
Clark University Clark University 

Clark Digital Commons Clark Digital Commons 

Chemistry Faculty Works by Department and/or School 

6-2024 

Hydrothermal synthesis of (C5H14N2)[CoCl4]⸳0.5H2O: Crystal Hydrothermal synthesis of (C5H14N2)[CoCl4]⸳0.5H2O: Crystal 

structure, spectroscopic characterization, thermal behavior, structure, spectroscopic characterization, thermal behavior, 

magnetic properties and biological evaluation magnetic properties and biological evaluation 

Sandra Walha 

Noureddine Mhadhbi 

Basem F. Ali 

Abdellah Kaiba 

Ahlem Guesmi 

See next page for additional authors 

Follow this and additional works at: https://commons.clarku.edu/chemistry 

 Part of the Chemistry Commons 

https://commons.clarku.edu/
https://commons.clarku.edu/chemistry
https://commons.clarku.edu/faculty_departments
https://commons.clarku.edu/chemistry?utm_source=commons.clarku.edu%2Fchemistry%2F30&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/131?utm_source=commons.clarku.edu%2Fchemistry%2F30&utm_medium=PDF&utm_campaign=PDFCoverPages


Authors Authors 
Sandra Walha, Noureddine Mhadhbi, Basem F. Ali, Abdellah Kaiba, Ahlem Guesmi, Wesam Abd El-Fattah, 
Naoufel Ben Hamadi, Mark M. Turnbull, Ferdinando Costantino, and Houcine Naïli 



Chemical Physics Impact 8 (2024) 100597

Available online 3 April 2024
2667-0224/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

Full Length Article 

Hydrothermal synthesis of (C5H14N2)[CoCl4]⸳0.5H2O: Crystal structure, 
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A B S T R A C T   

The organic-inorganic compound (C5H14N2)[CoCl4]⸳0.5H2O, I, was characterized by various physicochemical 
techniques. The X-ray diffraction analysis revealed that the compound crystallizes in the centrosymmetric space 
group C2/c of the monoclinic system. The atomic arrangement the Co(II) complex is built from isolated [CoCl4]2– 

anions, 1-methylpiperazine-1,4-diium [C5H14N2]2+ cations and free water molecules. The crystal structure study 
showed that the cohesion of I is assured through N–H⋅⋅⋅Cl and N–H⋅⋅⋅O hydrogen bonds giving birth to a 3-D 
architecture. Hirshfeld surface analysis revealed that Cl⋅⋅⋅H/H⋅⋅⋅Cl and H⋅⋅⋅H (58.5 and 36.4%, respectively) 
are the most significant interactions between species. Minor O⋅⋅⋅H/H⋅⋅⋅O interactions are also present. The 
compound was characterized by thermal analysis, TGA-DTA showed the removal of the co-crystallized water 
before 100 ◦C and a first mass loss at around 120 ◦C. Magnetic measurements are in good agreement with 
isolated, S = 3/2, tetrahedral [CoCl4]2− anions. The negative Weiss constant of -1.35 indicates single-ion 
anisotropy and very weak antiferromagnetic interactions. UV–visible spectroscopy reveals three weak absorp
tion bands in the visible range due to the d-d electronic transitions typical of the Co(II) tetra-coordinated. A 
bioassay showed antibacterial activity against the gram negative Klebsiella pneumonia and gram positive Bacillus 
ceureus, Listeria monocytogenes, and Micrococcus lutues.   

1. Introduction 

The hydrothermal method was originally the domain of geochemists 
and mineralogists interested in the simulation of mineral formation [1]. 
However, the hydrothermal technique has recently been adopted for the 
synthesis of a wide variety of metastable materials [2] and can be 
considered as a special case of chemical transport reactions [3–6]. Metal 
coordination of organic-inorganic compounds is not only recognized as 
an important factor in drug design and medicinal inorganic chemistry 
research, but is also being considered in enhancing drug bioactivity. For 

example, complexes of cobalt have been of great research interest due to 
their unique structural topologies, structural diversity and the devel
opment of new pharmaceutical drugs [7–11]. They may also provide 
very good catalysts [12]. Cobalt appears to be a reasonable choice for 
bioactive materials because it is an essential element present in the body 
in the vitamin B12 complex; consequently, it maintains the normal 
functioning of the nervous system and can regulate the synthesis of DNA 
[13]. The coordination number of the metal ion in a complex can be six 
(octahedral) [14–16], five (trigonal bipyramidal or square pyramidal) 
[17–19] and four (tetrahedral) [20–22]. More particularly, hybrid 
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compounds of the general formula A[MX4]2− , where M is a transition 
metal, X is Cl or Br and A is an organic cation, are an interesting area of 
chemistry and extensively studied using different spectroscopic methods 
in the literature [23–25]. Cobalt complexes have also been explored to 
study their thermal [26–28] and magnetic [29] properties. A variety of 
amines has been employed previously in the preparation of hal
idocobaltates, including aliphatic, aromatic and cyclic amines [30–32]. 
Previous studies have shown that hybrid inorganic-organic compounds 
containing piperazine and its derivatives exhibit a wide range of bio
logical activities including anticancer, antimicrobial, antiviral and 
antimalarial activity [33,34] making it a desirable ancillary ligand to 
explore properties of new inorganic-organic hybrid structures. In 
particular, we used 1-methylpiperazine combined with Co(II) as the 
metal ion source which has importance in catalytic activity, magnetic 
behavior and biological activity; in addition, the large flexible coordi
nation environment of Co(II) provide unique opportunities for the for
mation of extended organic-inorganic compounds [35–39]. Considering 
the attractive attributes of halidocobaltate(II) anions, we report here the 
hydrothermal synthesis and crystal structure of 1-methylpiperazine-1, 
4-diium tetrachloridocobaltate(II) hemihydrate, I, as well as the Hirsh
feld surface analysis, thermal behavior, antibacterial activity and mag
netic proprieties. 

2. Experimental section 

2.1. Materials 

Cobalt (II) chloride hexahydrate (CoCl2⋅6H2O), hydrochloric acid 
(HCl; 37%), and 1-methylpiperazine dihydrochloride (C5H14N2.2HCl) 
were purchased from Sigma-Aldrich and used without further 
purification. 

2.2. Synthesis 

Attempts to prepare the title compound by the slow evaporation 
method resulted the isolation of crystals of methylpiperazine-1,4-diium 
dichloride. For this reason, we used the hydrothermal method for the 
synthesis of I. 

The synthesis of I was carried out in home-built Teflon-lined stainless 
steel pressure bombs of 120 mL maximum capacity. A mixture of cobalt 
(II) chloride hexahydrate (0.47 g, 2.0 mmol) and 1-methylpiperazine 
dihydrochloride (0.69 g, 4.0 mmol) were dissolved together in 30 mL 
of deionized water and hydrochloric acid (pH = 3). The mixture was 
placed in a Teflon-lined autoclave that was then sealed and heated to 
160 ◦C for 3 days. It was then cooled to room temperature in a water 
bath. The autoclave was opened in air, and products were recovered 
through filtration. Transparent blue, plate crystals with suitable di
mensions for crystallographic study were recovered. The crystals were 
washed several times with distilled water and dried in open air. The 
yield of the reaction was 97%; the obtained mass of the sample was 
0.614 g. Elem. microanal. Obsd for I (calcd): C, 10.28 (10.08); H, 3.17 
(3.02); N, 5.14 (4.97). (IR, KBr, cm− 1): ν (H20), 3506 s; δ (N-Н+), 1460 
m; ν (C–N), 1180 m, (s = strong, m = medium). The synthesis of the 
hybrid material has been carried out by using the following reaction 
scheme (Scheme 1): 

2.3. X-ray data collection 

A suitable crystal was mounted on a D8 VENTURE Bruker AXS 
diffractometer and studied using graphite monochromated Mo Kα ra
diation (λ = 0.71073 Å) through the program APEX3 [40]. Data 
collection, data reduction and analysis were processed using SAINT 
[41]. Empirical absorption corrections of the multi-scan type were 
performed using the SADABS program [42]. The crystal structure was 
solved in the monoclinic crystal class, space group C2/c, according to 
the automated search for space group available in Wingx [43]. The 
molecular solid state structure was solved by direct methods using the 
SHELXT software package [44] and refined by full-matrix least-square 
methods on F2 with SHELXL-2015 [45].The main crystallographic data 
and refinement parameters are presented in Table 1. 

2.4. Thermal analysis 

The simultaneous TG–DTA analysis of I was carried out in air at a 
heating rate of 5 ◦C/min over the temperature range 25–550 ◦C on a 
3.84 mg sample. 

2.5. Spectroscopic measurements 

IR spectrum of 4PPHP was recorded in the region 4000–400 cm− 1 by 
means of pellets containing the sample in question and KBr as a 
dispersant with 1.0 cm− 1 resolution with a Bruker Vertex 80 V FT-IR 
spectrometer All the bonds were assigned by comparison with the 
spectrum of other compounds, at room temperature and in the 
400–4000 cm− 1 frequency range. The optical absorption spectrum of the 

Scheme 1. Synthesis of complex (C5H14N2)[CoCl4]⸳0⋅5H2O.  

Table 1 
Crystal Data and Structure Refinement for Compound (C5H14N2) 
[CoCl4]⸳0⋅5H2O.  

empirical formula (C5H14N2)[CoCl4]⸳0.5H2O 

formula weight 623.84 
temperature (K) 293(2) 
crystal system Monoclinic 
space group C2/c 
a (Å) 14.3430 (7) 
b (Å) 12.7870 (14) 
c (Å) 13.7880 (6) 
ß (deg) 102.744 (4) 
V(Å3) 2466.5 (3) 
Z 4 
Dcalc, (g⋅cm− 3) 1.686 
λ(MoKα) (Å) 0.71073 
crystal form, color plate-blue 
crystal size (mm) 0.47 × 0.11 × 0.08 
μ (mm− 1) 2.22 
Θ ranges (deg) 3.03 – 32.01 
absorption correction Multi-scan 
refinement method SHELXL 
F(000) 1264 
goodness-of-fit on F2 1.206 
R1, wR2 [I > 2σ(I)] 0.034, 0.055 
no. parameters 128 
transmission factors 0.747–0.834 
(Δρ)min, (Δρ)max, eÅ− 3 − 0.43 and 0.56  
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films was recorded at room temperature in the wavelength range from 
200 nm to 800 nm using a conventional UV–visible absorption 
spectrometer. 

2.6. Magnetic measurements 

Magnetic properties of a powdered sample of I were measured using 
a Quantum Design MPMS-XL SQUID magnetometer. The moment was 
measured using magnetic fields from 0 to 50 kOe at 1.8 K. Several data 
points were recollected as the field returned to zero to look for hysteresis 
effects. None were observed. Magnetic susceptibility measurements in 
the range of 1.8–310 K were carried out in an applied magnetic field of 
1000 Oe The data were corrected for the diamagnetic contributions of 
the constituent atoms, estimated via Pascal’s constants [46] and for the 
background signal of the sample holder (measured independently). Data 
were fit using the Hamiltonian Ĥ = − 2

∑
A,B JAB ŝA.̂sB. 

2.7. Biological study 

2.7.1. Antimicrobial activity 
Antimicrobial activity was tested against two Gram negative bacteria 

[Escherichia coli and Klebsiella pneumonia] and three Gram positive 
bacteria [Bacillus ceureus, Listeria monocytogenes and Micrococcus luteus]. 
Before use, all microorganisms were stocked in appropriate conditions 
and regenerated twice. Antimicrobial activity assays were performed 
according to the method described by the disk diffusion method 
[47–49]. 

The test microorganisms were dispersed on appropriate solid me
dium plates and cultured overnight at 37 ◦C. After 24 h, five loops of 
pure colonies were placed in a test tube with physiological saline solu
tion for each bacterial strain and controlled to the 0.5 McFarland 
turbidity criteria. Sterile cotton was dipped in the bacterial suspension 
and the agar plates were streaked three times. Each time the plate was 
rotated at an angle of 60◦. Finally, the swab was rubbed over the edge of 
the plate. Sterile filter paper discs were placed on inoculated plates. In 
order to prove the activity of the synthesized complexes, DMS solutions 
concentrated at 150 mg/mL of the salt CoCl2, 1-methylpiperazine and 
the cobalt complex were tested against the used bacteria. As a positive 
reference, ampicillin was utilized. The sizes of the inhibitory zones were 
measured with a ruler with an accuracy of 0.5 mm. 

2.7.2. Antioxidant studies 
Diphenylpicrylhydrazyl (DPPH) and 2,2-azino-bis(3- 

ethylbenzothiazoline-6-sulfonic acid)) (ABT) were the two assays used 
to examine the in-vitro antioxidant activity of (C5H14N2)[CoCl4]⋅0.5H2O 
and 1-methylpiperazine dihydrochloride. Using the methodology [49] 
as outlined in [50], the DPPH activity of (C5H14N2)[CoCl4]⸳0.5H2O and 
1-methylpiperazine dihydrochloride was investigated. In a nutshell, 
distinct quantities of 1-methylpiperazine dihydrochloride (0.1 and 2.5 
mg/ml) and (C5H14N2)[CoCl4]⸳0.5H2O (0.5 to 50 mg/ml) were synthe
sized. On methanol, the two tested compounds were dissolved. One 
milliliter each of DPPH methanol solution (0.1 mM) and (C5H14N2) 
[CoCl4]⸳0.5H2O were combined with one milliliter of 1-methylpipera
zine dihydrochloride solution. Following a 30 min incubation period 
at room temperature and depending on obscurity, 517 nm was used to 
test absorbance. Every sample was examined three times. The following 
formula was used to calculate the scavenging activity: Scavenged ac
tivity (%) of DPPH radicals = [(A0 − A1) /A0] × 100. where A0 denotes 
the blank’s absorbance and A1 is the absorbance measured with 1-meth
ylpiperazine dihydrochloride or (C5H14N2)[CoCl4]⸳0.5H2O present. The 
ABTS test is based on how the ABTS cation changes color in response to 
an antioxidant. Indeed, when ABTS reacts with potassium persulfate, it 
transforms into its blue radical cation. The colorless form of ABTS is 
often produced when the cation of ABTS reacts with an antioxidant. 
Spectrophotometry is used to measure the color change. To create a 
stock solution for the ABTS test, an equal volume of 2.45 mM potassium 
persulfate solution and 7 mM ABTS solution were combined. An equal 
volume of the stock solution and 50% methanol are mixed to create a 
fresh working solution before each essay, which is then allowed to sit at 
room temperature in the dark for 12 h For (C5H14N2)[CoCl4]⸳0.5H2O, 
various concentrations ranging from 10 to 20 mg/ml and from 0.1 to 10 
mg/ml for 1-methylpiperazine dihydrochloride were generated. A so
lution of ABTS (three milliliters) was mixed with 300 microliters of 
(C5H14N2)[CoCl4]⸳0.5H2O and 1-methylpiperazine dihydrochloride. The 
mixture was incubated for six minutes at room temperature and in the 
dark. The following formula was used to determine the scavenging ac
tivity: Scavenged activity (%) of ABTS radicals = [(A0 − A1) /A0] × 100. 
where A1 is the absorbance determined while the tested chemical is 
present, and A0 is the absorbance of the blank, or the reaction mixture 
without the tested molecule. 

3. Results and discussion 

3.1. Molecular structure and supramolecular features of I 

The title salt, I, crystallizes in a monoclinic space group, C2/c. The 

Fig. 1. The asymmetric unit of I with atom labeling scheme. Displacement ellipsoids are drawn at 50% probability level. Hydrogen atoms are shown as spheres of 
arbitrary radius. Hydrogen bonding interactions are shown as dashed lines. 
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asymmetric unit consists of one [CoCl4]2– dianion, one 1-methylpipera
zine-1,4-diium dication, and one-half OH2 unit (having C2 crystallo
graphic symmetry), Fig. 1. The [CoCl4]2– anions have a slightly distorted 
tetrahedral coordination geometry as evident from the Cl—Co—Cl an
gles in the range 106.42(2)–112.81(2)◦ being closer to 109.5◦. More
over, the Co—Cl bond distances are in the range 2.254(5)–2.297(6) Å, 
Table 2. Bond distances and angles are typical and fall within reported 
values for the corresponding [CoCl4]2– containing salts 
(C6H9N2)2[CoCl4] [51] and (3-(chloromethyl)pyridinium)2CoCl4 [52] 
and noted in many other structures [20,24,25]. As far as the dication is 

concerned, the 1-methylpiperazine-1,4-diium ring adopts a typical chair 
conformation with average C—C and C—N bond distances of 1.508(2) 
and 1.497(3) Å, respectively, which are compatible with other 1-meth
ylpiperazine-1,4-diium rings (C5H14N2)[ZnCl4]⸳0.5H2O [53] and 
(C5H14N2)[Ni2Cl4(H2O)6]Cl2 [54]). 

In the structure of I, the water molecules operate as linking building 
blocks between the [CoCl4]2– anions and 1-methylpiperazine-1,4-diium 
cations (Fig. 1). The crystal packing in I is shown in Fig. 2. There are 
segregated anion stacks and cation•••H2O layers. The anion stacks run 
parallel to the c-axis while the cation•••H2O layers are parallel to the ac- 
plane (Fig. 2). The organic cations not only play a space-filling and 
charge-compensating role but also are intimately involved in structural 
propagation along with the water molecules which strengthen the 
cohesion of the structure by linking the organic and inorganic cations 
extending into three-dimensional supramolecular architecture via 
hydrogen bonds. The 2-dimensional cation•••H2O layers (Fig. 3) are 
composed of N—H•••O—H2 hydrogen bonding [N5•••OW1 = 2.909(2) 
Å] which runs parallel to the ac plane. The discrete [CoCl4]2– anion 
stacks and the cation•••H2O layers are connected through additional 
HO—H•••Cl—Co and N—H•••Cl—Co interactions [N5•••Cl2 = 3.358 
(3), N2•••Cl1i = 3.189(4) and OW1•••Cl2ii = 3.280(2) Å; Symmetry 
codes: (i) –x + 1/2, –y + 1/2, –z + 1; (ii) x, –y + 1, z – 1/2], Fig. 3, 
forming an alternating R4

6(12) ring motif, Fig. 4. The combination of 
anion stacks and 2-D cation•••H2O layers intermolecular interactions 
generates a fascinating 3-dimensional network structure. Hydrogen- 
bonding parameters are summarized in Table 3. 

It is worth mentioning that the title salt is isomorphous with the 
tetrachloridozincate(II) analogue [53]. The structure of the zinc 

Table 2 
Selected bond distances (Å) and angles (◦) in (C5H14N2)[CoCl4]⸳0.5H2O.  

Tetrahedron around CoII Within the organic cation 

Co-Cl1 2.2658(6) 
Co-Cl2 2.2978(5) 
Co-Cl3 2.2657(5) 
Co-Cl4 2.2543(5) 
Cl1-Co-Cl3 109.06 (2) 
Cl1-Co-Cl4 112.00(3) 
Cl1- Co-Cl2 106.42(2) 
Cl2- Co -Cl3 106.74(2) 
Cl2- Co-Cl4 112.81(2) 
Cl3- Co-Cl4 109.60(2) 

C1-N2 1.496(2) 
N2-C3 1.497(2) 
N2-C7 1.496(2) 
C3-C4 1.512(3) 
C4-N5 1.496(3) 
N5-C6 1.490(3) 
C6-C7 1.505(3) 
C1-N2-C7 111.46(2) 
C1-N2-C3 110.66(3) 
C7-N2-C3 110.06(3) 
N2-C3-C4 111.57(3) 
N5-C4-C3 110.21(3) 
C6-N5-C4 111.34(15) 
N5-C6-C7 109.92(16) 
N2-C7-C6 110.78(16)  

Fig. 2. The crystal packing in I. The anions are arranged in discrete stacks of [CoCl4]2– species, parallel to the c-axis, separated by domains containing the 1-meth
ylpiperazine-1,4-diium cations and H2O. Hydrogen atoms omitted for clarity. 
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derivative shows a similar supramolecular structure, as illustrated in 
Fig. 3b. In the lattice, the ZnCl4 stacks are linked by donor water mol
ecules into chains along c-axis by O—H•••Cl hydrogen bonds. The water 
molecules again act as acceptors and connect to the dications via 
N—H•••O hydrogen bonds, Fig. 3b, resulting in an overall packing 

identical to that of the title compound, Fig. 3a. The stability of this type 
of lattice is evident by the crystallization of these two isomorphous 
derivatives. The related anhydrous CuX4

2− complexes have also been 
reported but in different lattice types [55,56]. 

Fig. 3. (a) Partial packing view with N—H•••O—H2 (red dashed lines), HO—H•••Cl—Co (blue dashed lines) and N—H•••Cl—Co (black and pink dashed lines) 
hydrogen bonding interactions; (b) Similar packing view of the isomorphous tetrachloridozincate(II) derivative showing N—H•••O—H2 (red dashed lines), 
HO—H•••Cl—Co and N—H•••Cl—Co (green dashed lines) hydrogen bonding interactions. Hydrogen atoms not involved in interactions are omitted for clarity. 
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3.2. Hirshfeld surface analysis 

The Hirshfeld surface is representative of the region in space where 
molecules come into contact with each other, allowing the analysis of 
the chemical nature of intermolecular interactions in the crystal. 
Hirshfeld surface analysis and 2D fingerprint plots for I were created 
using Crystal Explorer 21.5 [57]. The Hirshfeld surface mapped over 
dnorm is shown in Fig. 5a. The 2D fingerprint plots, illustrated in Fig. 5 
(b–e), reveal that the most significant contacts are Cl•••H/H•••Cl 
(58.5%, Fig. 5c) and H•••H (36.4%, Fig. 5d). Other minor 
O•••H/H•••O (3.3%, Fig. 5e) interactions are also present. 

The interatomic contacts H•••Cl/Cl•••H have the greatest contri
bution to the Hirshfeld surface (58.5%), attributed to the N•••H/Cl and 
C•••H/Cl hydrogen-bonding interactions and represented by two sharp 
symmetric spikes in the two-dimensional fingerprint maps, with a 
maximum de+di 2.30 Å (Fig. 5c). This value is less than the sum of van 
der Waals radii of chlorine (1.75 Å) and hydrogen (1.09 Å) atoms; it 
confirms that the inter-molecular contact is considered as being close 
contact. In addition, O⋅⋅⋅H/H⋅⋅⋅O interactions constitute 3.3% of the total 
area of Hirshfeld surface of compound I. 

3.3. Thermal behavior 

Simultaneous TG-DTA curves of I in the temperature range 50–500 
◦C with a heating rate of 5 ◦C /min are depicted in Fig. 6. The exami
nation of the TG curve shows that the first weight loss is observed at 90 
◦C, and corresponds to the departure of the water molecules (observed 

weight loss = 1.45%; calculated weight loss = 1.6%) giving rise to the 
anhydrous phase (C5H14N2)[CoCl4]. This phenomenon is accompanied 
by an endothermic peak observed on the DTA curve at 95 ◦C. The second 
weight loss occurring between 120 and 200 ◦C is due to the departure of 
2HCl molecules (observed weight loss, 11.92%; theoretical weight loss 
11.8%). This phenomenon is accompanied by endothermic peaks 
observed on the DTA curve at 150 and 180 ◦C. The second weight loss 
occurring between 190 and 370 ◦C is due to the degradation of the 
organic cation from the compound (observed weight loss = 18.9%; 
calculated weight loss = 18.45%). This decomposition process is 
accompanied by a endothermic peaks observed at 340 ◦C and 360 ◦C. 
The last step of the decomposition corresponds to the formation of the 
cobalt oxide CoO via atmospheric moisture. 

3.4. Magnetic properties 

Magnetization measurements for I at 1.8 K as a function of applied 
field (see Fig. S1, ESI) show a steady rise to ~ 14,000 emu/mol at 50 kOe 
(the maximum applied field) in good agreement with the expected 
saturation moment (~17,000 emu/mol) for an S = 3/2 ion [58,59]. The 
magnetic susceptibility increases monotonically with descending tem
perature (see Fig. S2, ESI) and no sign of a maximum is observed. A 
Curie-Weiss plot of the data (Fig. 7) yielded a Curie Constant (C) of 2.61 
(1) emu-K/mol-Oe in good agreement with the expected value for a 
tetrahedral Co(II) complex [59] and a Weiss constant, θ, of − 1.35(5). 
The negative Weiss constant indicates the presence of single-ion 
anisotropy, antiferromagnetic exchange, or a combination thereof. The 
χT(T) data were fit to a model including single-ion anisotropy only, 
yielding C = 2.59(2) emu-K/mol-Oe and D = 12.1(6) K, suggesting a 
modest single-ion anisotropy. The data were also fit to the single-ion 
anisotropy model incorporating a Curie-Weiss term to account for 
possible exchange between the CoCl42− ions (see Fig. 7) [60]. This yiel
ded C = 2.582(2) emu-K/mol-Oe, D = 10.20(8) K and θ = − 0.25(3) K. 
The small modification to D and negligible Weiss constant indicate that 
the temperature dependent behavior results almost completely from 
single-ion anisotropy as is typical of such materials [54–56]. 

Fig. 4. One layer showing the anions and cations•••water interactions forming alternating R4
6(12) ring motifs. Cation•••water slabs are highlighted in cream. 

Hydrogen atoms not involved in interactions are omitted for clarity. 

Table 3 
Hydrogen bonding parameters for compound (C5H14N2)[CoCl4]⸳0.5H2O.  

D–H⋅⋅⋅A D–H (Å) H⋅⋅⋅A (Å) D⋅⋅⋅A (Å) D–H⋅⋅⋅A (◦) 

N5–H5B …Cl2 0.87(3) 2.64(3) 3.358(19) 141(2) 
N5 –H5A …OW1 0.89(2) 2.02(3) 2.909(2) 176(2) 
N2 –H2 …Cl1i 0.86(2) 2.35(2) 3.189(16) 165.4 (19) 
OW1 –H1WA …Cl2ii 0.76(2) 2.55(2) 3.280(2) 162(3) 

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

In order to give more information on the crystal structure, we have 
studied the vibrational properties of I using infrared absorption spec
troscopy. The IR spectrum, (presented in Fig. S3, ESI), shows several 
absorptions bands. All assignments of the observed vibrational modes 
are made by comparison with previous work performed in homologous 
compounds [61,62]. The bands situated at 3506, 3220 and 1570 cm− 1 

are assigned to the stretching and deformation vibration of the water 

molecule. The remaining two bands observed at 2800 and 2676 cm− 1 

are attributed to the asymmetric and symmetric N—H stretching. 
The bending vibrations of N—H+are observed around 1460 and 

1505 cm− 1 and the other absorption bands observed at 2995 and 1180 
cm− 1 are proposed to be the stretching and bending vibrations of C—H, 
respectively. Weak bands situated at 2610, 2500 and 2409 cm− 1 are 
assigned to stretching of NH2

+ groups involved in hydrogen bonds 
(N—H•••Cl). These findings support the composition and structure of 
compound I, particularly the presence of 1-methylpiperazine-1,4-diium. 

Fig. 5. View of the Hirshfeld surface of I mapped over dnorm. The two-dimensional finger print plots of : (b) all⋅⋅⋅all interactions, and delineated into (c) Cl⋅⋅⋅H/H⋅⋅⋅Cl; 
(d) H⋅⋅⋅H; (e) O⋅⋅⋅H/H⋅⋅⋅O interactions. 
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Fig. 6. Simultaneous thermogravimetric analysis and differential thermal analysis scan for the decomposition of I under flowing air with a heating rate of 5 ◦C/min 
between 25 and 550 ◦C. 

Fig. 7. Plot of χT(T) and 1/χ (T) in the temperature range from 1.8 to 300 K for I. The solid lines represent the Curie–Weiss fit of the data.  
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3.6. UV–vis spectroscopy 

The UV-visible absorption of compound I and 1- methyl piperazine in 
DMSO is illustrated in Fig. 8. The spectrum of 1-methylpiperazine shows 
one band at λ = 220 nm, indicates the n→π* transition of the organic 
cation. As can be seen at the higher wavelength region of the spectrum on 
Fig. 8, the shape and position of the observed features are typical of any 
tetrahedral-like Co-complex spectrum and are very similar to that obtained 
for other cobalt (II) bromide or cobalt (II) chloride compounds found in 
literature [63–65]. In fact, they are discernible with three peaks located at 
620, 650 and 680 nm and are generally assigned to the three well known 
spin allowed d-d electronic transitions (4T1g(F)→4T1g(P),4T1g(F)→4A2g(F) 
and 4T1g(F)→4T2g (F), respectively) within the [CoCl4]2− inorganic parts. 

3.7. Biological activities 

3.7.1. In-vitro antimicrobial activity 
We have continued our studies of the antibacterial activity of 

organic–inorganic hybrid metal(II) halides with derivatives of pipera
zine, including I and the zinc compoud recently published [66]. The 
antibacterial tests were performed against three Gram-positive and two 
Gram-negative bacteria. The three current compounds (CoCl2, 1-methyl
piperazine and compound I) were effective against the tested bacteria 
with variable ranges of diameters of inhibitory zones. Referring to the 
literature, complexes based on cobalt are found to be very effective 
against bacteria, in particular Gram-positive bacteria [67,68]. Accord
ing to the results presented in Table 4, compound I was found to have a 
moderate activity against the gram- positive bacteria, while it showed 
weak activity against the gram-negative strains. The weak antibacterial 
activity against Gram-negative bacteria was ascribed to the presence of 
an outer membrane which can directly or indirectly cause metabolic 
dysfunction and finally lead to bacterial death [69]. The cobalt com
pound I was found to have a significant antibacterial activity against the 
Gram-positive bacteria tested compared to Gram-negative bacteria 
(Table 4). Indeed, for Gram-positive bacteria, the largest inhibition 
diameter (20.66 (4) mm) is recorded in Listeria monocytogenes by I. Ac
cording to Table 4, the complex exhibited the same activity against this 
bacterium as CoCl2. For the tested Gram-positive bacteria, 1-methypi
perazine was not effective against any of them (the diameter of inhibi
tion did not exceed 10 mm). Compared to ampicillin, compound I has 
the same diameter inhibition zones (12 mm) against Klebsiella pneu
monia. For the Gram-positive bacteria, Table 4 indicates that the com
plex is no better than the individual components, the values are the same 
as CoCl2 except for Listeria monocytogenes where it is simply the sum of 
the free amine activity and the CoCl2 activity, while for the 
Gram-negative bacteria, the complex is actually worse than the amine 
itself, which might suggest that protonating the nitrogen atoms inhibits 
the anti-bacterial activity. It has been reported that the antibacterial 
activity of a complex is influenced by its stability. The lower stability of 
compound I, the greater of the antibacterial activity. This may be caused 
by the presence of more free ions in the solution, which can enhance the 
cooperative interaction between the metal ions and the ligands [70,71]. 
Indeed, the antimicrobial results suggested that Co-complex is never 
more effective than the sum of the components, and sometimes less. 

Fig. 8. Optical spectrum of (C5H14N2)[CoCl4]⸳0.5H2O.  

Table 4 
Diameters of inhibitory zones for solutions of the salt CoCl2, 1- methylpiperazine 
and compound I ; Inhibition zones: ++++>25 mm ; +++: >15 mm; ++: 10-15 
mm, +: <5 mm :.    

Zones of growth inhibition surrounding the disc 
(mm) 

Name of bacterial 
strains 

CoCl2 1- 
methylpiperazine 

Compound 
I 

Ampicilin 

E. coli G(-) – ++ + +

Klebsiella pneumonia 
G(-) 

– ++ + +

Bacillus crereus G(+) ++ – ++ +++

Listeria 
monocytogenes G 
(+) 

++ – +++ ++++

Micrococcus luteus G 
(+) 

++ – ++ ++++

- inactive. 
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3.7.2. Antioxidant assay 
The DPPH test results showed that (C5H14N2)[CoCl4]⋅0.5H2O had a 

much higher (p < 0.05) scavenging activity (IC50 = 43.3 ± 0.01 mg/ml) 
than 1-methylpiperazine dihydrochloride (IC50 = 3.56 ± 0.05 mg/ml) 
(Table 5). The ABTS test results validated the DPPH test results. In fact, 
the 1-methylpiperazine dihydrochloride (IC50 = 1.07 ± 0.06 mg/ml) 
was almost sixteen times lower than the (C5H14N2)[CoCl4]⋅0.5H2O 
(16.21 ± 0.02 mg/ml). According to our findings, substances that 
scavenge free radicals include (C5H14N2)[CoCl4]⋅0.5H2O and 1-methyl
piperazine dihydrochloride. Nevertheless, both ABTS test and DPPH test 
revealed that (C5H14N2)[CoCl4]⋅0.5H2O scavenging activity is signifi
cantly higher than the 1-methylpiperazine dihydrochloride. This result 
can be explained by the increased proton diffusion ability of (C5H14N2) 
[CoCl4]⋅0.5H2O as well as the presence of more reactive sites in its 
structure, which could be proton donors or electron acceptors. 

4. Conclusion 

In the present work, we have hydrothermally synthesized and 
characterized a new cobalt (II) compound, 1-methylpiperazine-1,4- 
diium tetrachloridocobaltate(II) hemihydrate. This hybrid material ex
hibits a layered inorganic-organic structure stabilized through extensive 
O/N–H•••Cl/O hydrogen bonding. Hirshfeld surface analysis revealed 
that Cl•••H/H•••Cl and H•••H contacts are the most significant inter
species interactions along with minor contribution from O•••H/H•••O 
interactions. The thermal decomposition of the crystals proceeds 
through three stages giving rise to cobalt (II) oxide as the final product. 
The variable temperature magnetic susceptibility data indicate single- 
ion anisotropy and very weak antiferromagnetic exchange. The tetra
hedral environment of Co2+ was confirmed by UV-visible spectroscopy. 
The Co-complex tested by in vitro antimicrobial and antioxidant activity 
shows satisfactory results with an enhancement of activity by com
plexing the metal with the ligand. In review, such biological activities 
testing results reveal that the cobalt based complex possess higher ac
tivity compared to the parent ligand. 
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