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A B S T R A C T

[(CH2)7(NH3)2]CoCl4 crystallizes in the triclinic system, space group P-1 with two molecules per asymmetric unit
cell (Z¼ 2). The unit cell dimensions are a¼ 7.3107 (2) Å, b¼ 10.1841 (3) Å, c¼ 11.2690 (4) Å, α¼ 66.81 (2),
β¼ 78.85 (12), and γ ¼ 87.66 (2). The unit cell volume and the calculated density are 756.11 (4) Å3 and
1.463Mgm�3, respectively. The structure of the hybrid is characterized by alternating layers of inorganic
[CoCl4]

2– anion and heptane diammonium cation. The organic hydrocarbon layers are packed in a stacked
herring-bone manner with hydrogen bonds to the halide ions. The lattice potential energy Upot and the cation
molecular volume Vþ are 1856.2 kJ/mol and 0.37 nm3, respectively. DSC showed a compound (broad) peak at
T1¼ 331 K, T2¼ 328 K with total entropy ΔS¼ 36.2 J/K. mol, and a λ-like endothermic peak at T3¼ 296 K
(ΔS¼ 24.9 J/K. mol). Dielectric properties are investigated at different temperatures and frequencies
[260 K< T< 360 K and 0.06 kHz< f< 60 kHz, respectively]. Super-linear power law is observed for the AC
conductivity, which is analyzed based on the jump relaxation model.
1. Introduction

In recent years, the synthesis, structure, thermal, and physicochem-
ical properties of organic–inorganic hybrids (OIHs) have attracted sig-
nificant attention due to their practical applications in solar cell and
optoelectronics [1–4] as well as their unique fundamental scientific
prospects concerning low-dimensional magnetic interactions and their
intriguing thermal dielectric and ferroelectric properties [5–7]. OIHs
provide the basis for developing systems that combine bilayer charac-
teristics within a crystalline lattice. The series of A2MX4, where A is an
alkyl monoammonium or alkylene diammonium ion, M a divalent metal
ion, and X a halide ion, are excellent models to study OIH properties.
Variations in A, M, and X provide an excellent opportunity to tailor the
material to adjust its physical and chemical properties for industrial
purposes. Besides, long-chain hybrids are of special interest as they show
several consecutive phase transitions and are good models of lipid
membranes [8,9]. Being solids, they provide a means to study properties
of biological membranes by solid-state techniques. Crystal structure
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analysis of short- and long-chain diprotonated hybrids [(CH3)n (NH3)2]
MX4, where X¼ Cl/Br, was performed for a few members of this series.
This revealed that the structure of M¼Mn, Fe [10], Cu [11], and Cd
[12–14] is monoclinic with P21/c or P21/n for an even number of C
atoms and orthorhombic for an odd number of C atoms in hybrids where
n¼ 2-5 [15]. These hybrids form layers of associated [MCl6] octahedra
extending in a two-dimensional network, which are different from those
with M¼ Co (n¼ 3 and 5) and Zn (n¼ 3), which crystallize in the
monoclinic system with P21/n or P21/c and form layers of unassociated
tetrahedrally distorted [CoCl4] and [ZnCl4], respectively [16–18]. As the
chain length increases (n> 5), all Co and Zn hybrids (n¼ 6-10) crystal-
lize in the triclinic system sp. gr P-1 [19–25]. Thus it is clear that the
room temperature structure of short-chain hybrids with n¼ 2-5 is
different from that of intermediate- and long-chain ones (n¼ 6, …, 10),
where short-chain hybrids' crystal symmetry alternates between mono-
clinic and orthorhombic forms depending on the parity, whereas all
hybrids with 6� n� 10 are triclinic P-1.

A previous study by our group of the thermal, dielectric, and con-
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ductivity properties of n¼ 3 and M¼ Cu [26]; n¼ 6 and M¼ Fe, Co, or
Zn [20,21,27]; n¼ 7 and M¼ Co [22,23]; n¼ 9 and M¼ Cu [28]; n¼ 10
and M¼ Cd [29]; n¼ 12 and M¼ Co, Cu, or Cd [30–32] showed phase
transitions between 150 K and 420 K. The number and type of the tran-
sitions depend on both the chain length and the metal ion. Some of these
hybrids showed commensurate to incommensurate structure changes
[31]. Tetrahedrally coordinated [CoCl4] hybrids have been of interest
mainly due to their magnetic properties [33–35]. A recent study of
[(CH2)7(NH3)2]CoCl4-xBrx, where x¼ 2 and 4, referred to as 7CoCB and
7CoB, respectively, showed that the structure consists of infinite
two-dimensional sheets of tetrahedrally coordinated [CoCl2Br2]/[CoB4]
anions parallel to the ac plane [22,23]. The anion sheets are separated by
the layered cation chains. The structure is stabilized through the inter-
action of the two sheets via N_H…. .X bonding. The bromide hybrid shows
discontinuous phase transition associated with an abrupt change from
insulator to semiconductor at T¼ 343 K [23]. To investigate the effect of
halide ion on the phase change and conductivity behavior as well as on
the chain length effect, we prepared and characterized the corresponding
chloride, namely [(CH2)7(NH3)2]CoCl4, referred to as 7CoC. Crystal
structure analysis and thermal, dielectric, and conductivity measure-
ments were performed at temperatures between 260 K and 360 K and at
frequencies between 60 Hz and 60 kHz.

2. Experimental

7CoC was prepared by mixing an alcoholic solution of 1,7-dia-
mmonium-dichloroheptane and the corresponding metal chloride in a
1:1 ratio. The solution was heated at 70 �C for 1 h. Small crystallites
precipitated out upon gradual cooling to room temperature. The crys-
tallites were filtered, washed, and recrystallized twice from the alcoholic
solution. Single crystals were grown from ethanol kept in a desiccator for
one month at room temperature.

Chemical analysis was performed at the Micro Analysis Center at the
University of Cairo. The results of this analysis gave the following mea-
surements: percent of carbon¼ 24.81% (25.248) and hydrogen¼ 5.86%
(6.053%) for 7CoC, with the theoretical values given in brackets. These
results indicated differences within experimental error, thereby con-
firming the formation of the desired compound.

The IR spectrum was obtained using an FTIR 1650 Perkin Elmer
spectrometer. The IR spectrum and chemical analysis results confirmed
the formation of the sample with chemical formula [(CH2)7(NH3)2]
CoCl4.

Differential thermal scanning (DSC) measurements were performed
on a Shimadzu thermal scanner model DSC-50 at 5 �C/min. Powdered
crystals weighing 2.5mg were used. Measurements were performed
under a flow of dry nitrogen gas at a rate of 50ml/min. Data were cali-
brated using the melting transition of indium at 157 �C.

X-ray crystallographic data were collected on an Enraf-Nonius 590
Kappa CCD single crystal diffractometer with graphite monochromator
using MoKα (λ¼ 0.71073 Å). Intensities were collected at room tem-
perature using the φ-ω-scan mode. Unit cell refinement and data reduc-
tion were performed using Denzo and ScalePak programs [36].

The crystal structure was solved by the direct method using the SIR92
program [37], which revealed the positions of all non-hydrogen atoms,
and refined by the full matrix least-square refinement based on F2 using
the maXus package [38]. The temperature factors of all non-hydrogen
atoms were refined anisotropically, and then hydrogen atoms were
introduced as a riding model with C-H¼ 0.96 and refined isotropically.
Molecular graphics were prepared using the ORTEP program [39].

Complex dielectric constant ε* was measured using a computer-
controlled lock-in amplifier-type EG&G model 5207. Samples are 1 cm
in diameter and 1.2mm thick. Surfaces were coated with silver paste to
ensure good electrical contact. A home-built cryostat was used for mea-
surements between liquid nitrogen temperature and 425 K. Temperature
was measured using a copper–constantan thermocouple. The sample
chamber was flushed several times with dry nitrogen gas and evacuated
7

for 24 h before starting measurements.

3. Results and discussion

3.1. Crystal structure

Fig. 1a and 1 b show the ORTEP view of the molecules and molecular
arrangement in the unit cell. The H-bond network along the “a” direction
is shown in Fig. 1c Fig. 1d shows the arrangement of [CoCl4]2– tetrahedra
in the “b” direction. Table 1 lists data collection parameters of 7CoC.
Table 2 lists fractional atomic coordinates and equivalent isotropic
thermal parameters. Anisotropic displacement parameters are listed in
Table 3. Selected bond length (Å) and bond angles (�) are shown in
Table 4. All structure information can be obtained from the Cambridge
Crystallographic Data Center (Deposit Number CCDC-1570160) [40].
The crystal structure of 7CoC consists of two isolated cations and tetra-
hedrally distorted metal halide [CoCl4]2– anions. The anions alternate
with layers of diammonium cations. Both anions and cations are related
by a center of inversion. Cation chains are hydrogen bonded to Co–halide
tetrahedra. The average Co–Cl bond length is 2.276 Å, the largest dif-
ference in bond lengths is 0.046 Å, and the largest difference in Cl–Co–Cl
bond angles is ~4�, compared with perfect tetrahedra. [(CH2)7(NH3)2]2þ

cations have a zigzag chain structure with an average bond length of
1.51 Å for C–N. These results are in good agreement with the bond length
of other diammonium hybrids studied previously [16,18,22,41].

The chains are completely isolated from each other as there are no
contacts shorter than 3.0 Å between neighboring chains and enough
space between chains makes their large thermal vibrations physically
reasonable. The C atoms of the cations show large thermal displacement
compared with those of the anions, which suggests disorder. Table 4
indicates that the chains have nearly an all-trans conformation on one
end; at the terminal N14, the dihedral angle
(C10–C11–C12–N14)¼ –173.4� (12). The other end of the chain is
disordered, particularly in the area near the terminal ammonium group,
where a gauche conformation has a dihedral angle
(C8–C7–C6–N13)¼ 66.7� (10). This optimizes the packing density of the
organic chains. The organic cations and inorganic anions are hydrogen
bonded. Anions form unassociated pseudo-infinite two-dimensional
sheets parallel to the ac plane. Alkyl chains act as spacers between these
sheets. Adjacent layers are pillared by the alkyl chains of the organic
cations.

3.2. Lattice potential energy, molecular volume, and cation volume

An estimation of the lattice potential energy (Upot) for samples with
molecular formula MpXq (where p¼ q¼ 1), such as the currently studied
hybrids, is obtained using Eqs. (1)–(3)

U(pot)¼ Σ niz
2 [ α/V1/3þβ] (1)

where α and β are appropriate fitting coefficients chosen according to the
stoichiometry of the hybrid, ni is the number of ions with a charge zi in
the formula unit, and Vm is the molecular volume.

For MX2 (1:2) hybrids, the lattice potential energy is given by [42].

U(pot)¼ j ZþjjZ–jν [α/V1/3þβ] (2)

where Zþ and Z� are the respective charges on the cation and anion of the
compound, respectively, v is the number of ions per molecule and equals
to (p þ q). For the case of hybrids of formula MX2 with charge ratio (1:2)
Zþ¼ 2, Z�¼ 1, p¼ 1, q¼ 2, ν¼ 3, α¼ 133.5 kJmol-1 nm, and
β¼ 60.9 kJmol-1, Vm (nm3) is given by [42]:

Vm (nm3)¼Mm/(ρNA)¼ 1.66045� 10�3Mm/ρ (3)

where NA is Avogadro's number, ρ (g.cm�3) is the density, and Mm (g/
mol) is the molar mass as obtained from the crystal structure information
listed in Table 1. For the presently investigated hybrids, MX (1:1), with



Fig. 1. a: ORTEP view of the atoms in molecule.
Fig. 1. b: ORTEP view of molecular arrangement in unit cell.
Fig. 1. c: H-bond network in the a direction (red dotted line).
Fig. 1. d: Arrangement of [CoCl4]2– tetrahedra along the b direction.
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charge ratio (2:2), zþ ¼ 2, z�¼ 2, p¼ 1, q¼ 1, ν¼ 2, α¼ 117.3 kJmol-
1 nm, and β¼ 51.9 kJmol-1; Vm is presented in units of nm3 [42,43].
Using Eq. (3), the calculated Vm is 0.37 nm3 for 7CoC. This yields lattice
energy Upot¼ 1856.2 kJ/mol. The volume of the cation (Vþ) and anion
(V�) for materials with chemical formula MpXq is given by Eq. (4) [43].

Vm ¼ pVþ þ qV– (4)

Using Eq. (4) where for MX (1:1), p¼ 1 and q¼ 1, and anion volume
of [CoCl4]2–¼ 0.196 nm3 [43], Vþ (the volume of the cation
[C7H20N2]2þ) becomes 0.182 nm3. The lattice potential energy and mo-
lecular volume of Co organic–inorganic hybrids [(CH2)n (NH3)2]CoCl4
(n¼ 3, 5, and 6) as well as those of [(CH2)7(NH3)2]CoCl2Br2 and
[(CH2)7(NH3)2]CoBr4 were calculated using previously published X-ray
structure results. Table 5 lists the calculated (Upot) (kJ/mol), (Vm) (nm3),
and cation volume (Vþ) (nm3) of chloride hybrids for comparison. It is
clear that as chain length increases, the molecular volume increases and
lattice potential energy decreases. The effect of halide ion replacement
results in a decrease of lattice potential energy as bromide ion replaces
chloride, indicating decrease of the binding energy with increase of
bromide ion.
3.3. Thermal behavior: differential thermal scanning (DSC) of 7CoC

The DSC thermograph of 7CoC, measured on heating at temperatures
between 260 K and 410 K, is depicted in Fig. 2a Thermal parameters are
listed in Table 6. Starting from the high temperature side, a very broad
endothermic transition between 324 K and 334 Kmost likely corresponds
to two transitions at T1¼ 331� 2 K and T2¼ 328� 1 K. Calculation of
the entropy change of the broad peak is found to be ΔS¼ 36.2 J/K. mol.
8

Such a large entropy value is usually associated with order–disorder
phase change attributed to rotation and/or conformations of the organic
chain [6,30,44–48]. Another λ-like transition appears at T3¼ 296� 2 K
with onset temperature of 282 K and entropy change ΔS¼ 24.9 J/K. mol.
The shape and entropy values imply a first-order phase change. As a
further confirmation of the structure transition, X-ray powder diffraction
measurements were performed using a Siemens (D5000) diffractometer
(Ni-filtered Cu-K radiation) of wave length λ¼ 1.54057 Å. A film of
uniform thickness was used. Scans were recorded at every 0.05 step
between 2θ¼ 10 and 90� at T¼ 295 K, 320 K, 350 K, and 430 K.
Diffraction patterns at the specified temperatures are shown in Fig. 2b.
The graph shows structural changes such that the sample remains in the
crystalline phase up to 350 K. It collapses at T¼ 430 K.
3.4. Dielectric constant

3.4.1. i Temperature dependence of the dielectric constant
To study phase transitions of this hybrid, temperature and frequency

dependence were evaluated at temperatures between 260 K and 360 K.
The real part (ε0) of complex dielectric constant in the temperature range
260 K< T< 360 K measured on heating is shown in Fig. 3a. Above room
temperature, the dielectric constant (ε0) shows a peak with two maxima
at T2¼ 328 K and T1¼ 331 K in the low-frequency range, which merge
into a single peak at high frequency. The temperature of the peak is
frequency dependent. It is clear that values of ε0 decrease with increasing
frequency and are not annihilated at the highest measured frequency
(f¼ 60 kHz). Dependence of the dielectric constant (ε0) on temperature
and frequency reflects the consecutive phase changes observed in the
DSC results. Insert (i) of Fig. 3 a shows a small symmetric dielectric



Table 1
X-ray data collection parameters of 7CoC.

7CoC

Empirical formula C7H20N2CoCl4
Mr 332.996
Space group Triclinic P1
a 7.3107 (2)Å
b 10.1841 (3)Å
c 11.2690 (4)Å
α 66.810 (2)�

β 78.8588 (12)�

γ 87.664 (2)�

V 756.11 (3)Å3

Z 2
Dx 1.463Mgm�3

λ 0.71073
θmax 30.06�

μ 1.81mm�1

T 298 K
Shape Cube
color Blue
measured reflection 4357
independent reflections 4943
observed reflections 1993
Criterion I> 3.00 sigma(I)
Rint 0.037
H �10→ 10
K �12→ 14
L 0→ 15
R (all) 0 .1055
R (gt) 0.066
wR (ref) 0.125
wR (all) 0.138
S (ref) 1.551
S (all) 1.198
Δ/σmax 0.044
Δρmax 3.45eÅ3

Δρmin �3.75eÅ3

wR (gt) 0.125
S (all) 1.19

Table 2
Fractional atomic coordinates and equivalent isotropic thermal parameters Ueq ¼
1/3ΣiΣj Uij ai*aj* ai aj of 7CoC.

7CoC X Y Z Ueq

Co1 0.7434 (14) 0.2452 (11) 0.4473 (10) 0.050 (6)
Cl2 0.6233 (14) 0.1640 (11) 0.6661 (10) 0.055 (6)
Cl3 1.0126 (14) 0.3749 (11) 0.3896 (10) 0.059 (6)
Cl4 0.5386 (14) 0.3990 (11) 0.3388 (10) 0.061 (6)
Cl5 0.7988 (14) 0.0560 (11) 0.3841 (10) 0.075 (6)
N14 �0.2421 (14) 0.6644 (11) 0.3771 (10) 0.055 (6)
C12 �0.0724 (14) 0.7433 (11) 0.2803 (10) 0.065 (6)
N13 0.7172 (14) 0.8414 (11) �0.2977 (10) 0.062 (6)
C11 �0.0857 (14) 0.7627 (11) 0.1453 (10) 0.074 (6)
C9 0.2493 (14) 0.7263 (11) 0.0482 (10) 0.084 (6)
C10 0.0968 (14) 0.8278 (11) 0.0471 (10) 0.077 (6)
C7 0.5786 (14) 0.7013 (11) �0.0636 (10) 0.076 (6)
C6 0.7459 (14) 0.7773 (11) �0.1608 (10) 0.079 (6)

Table 3
Anisotropic displacement parameters (Å)2 of 7CoC.

7CoC U11 U12 U13 U22 U23 U33

Co1 0.037
(6)

0.003 (5) �0.007
(5)

0.052
(7)

�0.024
(5)

0.051
(6)

Cl2 0.048
(6)

0.005 (5) �0.005
(5)

0.056
(7)

�0.023
(5)

0.050
(6)

Cl3 0.037
(6)

0.001 (5) �0.008
(5)

0.056
(7)

�0.031
(5)

0.071
(6)

Cl4 0.043
(6)

0.004 (5) �0.016
(5)

0.064
(7)

�0.018
(5)

0.060
(6)

Cl5 0.088
(6)

�0.003
(5)

�0.005
(5)

0.062
(7)

�0.040
(5)

0.065
(6)

N14 0.044
(6)

0.001 (5) 0.000 (5) 0.057
(7)

�0.021
(5)

0.051
(6)

C12 0.053
(6)

�0.005
(5)

0.007 (5) 0.061
(7)

�0.036
(5)

0.069
(6)

N13 0.066
(6)

0.003 (5) 0.007 (5) 0.054
(7)

�0.026
(5)

0.053
(6)

C11 0.055
(6)

0.002 (5) �0.007
(5)

0.091
(7)

�0.023
(5)

0.055
(6)

C9 0.065
(6)

�0.013
(5)

0.001 (5) 0.098
(7)

�0.036
(5)

0.069
(6)

C10 0.057
(6)

�0.008
(5)

0.001 (5) 0.097
(7)

�0.019
(5)

0.054
(6)

C7 0.076
(6)

0.008 (5) �0.010
(5)

0.082
(7)

�0.021
(5)

0.052
(6)

C6 0.071
(6)

�0.001
(5)

0.000 (5) 0.075
(7)

�0.033
(5)

0.073
(6)

Table 4
Selected bond distances, angles, dihedral angles and H-bond of 7CoC.

7CoC

Bond distances (Å) Co1—Cl2 2.2871 (10)
Co1—Cl3 2.2721 (9)
Co1—Cl4 2.2837 (10)
Co1—Cl5 2.2590 (11)

Bond angels (0) Cl2—Co1—Cl3 111.48 (4)
Cl2—Co1—Cl4 107.17 (4)
Cl2—Co1—Cl5 110.83 (4)
Cl3—Co1—Cl4 104.54 (4)
Cl3—Co1—Cl5 108.94 (4)
Cl4—Co1—Cl5 113.76 (4)

Dihedral angle (0) C8—C7—C6—N13 66 (10)
C6—C7—C8—C9 �179 (12)
C7—C8—C9—C10 �175 (12)
C8—C9—C10—C11 �179 (12)
C9—C10—C11—C12 78 (10)
C10—C11—C12—N14 �173 (12)

H. bond (Å) Cl2—H13B 2.472 (2)
Cl2—H14C 2.289 (2)
Cl3—H14A 2.436 (2)
Cl4—H13C 2.457 (2)
Cl4—H14B 2.562 (2)

Table 5
Lattice potential energy (Upot) (kJ/mol), molecular volume (Vm) (nm3) and
cation volume (Vþ) (nm3) of the hybrids 7CoC, 7CoCB and members of [(CH2)n
(NH3)2]CoCl4; n¼ 3, 5 and 6.

n hybrid Upot kJ/mol Vm nm3 Vþ nm3

3 3CoC 1986.6 0.272 0.076
5 5CoC 1927.2 0.314 0.118
6 6CoC 1886.5 0.349 0.153
7 7CoC 1856.2 0.378 0.182
7 7CoCB 1844.4 0.390 –

7 7CoB 1827.7 0.742 –
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constant (ε0) peak with T3¼~289 K, where peak's maximum decreases
with increasing frequency. The observed temperatures of the dielectric
constant anomalies are in reasonable agreement with DSC-transition
temperatures.

Temperature dependence of the imaginary part of dielectric constant
(ε") versus temperature is shown in Fig. 3b, where results similar to those
of ε0-T are observed with split peak at nearly the same temperatures.
Similar behavior is also noted for the low-temperature transition at
T3¼ 290� 2 K, but with smaller amplitude as seen in insert (ii). This
indicates that peaks of (ε") correspond to the temperature at which the
9



Fig. 2. a: DSC thermograph measured on heating between 260 K and 410 K.
Fig. 2. b: X-ray powder diffraction patterns at selected temperatures.

Table 6
Transition temperatures, enthalpy and entropy values of 7CoC.

Temperature range T3 (K) T2 (K) T1 (K)

heat 260- 360 K 296 328 331
ΔH (J/mol) 8251.86 10715.2
ΔS (J/K. mol) 24.9 36.2

Fig. 3. a: Real part (ε0) of dielectric constant vs. temperature between 260 K and
360 K. Insert (i): Real part (ε0) of dielectric constant vs. temperature between
275 K and 300 K.
Fig. 3. b: Imaginary part (ε0) of dielectric constant vs. temperature between
260 K and 360 K. Insert (ii): Imaginary part (ε0) of dielectric constant vs. tem-
perature between 275 K and 305 K.
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dispersion of the real part attains maximum for all transitions.

3.4.2. ii. Frequency dependence of the dielectric constant
Frequency dependence of the real part of dielectric constant on log-

arithmic plot [ln (ε0)-ln (ω/ω0)] at selected temperatures is shown in
Fig. 4a. The graph shows nearly linear dependence given by ε0α ω–n1.
Fig. 4b depicts variation of the slope n1¼ d [ln (ε0)]/d [ln (ω/ω0)] with
temperature in the linear region. It is found that n shows two sharp
minima at 326 K and 331 K in excellent agreement with DSC transitions.
Another shallow, less pronouncedminimum is observed at T¼~287 K as
seen in insert (i), which corresponds to transition T3.

Fig. 4c depicts the frequency dependence of the imaginary part of
dielectric constant as [ln (ε'')] vs. [ln (ω/ω0)]. For frequencies f< 10 kHz
and at high temperatures, linear dependence of ε'' is observed according
to ε00αω–n2. The graph is characterized by a shallow minimum that shifts
to higher frequencies with increasing temperature. This implies change
from universal dielectric relaxation (UDR) [49] to the super-linear power
law (SLPL) [50] as suggested by Lunkenheimer and Loidl [51,52].
10
3.5. Conductivity results

3.5.1. i Temperature dependence
Fig. 5 a shows temperature dependence of AC conductivity [ln (σAC)]

vs. 1000/T (K) at selected frequencies. Conductivity is temperature and
frequency dependent, with all curves tending to merge at the transition
temperature T1¼ 331 K. A change in slope of [ln (σAC)] vs. 1000/T (K)
can be due to phase transitions or reflect a change in conduction mech-
anism. For the presently investigated sample, observed changes in the
conductivity can be attributed to the phase transition that could be
associated with changes of conduction mechanism. The graph shows two
regions, where conductivity is thermally activated. A high-temperature
region (315 K–323 K) and a low-temperature region (T< 274 K) identi-
fied as phases I and II, respectively, where Arrhenius relation holds.
Regions denoted IT refers to the intermediate range where phase tran-
sitions take place and Arrhenius relation could not be used. At low
temperatures, T< 274 K (phase II), data scattering for f< 1.0 kHz is
observed; however, activation energy values were obtained within
acceptable error margin at higher frequencies. Low activation energy
values ΔE¼ 0.35 eV–0.013 eV fit well with exponential decay with fre-
quency. In phase I, activation energy (ΔE) is frequency dependent ac-
cording to Eq. (7)

ΔE¼ΔE0 [1-exp (-f0/f)]
α (7)

where ΔE0 is the activation energy in the limit f → 0 and α is a constant



Fig. 4. a: Real part [ln (ε0)] of dielectric constant vs. angular frequency [ln
(ω/ω0)] at selected temperatures between 269 K and 359 K ω0 is a reference
value, taken to be 1 s–1.
Fig. 4. b: Slope n1¼ d [ln (ε0)]/d [ln (ω/ω0)] vs. T (K).
Fig. 4. c: Imaginary part [ln (ε0)] of dielectric constant vs. angular frequency [ln
(ω/ω0)] at selected temperatures between 269 K and 360 K.

Fig. 5. a: AC conductivity [ln (σAC)] vs. 1000/T (K) at selected frequencies [f
(Hz)].
Fig. 5. b: Activation energy ΔE vs. [ln (ω/ω0)] of 7CoC and fit in phase II.
Fig. 5. c: Activation energy ΔE vs. [ln (ω/ω0)] of 7CoC and fit in phase I.

Table 7
Activation energy and its fit parameters to Eq. (7) of 7CoC.

Phase T(K) ΔE (eV) E0 (eV) F0 (Hz) α

I 315–323 3.08–0.18
(0.60–60 kHz)

3.13� 0.03 5918� 290 1.0� 0.0

II T< 274 0.45–0.013
(2.01–40 kHz)

exp. decay ΔE ¼ 1.70*exp (-f/1449)
þ0.031
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with values between 0 and 1.0.
The results of the fit are displayed as a function of [ln (ω/ω0)], as

depicted in Fig. 5b and 5 c. Fit parameters are listed in Table 7. Lines are
the fit and symbols are data points. The high ΔE values could be attrib-
uted to the fact that the temperature range where ΔE is calculated
(315–323 K) is near the boundary of the phase transition range where
several species are responsible for conduction (e.g., Cl ion hopping
among vacant sites [53], proton hopping as well as librational motion of
the organic chain). Considering the structural characteristics of the
sample, conduction is related to movement of the ammonium group and
its relation to the hydrogen bonding with the chloride ion. It is likely that
in the neighborhood of the chain melting transition, as the hydrogen
bond breaks, simultaneous jump of both chloride ions and protons among
vacant sites takes place. In addition, as the N–H⋯Cl bonds weakens,
correlated orientation of the organic chains is facilitated, which will
contribute to the activation energy.

3.5.2. ii Frequency dependence
It is found that the AC conductivity increases with increase of angular

frequency, revealing that bound carriers are trapped in the sample. The
dependence of conductivity σAC on temperature and frequency (ω,T) may
be divided into two regions. A low-temperature, low-frequency range
(T< 311 K, ln ω< 8.25), where σAC is nearly frequency independent, and
a high-temperature, high-frequency range (T> 311 K, ln ω> 8.25),
where σAC is frequency dependent such that its dependence on frequency
decreases as temperature rises. According to Jonscher's universal
11
dispersion relaxation (UDR) [49], electric conduction is a thermally
activated process and the origin of frequency dependence of conductivity
is related to the relaxation phenomena due to mobile charge carriers. It
can be expressed by the relation

σAC¼ σDC þ Aωs (8)

where σAC and σDC are the AC and DC conductivity, respectively; A and s
are temperature-dependent fitting parameters (0� s� 1) and ω is the
angular frequency.

The fit of σAC to Eq. (8) was not successful. Reasonably good fits were
obtained using SLPL as given by Eq. (9) [50,54]:

σAC¼ σDC þ A1ωs1þA2ωs2 (9)

Fig. 6 a shows data of AC conductivity [ln (σAC)] with angular fre-
quency [ln (ω/ω0)]. AC conductivity σAC increases with increase of
angular frequency. Fig. 6 b displays fit of [ln (σAC)] vs. [ln (ω/ω0)] to Eq.
(9) at selected temperatures. σDC, as obtained from fit to Eq. (9), is plotted
in Fig. 6 c as [ln (σAC)] vs. 1000/T (K). The calculated activation energy



Fig. 6. a: Experimental results of [ln (σAC)] vs. [ln (ω/ω0)].
Figs. 6. b: Fitted data of [ln (σAC)] vs. [ln (ω/ω0)] according to Eq. (9). Lines
represent fits; symbols represent data.
Fig. 6. c: Results of [ln (σDC)] vs. 1000/T (K) as obtained from fit to Eq. (9).
Fig. 6. d Fitting parameters s1 and [ln (A1)] vs. T (K) as obtained from fit to Eq.
(9).
Fig. 6. e: Fitting parameters s2 and [ln (A2)] vs. T (K) as obtained from fit to
Eq. (9).
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in the temperature range 315 K–321 K yields a value of ΔE¼ 3.23 eV,
which is very close to that obtained using Eq. (7), further confirming the
goodness of fit. Fig. 6 d and 6. e displays the variations of the fit pa-
rameters s1 [ln (A1)] and s2 [ln (A2)] with temperature. The graphs reflect
anomalous changes at the observed phase transitions. The general trend
of decreasing s1 and s2 with increasing temperature could reasonably be
associated with correlated barrier hopping [55].

Crystal structure analysis of [(CH2)n (NH3)2]CoCl4, n¼ 3, 5, 6, and 7
indicated that short-chain hybrids (n¼ 3 and 5) crystallize in monoclinic
structure as observed in hybrids having different metal ions (Mn, Fe, Cu,
and Cd), whereas long-chain hybrids (n¼ 6 and 7) are triclinic. Com-
parison of structural differences between short- and long-chain hybrids
reveals that long-chain hybrids are characterized by weaker hydrogen
bonding and more distorted [CoCl4]2– tetrahedra. Besides, the dihedral
angles of 3CoC and 5CoC are nearly constant, varying within 4� and 3�,
respectively. Long-chain length hybrids showed dihedral angles in the
range 179 (all trans) except near the terminal ends C9–C10–C11–C12 and
C8–C7–C6–N13, where the dihedral angles are approximately –61�, 71�

and approximately –67� and 79.3� for 6CoC and 7CoC, respectively.
Chain length with trans conformation crystallizes in the triclinic system,
but not in the high-symmetry monoclinic system to attain the most stable
12
conformation.
Regarding the thermal properties of [(CH2)n (NH3)2]CoCl4, the only

available results below melting are those for 6 and 12. Several consec-
utive endothermic peaks were revealed for 6CoC where four transitions
at T1¼ 404 K, T2¼ 330, T3¼ 317, and T4¼ 197 K [20] were observed
and five transitions at T1¼ 396 K, T2¼ 337 K, T3¼ 316 K, T4¼ 288, and
T5¼ 188 K were observed for 12CoC [30]. Endothermic peaks at T2 and
T3 were attributed to conformational changes in the polymethylene
chains and rotation of the chain around its own axis. Comparison of 6CoC
(T2¼ 330 K), 7CoC (T1¼ 331 K), and 12CoC (T2¼ 337 K) shows a shift
to higher temperature as the chain length increases. It is also noted that
transition temperature T2 of 7CoCB (333.8 K) and 7CoB (335 K) is shifted
to higher temperatures in comparison to T1 of 7CoC (331 K), see Table 6.
Thus a shift of transition temperatures is noted by increasing the chain
length and bromide ion. It is important to point to the fact that different
temperatures of transitions associated with dielectric and conductivity
anomalies of hybrids containing different halide ions reflect structural
transitions that are not only due to the organic chain, but must also be
influenced by the tetrahedral [CoX4]2– anion, X¼ Cl/Br. X-ray structure
data show an increase of bond distances from r(M-X)¼ 2.27� 0.02 Å to
2.36� 0.05 Å to 2.41� 0.01 Å for 7CoC, 7CoCB, and 7CoB, respectively.
Besides, the conformation and rotational motion of [(CH2)7(NH3)2]2þ

and the rotation of the [CoX4]2– tetrahedron along an axis passing
through the Co ion occur. As the heavier bromide ion replaces chloride,
the size, mass, and moment of inertia of the tetrahedron increase. Hence
energies of the soft modes involved in the phase transition sequence shift
accordingly [56], which would account for the observed shift of the
transition temperatures.

It is interesting to relate the effect of changing halide ions on con-
ductivity behavior. Activation energy values, within nearly the same
temperature range, were found to be ΔE0¼ 3.13� 0.03 eV,
1.9� 0.04 eV, and 0.66� 0.02 eV for 7CoC, 7CoCB, and 7CoB, respec-
tively, and their frequency dependence are listed in Table 7. It is clear
that the activation energy decreases as the bromide ion increase. This is
not surprising because as bromide increases, the tetrahedron size will
increase. Thus the ratio of the [CoX4]2– size to that of [(CH2)7(NH3)2]2þ

will increase. Therefore the available space for [CoX4]2– will be larger. It
is expected that the change in the available space will affect the organic
chain motion as well. Hence it will influence the mobility of the con-
ducting species, Cl�, Br�, and hydrogen, associated with N–H … X
bonding, as well as the librational motion of the chain. The N–H … X
bond length is 2.443 Å, 2.595 Å, and 2.745 Å for 7CoC, 7CoCB, and 7CoB,
respectively, indicating weaker bonds in bromide hybrids and thus lower
activation energy.

4. Conclusion

[(CH2)7(NH3)2]CoCl4 crystallizes in triclinic systems (P-1). It consists
of alternating layers of inorganic [CoCl4]2– anion hydrogen bonded to
heptane diammonium cation and is isomorphous to other previously
studied members of long-chain hybrids, namely, 6CoCl, 7CoCB, and
7CoB. Its structure is different from the short-chain hybrids (3CoC and
5CoC) that crystallized in monoclinic systems. It undergoes three phase
changes at T1¼ 331 K, T2¼ 328 K with total entropy ΔS¼ 36.2 J/K mol
and T3¼ 296 K (ΔS¼ 24.9 J/K. mol). T1 and T2 are associated with chain
melting transition that involves conformations and rotation of the
organic chain. The large entropy value suggests order–disorder transi-
tion. Chain melting transitions are also observed in the temperature
range 316–335 K for 6CoCl, 7CoCB, and 7CoB. Transition temperatures
shift to higher values upon replacing Cl� by Br�. 7CoC shows maxima in
the dielectric constant, reflecting the structure transformation. A similar
trend of increase in the transition temperature is observed when
comparing 6CoC, 7CoC, and 12CoC. The calculated lattice potential en-
ergy indicated a decrease as the chain length increases and as the inor-
ganic ion size increases. Conductivity of 7CoC, 7CoCB, and 7CoB hybrids
is thermally activated with different activation energy depending on the
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temperature range. Replacement of chloride by bromide results in a
decrease of the activation energy related to differences in size, mass, and
moment of inertia of the cobalt halide tetrahedra. Conduction takes place
via halide ion and proton hopping as well as via the librational motion of
the organic chain. Conduction mechanism is the same for the three hy-
brids, irrespective of the halide ion, where super-linear power law
prevails.
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