical 

modulus M* is defined by the inverse of the complex permittivity [59, 60], according to the 

following equation: 

M* = 1/* = iωC0Z* = M'+jM" = M∞ [1 − ∫ e−iwt∞

0
(−

dΦ(t)

dt
) dt] 
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Where, M' and M" represent the real and imaginary parts of the complex modulus M* 

and C0 is the vacuum capacitance of the cell and Φ(t) means the stretched exponential 

function of a material. 

In order to verify the contribution of these different phenomena, we investigated the 

variation of the real part M' of the complex modulus versus (log (f)), which is shown in Figure 

S5 (supplementary informations) at different temperatures. Indeed, we notice that at low 

frequency, this curve displays a very low value of M' which confirms that the electrode effects 

are negligible. At high frequencies, the real part M' tends towards a constant value (M'∞ = 

1/ε'∞) which may confirm the presence of a relaxation process in this studied sample. 

Figure S6 (supplementary informations) shows the 3D presentation of the imaginary 

part of modulus normalized (M"/M"max) according to the frequency for different temperatures. 

These curves appear as well-defined asymmetric relaxation peaks in which the maxima shift 

towards higher frequencies through increasing temperature. Such behavior reflects a transition 

from short distances to long distances mobility of charge carriers [61]. In fact, at low 

frequency region, the ions are mobile over long-distances, while at high frequencies the ions 

are more confined to their potential wells, being mobile on short-distances. We note that each 

maximum of M"max corresponds to a characteristic relaxation frequency ƒp(ƒ𝑝 =
1

2πτmax
), 

where τmax  is the most probable relaxation time [62]. 

In Figure S7 (supplementary informations), the evolution of log (ƒp) according to the 

inverse of temperature is shown. We note the relaxation frequency log (ƒp) is presented by 

two phases with a discontinuity at 358 and 383 K. These results absolutely confirm the phase 

transition already observed in DSC analysis and conductivity measurements. 

Dielectric studies 

The study of dielectric relaxation is a high source of precious information about the 
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mechanisms of conduction, the origin of the dielectric for different temperatures. The values 

of the real and imaginary permittivity were calculated from the following equations [63]: 

ε∗ = ε’ + 𝑖ε’’ 

ε’ =
−Z′′

ωC0(Z′2 + Z′′2 )
 

ε’’ =
−Z′

ωC0(Z′2 + Z′′2 )
 

The temperature dependence of the real and imaginary parts (ε’r and ε’’r) of the 

dielectric permittivity for the [Co(PM)6][CoBr1.93Cl2.07] complex at selected frequencies is 

reported in Figure 11 ((a), (b)), respectively. It is observed that both ε′ and ε″ exhibit similar 

behavior. From those figures, at temperatures lower than 358 K, that the variations of the ε’ 

and ε’’ are almost constants. This behavior indicates the low thermal energy of the charge 

carriers, which seem unable to peruse the electric field direction [64]. This result may be due 

to an increase of the disorder in the compound leading to a weakening in the crystal 

interactions [65, 66]. As the temperature increases, beyond 358 K, the bound charge carriers 

get a gradually an amount of thermal excitation energy to be able to respond to the change in 

the external field more easily and the dipoles can rotate freely. This in turn enhances their 

contribution to the polarization, leading to an increase of the real and imaginary parts of the 

dielectric constant [67].  
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Fig. 11. Temperature dependence of (a) ε’r and (b) ε’’r for [Co(PM)6][CoBr1.93Cl2.07]  

complex at various frequencies 

CONCLUSION 

In summary, the preparation and characterization of a novel Cobalt complex with the 

formula [Co(PM)6][CoBr1.93Cl2.07] was reported. Crystal structure study revealed that this 

complex belongs to the monoclinic symmetry with the P21/c space group. Its crystal structure 

consists of two different coordination spheres around the cobalt atoms. Further, the crystal 

packing is stabilized by the formation of N-H…Br/Cl and N-H...O hydrogen bonds, giving 

birth to a 3-D architecture. The optical properties confirmed that the title compound is a semi-

conductor with band gap energy of 3.71 eV. The thermal study indicated the presence of one 

phase transition at T = 354 K that was subsequently confirmed by the electrical and dielectric 

analyses. Besides, the impedance complex analysis allowed us to determine the electrical 

equivalent circuit. Electric and dielectric measurements show that this complex is a good 

semi-conductor. Based on these results, we totally believe that our research work appears to 

be a promising route to pursue novel semi-conducting compounds and can be a good 

candidate for specific applications in batteries, electrolytes, and electro-optical devices. 

SUPPLEMENTARY MATERIALS 
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Supplementary crystallographic data for this article in CIF format are available as electronic 

supplementary publication from Cambridge Crystallographic Data Centre (CCDC 2150505). 

This data can be obtained free of charge via https://www.ccdc.cam.ac.uk/community/deposita 

structure/CSD Communications/, or from the Cambridge Crystallographic Data Centre, 12 

Union Road, Cambridge CB2 1EZ, UK (Fax: (international): +441223/336033; e-mail: 

deposit @ ccdc.cam.ac.uk).  
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TABLE CAPTIONS 

Table 1. Crystallographic data and structure refinements of [Co(PM)6][CoBr1.93Cl2.07] 

complex. 

Table S1. Fractional atomic coordinates and equivalent thermal factors (Ueq) or isotropic 

(Uiso) for [Co(PM)6][CoBr1.93Cl2.07]. 

Table S2. Anisotropic thermal stirring factors. 

Table S3. Attribution of the different modes of vibration relative to [Co(PM)6][CoBr1.93Cl2.07] 

complex.  

Table S4. Selected bond distances (Å) and angles (°) of [Co(PM)6][CoBr1.93Cl2.07]. 

Table 2. Hydrogen-bonding geometry of the title complex. 

FIGURE CAPTIONS  

Fig. S1. Scanning electron microscope analysis spectrum of [Co(PM)6][CoBr1.93Cl2.07]. 

Fig. S2. IR absorption spectrum of the title complex. 

Fig. S3. The 3D representation of the Hirshfeld surface of (a) cationic part and (b) anionic, 

mapped with dnorm of [Co(PM)6][CoBr1.93Cl2.07]. 

Fig. S4. The 2D-fingerprint plots with the relative contributions of the different 

intermolecular contacts percentages to the hirshfeld surface area occurring in (a) 

[Co1/2(PM)6]
2+

 cationic part and (b) [Co(BrCl)4]
2- anionic part of [Co(PM)6][CoBr1.93Cl2.07].   

Fig. S5. Variation of the real part M' of the complex modulus as a function of the frequency at 

various temperatures. 

Fig. S6. 3D presentation of the imaginary part of (M''/M''max) versus frequency for different 

temperatures. 
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Fig. S7. Variation of (log (ƒp)) versus 1000/T of the [Co(PM)6][CoBr1.93Cl2.07] complex. 

Fig. 1. Representation of the formula unit of [Co(PM)6][CoBr1.93Cl2.07] extended by symmetry 

to give complete octahedra around Co(II) cations (symmetry codes: (i) −x+2, −y+2, −z+1; (ii) 

−x+1, −y, −z+1). 

Fig. 2. Packing of [Co(PM)6][CoBr1.93Cl2.07] along the crystallographic c-axis. 

Fig. 3. Packing of [Co(PM)6][CoBr1.93Cl2.07] showing hydrogen bonds, are represented by 

dashed lines. 

Fig. 4. (a) The TGA analysis curve (b) Differential scanning calorimetry measurements of 

[Co(PM)6][CoBr1.93Cl2.07]. 

Fig. 5. UV–Visible Absorption Spectra for the title complex. 

Fig. 6. Variations of (a) (αhν)1/2 versus hν, (b) (αhν)2 versus hν at room temperature for 

[Co(PM)6][CoBr1.93Cl2.07]. 

Fig. 7. Variations of (αhν) versus Ln (hν - Eg) and the Energy diagram of 

[Co(PM)6][CoBr1.93Cl2.07] complex.  

Fig. 8. Complex impedance and equivalent circuit of [Co(PM)6][CoBr1.93Cl2.07] complex 

shown for different temperatures. 

Fig. 9. Frequency variation of (a) real part Z' and (b) imaginary part Z'' of the impedance at 

different temperatures for [Co(PM)6][CoBr1.93Cl2.07].  

Fig. 10. Variation of (Ln (σdcT)) versus 1000/T of the [Co(PM)6][CoBr1.93Cl2.07] complex. 

Fig. 11. Temperature dependence of (a) ε’r and (b) ε’’r for [Co(PM)6][CoBr1.93Cl2.07]  

complex at various frequencies. 
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