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1. Introduction

Synthesis, characterization, and dielectric
properties of bentonite clay modified with
(3-chloropropyl)triethoxysilane and Co(u)
porphyrin complex for technological and
electronic device applicationst

Sahar H. El-Khalafy, (2 ** Mahmoud T. Hassanein,® Mohamed M. Alaskary,®
Galal H. Ramzy® and Ahmed |. Ali (2 *<9

The present work reports the dielectric behavior of bentonite clay, (3-chloropropyltriethoxysilane-
modified bentonite clay (CPTES-modified bentonite clay), and a 5,10,15,20-tetrakis-(4-hydroxyphenyl)-
porphyrinatocobalt(i) complex covalently bonded to CPTES-modified bentonite clay ([Co()TP-OHPP]/
CPTES-bentonite clay). The structures and morphologies of these composites were characterized by
techniques such as 'H NMR spectroscopy, UV/vis spectroscopy, FT-IR spectroscopy, scanning electron
microscopy (SEM), X-ray diffraction (XRD), TGA, DSC, and BET analysis. We meticulously analyzed their dielectric
properties and AC conductivities, considering the effects of frequency and temperature. The dielectric constant
(€"), dielectric loss (¢"), and AC conductivity (gac) were determined over a frequency range of f = 10°~10° Hz and
at temperatures ranging from 30 °C to 200 °C. The results show that bentonite clay exhibits the highest values of
¢ and ¢ at 30 °C, particularly at low frequencies (10° Hz). However, the dielectric constants of CPTES—bentonite
clay and [Co()TP-OHPP]/CPTES—bentonite clay enhanced the dielectric loss (') and showed an adjustment in &’
values with a corresponding acceptable loss. Functionalizing bentonite clay with CPTES and subsequently com-
plexing it with [Co(l)TP-OHPP] enhances its thermal resistance, making the modified bentonite clay more stable
both under thermal conditions and at high frequencies. These composites are, therefore, promising candidates
for high-temperature applications.

(¢') is a measure of a material’s ability to store electrical energy
in an electric field; the dielectric loss (¢”) parameter indicates

In recent years, the development of advanced materials with
tailored dielectric properties has become increasingly impor-
tant for fabrication of electronics, sensors, capacitors, and
insulating layers due to their ability to store and release
electrical energy. The performance of these materials is deter-
mined mainly by their dielectric constant, dielectric loss, and
AC conductivity, all of which are sensitive to external conditions
such as frequency and temperature.' The dielectric constant
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the energy dissipation within the material when subjected to an
alternating current (AC) field; and AC conductivity (o) reflects
how well a material conducts alternating current.®™*

Bentonite clay, a naturally occurring aluminosilicate, pri-
marily consists of montmorillonite, a type of smectite clay that
forms from the weathering of volcanic ash. Its structure
includes a layered framework of alumina (Al,O0;) and silica
(SiO,) sheets, which endow it with unique physical and
chemical properties.’>'® However, researchers have explored
various modification strategies to enhance its performance
further and extend its applicability. One such approach
involves the incorporation of chemical additives to modify the
properties of bentonite clay and make it suitable for widespread
use in electronic and environmental applications, driven by its
abundance and inherent properties.'*™”

The structural and molecular diversity of porphyrins and
porphyrin analogues containing N-donor macrocyclic systems
enhances their application potential and capacity to provide
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specific chemical and physical features. Researchers have been
interested in these macrocycles because of their stable n-ring
system, caused by the type of substituent in the macrocycle’s
meso- and/or B-positions and the central metal ion’s capacity to
coordinate. They have found applications in numerous fields,
including coordination chemistry,'® photochemistry and
photophysics," optical materials,>® fluorescent materials,*"
semiconductors,>? solar photovoltaic cells,*® and intermediates
for drug production.> It is known that several porphyrin-based
transition metal (Mn, Co, Cu, and Fe) complexes are of great
interest for usage as catalysts for activation in a variety of
oxidation processes and for dye degradation.”*”*® Studying
these materials, especially their electrical characteristics, is a
crucial area of research that enables the exploitation and
refinement of their intriguing technological uses.”*™"

During our studies on the synthesis, characterization and
modification of bentonite clay with a metalloporphyrin
complex and an organosilane compound, we have identified
and characterized a new complex of CEPTES-bentonite clay,
tetrakis(4-hydroxyphenyl)porphyrinato  cobalt(n)  complex/
CEPTES-bentonite clay, as shown in Fig. 1. The dielectric
properties of these materials have not been reported so far.
Therefore, in this work, the attention has been focused on the
investigation of the dielectric constant (¢'), dielectric loss ("),
and AC conductivity (6,c) as a function of frequency and
temperature for the pure bentonite clay, CPTES-modified ben-
tonite clay, and composite incorporating a tetrakis(4-
hydroxyphenyl)porphyrinato cobalt(n) complex with CPTES
grafted on the bentonite clay, to get the maximum amount of
information from the experimental data.

2. Experimental setup
2.1. Chemicals and reagents

Pyrrole (97%) was distilled before use, and bentonite clay with a
cation exchange capacity (CEC) and surface area of 104 meq/100 g
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and 67.6 m’> g ', respectively, was purchased from Merck
Darmstadt, Germany. 4-Hydroxybenzaldehyde (98%), propionic
acid (99.5%), N,N-dimethylformamide (DMF) (99.8%), cobalt(u)
chloride hexahydrate (>97%), and (3-chloropropyl)triethoxysilane
(95%) were obtained from Sigma-Aldrich. Toluene (99.9%) and
triethylamine (99%) were obtained from Alpha-Chemika, India. El-
Nasr Pharmaceutical Chemicals, Egypt supplied chloroform
(99.4%), methylene chloride (99.9%), methanol (99.9%), ethyl
acetate (99.9%), and potassium carbonate. Silica gel (60-120 mesh)
was purchased from Fisher Co., New Jersey, USA.

2.2. Synthesis of [TP-OHPP], [Co(u)TP-OHPP], CPTES-
bentonite clay, and [Co(u)TP-OHPP)/CPTES-bentonite clay

2.2.1. Synthesis of 5,10,15,20-tetrakis(4-hydroxy phenyl)-
porphyrin [TP-OHPP]. Tetra(p-hydroxy)phenyl porphyrin [TP-
OHPP] was prepared and purified according to the previous
method.”

'H NMR (400 MHz, in DMSO): § (ppm) 10.03 (s, 4H, OH), 8.9
(s, 8H, PH), 8.03 (d, 8H, ArH), 7.24 (d, 8H, ArH), —2.84 (s,
2H, NH).

UV-vis (CHCl,) Amax: 416, 516, 554, 592 and 649 nm.

IR (v, cm™Y): 3423 ¥(O—H,N-H), 1469 1(C=N), 808, v(macro-
cycle ring’s N-H out-of-plane bending vibration), 1599 »(N—H
bending), 1228 1(C—N), 1001 »(Co—N).

2.2.2. Synthesis of a [5,10,15,20-tetrakis(4-hydroxy phenyl)-
porphyrinato]cobalt(i) complex [Co(u)TP-OHPP]. A Co(u) por-
phyrin complex was obtained through dissolving [TP-OHPP]
(200 mg; 0.294 mmol) and CoCl,-6H,0 (58 mg; 0.294 mmol) in
methanol (20 mL) and then refluxing for 4 h, followed by
adding distilled water (60 mL) and evaporating the methanol
under vacuum. The solution was cooled, and a purple crystal-
line product was obtained (0.28 mmol).*?

'"H NMR (400 MHz, in DMSO): 6 (ppm) 10.03 (s, 4H, OH),
9.13 (s, 8H, BH), 7.9 (d, 8H, ArH), 7.25 (d, 8H, ArH).

UV-vis (CHCl;) Amax: 448, 544, 581 nm.

Bentonite clay

HO HO HO HO

A

CPTES-Bentonite clay

[Co(II)Te-OHPP)/CPTES-Bentonite clay

OH

QOH

Fig. 1 Bentonite clay, CPTES—bentonite clay, and [Co(i)TP-OHPP]/CPTES—-bentonite clay.
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IR (v, em™"): 3423 (O—H) became broad and slightly
shifted, and a new band appeared around 1001 (Co—N).

2.2.3. Grafting of (3-chloropropyl)triethoxysilane (CPTES)
on bentonite clay. Initially, the surface of bentonite was func-
tionalized with CPTES. For this purpose, bentonite (2 g) was
dispersed in dry toluene (35 mL) under constant stirring, and
then 3 mL of (3-chloropropyltriethoxysilane) (CPTES) was
injected drop by drop into the bent suspension. Subsequently,
the obtained mixture was continuously stirred under reflux
conditions at 110 °C overnight. In the next step, bentonite-Cl
was filtered, washed with toluene (30 mL) repeatedly, and dried
overnight at 70 °C.*

IR (v, cm™): 3632, 3429 (O—H), 2954 (-CH,-), 1641 v(H-
O-H), 1032 1(Si-0-Si), 692 1(C-Cl).

2.2.4. Synthesis of CPTES-bentonite clay supported on
[Co(n)TP-OHPP]. The covalent attachment of the [Co(u)TP-
OHPP] complex on bentonite-Cl was done using a reported
method,** with some modifications; briefly, 0.01 mmol of a
cobalt porphyrin complex in DMF (30 mL) were added to a
solution of bentonite-Cl (1.0 g) at 80 °C for 4 h in the presence
of 0.5 g of anhydrous potassium carbonate.

IR (v, cm™'): 3632, 3429 1(O—H), 2954 1(-CH,-), 1662
(C—=C), 1469 1(C—N), 1032 1(Si-O-Si).

2.3. Instrumental measurements

On a Bruker Advance II spectrometer operating at 400 MHZ,
'H NMR spectra were recorded in the presence of CDCl; and
the chemical shifts were provided. FTIR was performed using a
JASCO FT-IR-4100, Japan in the range 400-4000 cm ™" utilizing
liquid samples of semi-solid polymers or KBr pellets for pow-
dered polymers with chloroform as the solvent. The crystal
structure was analyzed using an X-ray powder diffractometer
(APD 2000 Pro, Italy). The experiment utilized Cu-K radiation,
which has a wavelength of 1.5406 A. The angle range for the
scan was set from 5 to 903, with a scanning rate of 0.05 s~ " at
45 kV and 0.8 mA. Scanning electron microscopy (SEM) analysis
at 10 kv was performed to detect the existence of elements
within the nanocomposite using a JSM-IT200 In Touch Scope™
Scanning Electron Microscope. Optical spectra were recorded
using a spectrophotometer (Agilent Cary 5000 UV-vis spectro-
photometer), and absorption was recorded in the wavelength
range from 200 to 800 nm. Thermogravimetry analysis (TGA)
and differential scanning calorimetry (DSC) were performed
using a PerkinElmer thermogravimetric analyzer (TGA7, USA)
from room temperature to 200 °C in a nitrogen atmosphere at a
heating rate of 3-7 °C min~'. A Quantachrome NOVA 2200
Brunauer-Emmett-Teller (BET) surface area analyzer was used
to determine the surface area and pore size distribution. A
Zetasizer (Malvern Nano Z, UK) was used for the zeta potential
measurements. The dielectric properties were measured at
temperatures of 25-200 °C using an LCR analyzer, Haioki im-
3533, with active Kelvin electrodes. The experimental data were
measured as a function of frequency over the range 1 kHz-
200 kHz from which dielectric parameters could be estimated
using the known relations.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3. Results and discussion

5,10,15,20-Tetrakis[4-(hydroxyl)phenyl|porphyrin [TP-OHPP] was
prepared by condensing pyrrole and 4-hydroxybenzaldehyde in
propionic acid.*’ Metalation of porphyrin with CoCl,-6H,0
in methanol forms [Co(m)TP-OHPP].** Simultaneously, the bento-
nite clay chlorosilylation with (3-chloropropyl)triethoxysilane in
toluene was performed.*® Finally [Co()TP-OHPP] was covalently
bonded to the chlorosilylated bentonite clay by refluxing in the
presence of potassium carbonate,® as shown in Fig. 2.

3.1. Structural characterization and morphology analysis

3.1.1. FT-IR analysis. The chemical structure of [TP-OHPP],
as depicted in Fig. 3(A-a), is compatible with its FTIR spectrum.
The band observed at about 3428 cm ' is assigned to the
overlapped OH stretching vibration with NH vibration. Further-
more, for amine group C-N stretching vibrations were identi-
fied by the peaks at 1228 and 1169 cm ™' and N-H bending and
C—N vibrations were identified by the peaks at 1599 and
1469 cm™ ', respectively. Ultimately, the N-H out-of-plane bend-
ing vibration of the macrocycle ring was identified as the source
of the peak at 810 cm™". The [Co()TP-OHPP] spectrum shows a
broad peak formed at 3303 cm™'. Fig. 3(A-b) indicates the
phenol O-H stretching peak and the disappearance of free base
porphyrin’s N-H vibration frequency.?”*>*® The characteristic
absorption of the Co-N(equatorial) bond generated in [Co(u)TP-
OHPP] is represented by the newly formed peak at 1001 cm ™' as
shown in Fig. 3(A-b).>®?” Fig. 3(B) presents the FTIR spectrum
of bentonite and its composites respectively. In Fig. 3(B-c), the
wide peak at 3632 and 3429 cm ™' is owing to the stretching
vibration of O-H of bentonite and adsorbed water. The
presence of adsorbed water H-O-H is confirmed by the bend-
ing vibration around 1641 cm™'. The strong large peak at
1032 cm™ " is owing to Si-O-Si and Si-O- vibrations. The
bending vibrations of Si-O and Al-O-Si yielded peaks at
789 cm ! and 531 cm ™! respectively.*® Fig. 3(B-d) shows that
the spectra exhibited peaks due to bentonite; there is a peak at
2954 cm™ " due to the stretching vibration of ~CH,- groups. A
new peak at 692 cm ™' confirmed the presence of C-Cl in the
CPTES group.®® For the [Co(n)TP-OHPP]/CPTES-bentonite clay
spectrum (Fig. 3(B-e)), the IR band shifts from 1641 cm ' to
1662 cm ™', indicating a more confined and organized environ-
ment for adsorbed water molecules. This shift suggests reduced
water mobility and more stable hydrogen bonding, resulting in
distinct vibrational modes that reflect greater order and stabi-
lity around the water molecules compared to environments
with fluctuating hydrogen bonds,***° and a new band appeared
at 1432 cm ' due to attaching [Co(u)TP-OHPP] to CPTES-
bentonite. The disappearance of the peak at 692 cm ™" proves
that the Co(u)TP-OHPP molecules were covalently anchored to
the bentonite-Cl. As seen, signature bands for [Co(u)TP-OHPP]
did not appear anywhere in the spectrum of [Co(u)TP-OHPP)/
CPTES-bentonite due to the overlap of the spectra of CPTES-
bentonite and [Co(m)TP-OHPP] in the entire infrared region.>®

3.1.2. XRD analysis. Fig. 4(a) shows the XRD pattern of
bentonite clay, which shows several distinct and sharp peaks.

Mater. Adv,, 2025, 6,1931-1949 | 1933
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Fig. 2 The schematic illustration of the bentonite clay and the preparation of CPTES—bentonite clay and [Co(i)TP-OHPP]/CPTES—bentonite clay.
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This suggests that the bentonite clay has a crystalline structure
with well-defined crystallographic planes. The prominent peaks
are likely due to the mineral components of bentonite, such as
montmorillonite, which is typical in clay minerals. These peaks
indicate the specific d-spacing values corresponding to these
planes. Fig. 4(b) shows the XRD pattern of CPTES-modified
bentonite clay, which shows some prominent peaks seen in the
pristine bentonite clay but with reduced intensity. The
reduction in intensity suggests that the surface modification
with CPTES (3-chloropropyltriethoxysilane) has impacted the

1934 | Mater. Adv., 2025, 6,1931-1949

crystallinity of the bentonite clay. This could be due to the
silane molecules grafted onto the clay surface, potentially
causing partial disruption or covering the crystalline structure.
The overall pattern indicates that the modification process has
not entirely destroyed the crystallinity but has altered the
structure to some extent. Fig. 4(c) shows the XRD pattern of
[Co(1)TP-OHPP]/CPTES-modified bentonite clay, and further
changes are compared to the previous samples. The sharpness
of the peaks has been significantly reduced, and the overall
pattern is more diffuse, indicating a further reduction in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 X-ray diffraction patterns of (a) bentonite clay, (b) CPTES—bentonite,

crystallinity. Adding the cobalt porphyrin complex likely intro-
duces more disorder into the structure, potentially due to the
incorporation of large organic molecules that may interfere
with the regular crystalline lattice of bentonite clay. The
presence of smaller peaks or broad humps suggests a combi-
nation of crystalline and amorphous phases, indicating that the
complex may be distributed within the modified clay matrix.
As shown in Fig. 4, the 26 values of the (001) lattice planes of
(a) bentonite clay, (b) CPTES-bentonite, and (c) [Co(u)TP-
OHPP]/CPTES-bentonite are 5.83°, 6.37°, and 7.50°, corres-
ponding to the interlayer spacings of 15.34 A, 13.80 A, and
12.67 A, which is attributed to the intercalation of CPTES and
Co(u)TP-OHPP, leading to the smaller interlayer spacing of
bentonite. However, it can also be seen that the other diffrac-
tion peaks of the three samples in XRD patterns are not
changed, suggesting that the organosilane CPTES and
Co(u)TP-OHPP molecules cannot change the crystalline form
of bentonite. The result demonstrates that Co(i)TP-OHPP
molecules are successfully grafted with CPTES-pillared bento-
nite clay.*' Bentonite clay exhibits strong crystallinity with well-
defined peaks typical of its mineral composition. CPTES-
modified bentonite clay shows reduced crystallinity compared
to pristine bentonite, indicating successful surface modifica-
tion with CPTES, which impacts the crystal structure. [Co(u)TP-
OHPP]/CPTES-modified bentonite clay demonstrates a further
reduction in crystallinity, likely due to the incorporation of the
porphyrin complex, which disrupts the regular crystal lattice of
the modified bentonite clay. This XRD finding suggests a
progressive modification of the bentonite clay’s structure,
starting from pristine bentonite to surface-modified clay and
finally to a composite material incorporating a cobalt porphyrin
complex, with each step showing increasing structural disor-
der. Rietveld refinement of X-ray diffraction patterns and lattice
parameters of bentonite clay, CPTES-bentonite clay, and

© 2025 The Author(s). Published by the Royal Society of Chemistry

and (c) [Co(TP-OHPP]/CPTES—bentonite.

Co(u)TP-OHPP/CPTES-bentonite clay are shown in Fig. S1 and
Table SI (ESIt), respectively.

3.1.3. Scanning electron microscopy (SEM) analysis. Fig. 5
presents the scanning electron microscopy (SEM) images of
four different materials: (a) bentonite clay, (b) CPTES-modified
bentonite clay, (c) [Co(u)TP-OHPP], and (d) [Co(u)TP-OHPP]/
CPTES-modified bentonite clay. Each image highlights the
morphological characteristics and particle size distribution of
the materials, providing insight into how surface modifications
and the incorporation of complexes influence the structure at
the micro-scale. Bentonite clay (a) shows a highly compact and
dense structure with large, irregularly shaped aggregates. These
aggregates consist of smaller particles, which appear to be
closely packed together. The visible texture indicates a layered
structure typical of clay minerals like bentonite, with some
smooth areas and irregular porosity. The size distribution in
the image varies, with larger clusters and smaller particles
dispersed throughout, suggesting a heterogeneous particle size
distribution. Meanwhile, CPTES-modified bentonite clay (b) is
more fragmented and less compact than pristine bentonite
clay. The surface appears to be more disaggregated, with
smaller, less cohesive particles. This modification likely reflects
the impact of CPTES (3-chloropropyltriethoxysilane) treatment,
which seems to reduce the degree of particle aggregation and
create more open and porous structures. The modification
process likely introduces functional groups on the clay surface,
which could alter the clay’s surface energy and influence its
morphology. [Co(u)TP-OHPP] (c) shows a vastly different mor-
phology compared to the clay samples.

The image reveals much smaller, more uniform particles
with a granular appearance. The densely packed particles
exhibit less overall cohesion than the clay samples, indicating
a distinct particulate structure typical of organic or organome-
tallic complexes. The uniformity and granular texture suggests

Mater. Adv,, 2025, 6,1931-1949 | 1935
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Fig. 5 SEM images of (a) bentonite clay, (b) CPTES—bentonite, (c) [Co()TP-OHPP] and (d) [Co()TP OHPP]/CPTES-bentonite clay.

that the complex forms small, consistent particles, likely due to
the molecular structure of the cobalt porphyrin complex. But
[Co(u)TP-OHPP]/CPTES-modified bentonite clay composite
material (d) shows a combination of features from both the
CPTES-modified bentonite clay and the cobalt porphyrin
complex. The structure appears to be more cohesive than the
[Co(un)TP-OHPP] complex alone, with larger aggregates forming
but still retaining some of the granular texture seen in the
[Co(un)TP-OHPP] image. This suggests that the cobalt complex
has been successfully integrated into the clay matrix, with the
resulting composite material exhibiting a mixed morphology,
reflecting both the organic complex and the modified clay. The
important point is that the SEM images depict the structural
evolution of the materials from pristine bentonite clay to
surface-modified clay and further to a composite material.
The pristine bentonite clay exhibits a dense, layered structure
typical of clay minerals. The CPTES modification reduces
aggregation and introduces a more open structure. The cobalt
porphyrin complex forms smaller, granular particles, and when
combined with the modified clay, the resulting composite
shows a hybrid structure that retains the characteristics of both
the clay and the complex. These morphological changes can
significantly affect the physical properties of the materials,
particularly in applications involving dielectric properties,
adsorption, or catalysis. Their surface morphological features
are among the most significant variables influencing their
nature, properties, and applications.

Fig. 6 presents histograms illustrating the particle size
distribution of four different materials: (a) bentonite clay, (b)

1936 | Mater. Adv,, 2025, 6,1931-1949

CPTES-modified bentonite clay, (¢) [Co(u)TP-OHPP], and (d)
[Co(u)TP-OHPP]/CPTES-modified bentonite clay. Each histo-
gram reflects the frequency distribution of particle sizes for
the respective materials, providing insights into the changes in
particle size due to modifications and complexation. For the
bentonite clay (a), the histogram shows a broad distribution of
particle sizes, with a noticeable peak in the mid-sized range.
This suggests that the bentonite clay has a relatively hetero-
geneous particle size distribution, with particles spanning a
wide range of sizes, typical for natural clays, while the CPTES-
modified bentonite clay (b) shows a shift in the particle size
distribution compared to pristine bentonite. The distribution
becomes more focused, with a reduction in larger particle sizes.
This indicates that the surface modification with CPTES likely
affected the aggregation behavior or broke down larger parti-
cles into smaller, more uniform sizes. In addition, the particle
size distribution of the [Co(u)TP-OHPP] complex (c) is markedly
different from those of the bentonite samples. The histogram
shows a narrower distribution, suggesting that the particles are
more uniform in size, with a peak concentrated in a specific
size range. This indicates that the cobalt porphyrin complex
forms particles with a more defined size range, likely due to the
structured nature of the complex. Furthermore, the sample
[Co(i)TP-OHPP]/CPTES-modified bentonite clay (d) shows a
distribution that combines the characteristics of both the
modified clay and the cobalt porphyrin complex. The distribu-
tion remains broad but with a more defined peak than that for
the pristine bentonite clay. This suggests that incorporating the
[Co(un)TP-OHPP] complex into the CPTES-modified bentonite

© 2025 The Author(s). Published by the Royal Society of Chemistry
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CPTES-bentonite clay.

clay matrix influences the particle size distribution, potentially
leading to a more uniform distribution while retaining some of
the heterogeneity of the clay. The histograms demonstrate
how the particle size distribution evolves with each modifica-
tion. Pristine bentonite clay shows a broad distribution,
which becomes narrower after modification with CPTES. The
[Co(u))TP-OHPP] complex exhibits a more uniform size distribu-
tion, and when combined with CPTES-modified bentonite clay,
the resulting composite shows a balance of the two character-
istics, suggesting an interaction between the clay matrix and
the cobalt porphyrin complex that affects particle size distribu-
tion. These insights are valuable for understanding how surface
modification and complexation impact the material properties,
especially in applications where the particle size plays a crucial
role, such as in dielectric or catalytic materials.

3.1.4. Zeta potential and dynamic light scattering (DLS)
analyses

3.1.4.1. Zeta potential analysis. Table 1 shows the data for
the zeta potentials of all three samples. For the bentonite
sample, the zeta potential values range from —29.3 mV to
—24.9 mV. These moderate negative values indicate a reason-
ably stable suspension, as particles should have some repulsive
force preventing aggregation. However, it’s not exceptionally
high in stability compared to CPTES-bentonite. However, for
the CPTES-bentonite composite, the zeta potential is more

© 2025 The Author(s). Published by the Royal Society of Chemistry

Table 1 Zeta potentials of bentonite clay, CPTES—bentonite clay, and
[Co(TP-OHPP]/CPTES-bentonite clay

No. Sample Zeta potential (mV)

1 Bentonite clay —-29.3  —26.9 —24.9
2 CPTES-bentonite clay —40.4 —40 —36.4
3 [Co(u)TP-OHPP]/CPTES-bentonite clay —13.3 —13.2 —13.1

negative, ranging from —40.4 mV to —36.4 mV. This increase
in negative charge is likely due to the functionalization with
CPTES, which enhances the surface charge. A zeta potential in
this range generally indicates a highly stable suspension with
strong repulsive forces that help prevent aggregation. On the
other hand, [Co(u)TP-OHPP]/CPTES-bentonite clay has a much
lower zeta potential, between —13.3 mV and —13.1 mV, indicat-
ing reduced electrostatic repulsion and, consequently, lower
stability. This reduced zeta potential may be due to adding the
porphyrin group, which could partially shield the negative
charge or alter the surface chemistry, decreasing the electro-
static repulsion among particles.

3.1.4.2. Average particle size. Table 2 shows that the particle
size for this unmodified bentonite clay sample is relatively
large, ranging from 1.28 pm to 1.47 um. The moderate zeta
potential of this sample might allow some particle aggregation,
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Table 2 Average particle sizes of bentonite clay, CPTES—bentonite clay,
and [Co(n)TP-OHPP]/CPTES-bentonite clay

No. Sample Average size, d (um)

1 Bentonite clay 1.35
2 CPTES-bentonite clay 1.65
3 [Co(u)TP-OHPP]/CPTES-bentonite clay 1.41

leading to the larger size values being observed, while the
functionalized CPTES-bentonite sample has an even larger
particle size range, from 1.32 pm to 1.89 pm. Despite the
increased zeta potential (higher stability), the functionalization
may have increased the particle size due to the added CPTES
layer on the bentonite surface, which increases the effective
hydrodynamic diameter measured by DLS. But the [Co(u)TP-
OHPP]/CPTES-bentonite clay shows particle sizes in the range
of 1.38 pm to 1.44 pm, which are slightly smaller than those of
the CPTES-bentonite sample but still larger than those of the
bentonite clay sample. The addition of porphyrin might have
contributed to a slight reduction in particle size due to partial
aggregation induced by the lower zeta potential.

3.1.4.3. Comparing zeta potential and particle size. The effect
of higher zeta potential: for the CPTES-bentonite sample, the
high zeta potential (—40.4 to —36.4 mV) suggests good stability,
meaning particle aggregation should be minimal. However, the
larger particle size compared to bentonite is likely due to the
additional CPTES layer, not due to aggregation. The effect of
lower zeta potential: for the [Co(u)TP-OHPP]/CPTES-modified
bentonite clay sample, the low zeta potential (around —13 mV)
shows that the particles are more prone to aggregation. The
particle size values here are slightly reduced compared to
CPTES-bentonite clay, which may indicate that adding por-
phyrin altered surface interactions and led to some degree of
particle clustering or condensation.

Here, the bentonite has moderate stability with relatively
large particles, likely due to some degree of aggregation.
CPTES-bentonite shows high stability due to the increased zeta
potential, though the particle size is larger due to the CPTES
coating rather than aggregation. However, the [Co(u)TP-OHPP]/
CPTES-modified bentonite clay shows reduced stability, as
indicated by the lower zeta potential, which may lead to some
aggregation and potentially influence the optical and surface
properties of the particles. In summary, the DLS data indicate
that surface modifications with CPTES and porphyrin affect
zeta potential and particle size. CPTES enhances stability while
increasing particle size, while adding porphyrin reduces stabi-
lity, leading to potential aggregation effects, as seen in the
particle size and zeta potential data.

3.1.5. Optical absorption analysis. Fig. 7 shows the optical
absorption as a function of energy (eV) of three samples:
bentonite clay, CPTES-bentonite clay, and [Co(u)TP-OHPP]/
CPTES-modified bentonite clay. Here is an analysis of the
trends observed in the absorption curves: the unmodified
bentonite clay sample shows the lowest absorption across the
entire energy range, with a relatively flat absorption curve. This
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low absorption suggests limited interaction with light in this
energy range, as bentonite clay alone may not have chromo-
phores or structures that strongly absorb in the visible or near-
visible region, while the CPTES-bentonite sample shows an
increase in absorption compared to bentonite clay, indicating
that the addition of CPTES (3-chloropropyltriethoxysilane)
enhances its optical properties. This increase could be due to
the presence of functional groups introduced by CPTES, which
may interact with light differently than pure bentonite clay,
leading to higher absorption. However, the [Co(u)TP-OHPP]/
CPTES-modified bentonite clay sample has the highest absorp-
tion, with a significant peak around 6.0 eV. The increase in
absorption, especially the sharp peak, suggests that the
[Co(u)TP-OHPP] complex introduces new electronic transitions
or chromophoric groups, which strongly interact with light in
this energy range. The presence of the [Co(u)TP-OHPP] complex
likely contributes to this enhanced absorption due to metal-
centered or ligand-to-metal charge-transfer transitions, which
are common in coordination complexes. One important point
here is that functionalization significantly affects optical
absorption properties. [Co(u)TP-OHPP]/CPTES-modified bento-
nite clay shows the highest absorption, especially around
6.0 eV, indicating that the [Co(u)TP-OHPP] complex enhances
the material’s interaction with light. This could be useful for
applications requiring high optical absorption or specific light-
responsive behaviors.”>** The increased absorption in the
modified samples suggests potential applications in fields such
as photocatalysis or optoelectronics.

3.1.6. Thermal analysis

3.1.6.1. Thermogravimetric analysis (TGA). Fig. 8 shows the
weight loss (%) as a function of temperature (°C) ranging from
about 30 °C to 200 °C for three samples, including bentonite
clay, CPTES-bentonite, and [Co(u)TP-OHPP]/CPTES-bentonite
clay. Here’s a breakdown of the trends observed in each curve:
the bentonite clay sample shows a steady weight loss as the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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temperature increases. The weight loss reaches around 92%
when the temperature hits 200 °C. The steady decline indicates
that the material loses weight consistently over this tempera-
ture range, likely due to the release of adsorbed water or the
decomposition of volatile components. The CPTES-bentonite
sample has a slightly reduced weight loss compared to bento-
nite clay, suggesting enhanced thermal stability due to CPTES
(3-chloropropyltriethoxysilane). The curve starts at 100% and
declines gradually, indicating a lower thermal decomposition
rate, probably due to stronger bonds formed between CPTES
and the clay matrix. Furthermore, the [Co(u)TP-OHPP]/CPTES-
bentonite clay sample shows the highest thermal stability, with
the smallest weight loss by 200 °C. The improved thermal
stability may be attributed to the coordination complex
[Co(m)TP-OHPP], which seems to reduce the decomposition
rate, possibly due to the shielding effect of the complex on
the clay surface, reducing volatilization or decomposition. The
addition of CPTES and [Co(u)TP-OHPP] enhances the thermal
stability of bentonite clay, with [Co(i)TP-OHPP]/CPTES-
bentonite showing the least weight loss. This suggests that
functionalization with CPTES and the subsequent complexa-
tion with [Co(u)TP-OHPP] provide increased thermal resistance,
making the modified bentonite clay more stable under thermal
conditions.

3.1.6.2. Differential scanning calorimetry (DSC). Fig. 9 illus-
trates the heat flow (in mW) as a function of temperature (°C)
for three samples: bentonite clay, CPTES-bentonite, and
[Co(u)TP-OHPP)/CPTES-bentonite, over a temperature range
from about 30 °C to 200 °C. It was observed that bentonite clay
samples exhibit a steady increase in heat flow with tempera-
ture. Initially, they show a slightly lower heat flow than the
other two samples, indicating a difference in thermal response.
This lower heat flow may result from fewer interactions within
the clay, as the modified samples lack the additional functional
groups or complexes, while the CPTES-bentonite sample shows

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 DSC analysis of bentonite clay, CPTES—-bentonite clay, and
[Co(TP-OHPP]/CPTES—bentonite clay.

a slightly higher heat flow than bentonite clay, especially at
lower temperatures, and follows a similar upward trend. This
increase in heat flow is likely due to the presence of CPTES (3-
chloropropyltriethoxysilane) groups, which can introduce addi-
tional thermal effects due to bond interactions or energy
requirements for phase transitions. In addition, the [Co(u)TP-
OHPP]/CPTES-bentonite sample has the highest heat flow
throughout the temperature range, closely tracking CPTES-
bentonite but slightly higher overall. The increased heat flow
suggests that the [Co(u)TP-OHPP] complex may enhance ther-
mal activity in the sample, potentially due to additional mole-
cular interactions or energy absorption associated with the
complex. Finally, the DSC results indicate that functionaliza-
tion with CPTES and further complexation with [Co(u)TP-
OHPP] increases heat flow compared to pure bentonite clay.
This implies that these modifications may require more energy
during heating, possibly due to additional phase transitions or
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interactions introduced by the CPTES and [Co(u)TP-OHPP]
groups. This enhanced heat flow may correlate with increased
thermal stability or unique structural changes in the modified
bentonite samples.

3.2. Study of dielectric properties of bentonite clay, CPTES-
bentonite clay, and [Co(u)TP-OHPP]/CPTES-bentonite clay

3.2.1. Dielectric constant (¢'). Bentonite clay exhibits intri-
guing dielectric properties that make it valuable for various
industrial and technological applications. Its unique structure
influences its dielectric behavior, comprising layers of silicate
sheets separated by water molecules and exchangeable cations.
This structure allows bentonite clay to possess a high cation
exchange capacity and significant water absorption capability,
which impacts its dielectric properties. At low frequencies, the
dielectric constant of bentonite clay is relatively high, attribu-
ted to the polarization effects of the water molecules and the
mobility of the exchangeable cations within the interlayer
spaces. As frequency increases, the dielectric constant tends
to decrease, reflecting the reduced ability of dipoles to reorient
rapidly with the alternating electric field. The dielectric loss,
which is a measure of the energy dissipated as heat, also varies
with frequency and moisture content. Higher temperatures can
enhance the dielectric constant and loss factor by increasing
the mobility of ions and water molecules. These dielectric
properties enable bentonite clay to be used in applications
such as moisture sensors, capacitors, and other electronic
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devices where the control and manipulation of electric fields
are crucial.

Fig. 10(a) shows the dielectric constant (&) of bentonite clay
as a function of frequency (f) across a range of temperatures
from 30 °C to 200 °C. The dielectric constant is significantly
high at lower frequencies (around 10° Hz), with values exceed-
ing 50000 at 30 °C. This high dielectric constant at low
frequencies can be attributed to the interfacial polarization
and the high mobility of ions within the clay structure. As the
frequency increases, the dielectric constant sharply decreases,
indicating that the dipoles and charge carriers within the
bentonite clay cannot reorient quickly enough to keep up with
the alternating electric field. This decrease in ¢ continues
consistently across all temperatures, levelling off at higher
frequencies (around 10> Hz). Furthermore, the &' value
decreases with increasing temperature at lower frequencies,
suggesting that thermal agitation reduces the polarization
effect. However, at higher frequencies, the temperature varia-
tion has a less pronounced effect on the dielectric constant,
indicating a convergence in behavior. This frequency-
dependent dielectric response highlights the significant role
of frequency and temperature in the dielectric properties of
bentonite clay, which is crucial for its applications in electronic
devices and sensors.

Fig. 10(b) shows the dielectric constant (¢') of the
(3-chloropropyltriethoxysilane) (CPTES)-bentonite clay compo-
site as a function of frequency and temperature. At lower
frequencies (around 10° Hz), the dielectric constant is notably
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Fig. 10 Dielectric constants are functions of frequency and temperature for the three composites: (a) bentonite clay, (b) CPTES—bentonite clay, and

(c) [Co(n)TP-OHPP]/CPTES-bentonite clay.
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high (¢ = 1000), which can be attributed to the interfacial
polarization and mobile charge carriers within the composite
material. This high dielectric constant at low frequencies
decreases sharply as the frequency increases, indicating the
limited ability of dipoles and charge carriers to reorient in
response to the rapidly alternating electric field. The graph also
shows that the dielectric constant decreases with increasing
temperature at lower frequencies, suggesting that increased
thermal energy disrupts the alignment of dipoles and reduces
polarization. However, at higher frequencies (10° Hz), the
effect of temperature on the dielectric constant becomes less
pronounced, and the dielectric constant values tend to con-
verge to around 200. This frequency-dependent dielectric
behavior highlights the complex interplay between the
CPTES modification and the bentonite clay matrix, which is
influenced by the frequency of the applied field and the
temperature. Comparing these results with those obtained for
the bentonite clay in Fig. 10(a), the value of the dielectric
constant decreased; as we can expect from these results, the
CPTES increased the leakage current inside the matrix, making
this composite material potentially useful for applications in
electronic devices and sensors due to the enhanced dielectric
properties.

Fig. 10(c) depicts the dielectric constant (¢') of the composite
material composed of [Co(u)TP-OHPP)/CPTES-modified bento-
nite clay as a function of frequency and temperature. From this
figure, it was found that the composites exhibited a distinctive
characteristic. At lower frequencies (around 10° Hz), the dielec-
tric constant is significantly high (¢’ = 2400), reflecting the
contribution of interfacial polarization and the high mobility of
charge carriers within the composite. This high initial dielectric
constant decreases sharply with increasing frequency, indicat-
ing that the dipoles and charge carriers in the composite
cannot align quickly enough to respond to the rapidly oscillat-
ing electric field. As temperature rises, the dielectric constant at
low frequencies generally decreases, suggesting that thermal
agitation disrupts the polarization mechanisms. However, at
higher frequencies (around 10°> Hz), the ¢’ values decreased,
showing less temperature dependence. This behavior suggests
that the intrinsic properties of the composite materials, rather
than thermal effects, dominate the dielectric response at higher
frequencies. The complex interplay between [Co(u)TP-OHPP],
CPTES, and bentonite clay within the composite, modulated by
both frequency and temperature, highlights its potential for use
in advanced electronic and sensor applications where precise
dielectric properties are essential.

In comparing the dielectric properties of the three compo-
sites, pure bentonite clay’s dielectric constant (¢') is very high at
low frequencies, exceeding 50 000 at around 10° Hz and 30 °C.
Moreover, the dielectric constant decreases sharply with
increasing frequency, indicating intense interfacial polariza-
tion and the presence of mobile charge carriers. At higher
frequencies (10° Hz), the values level off, showing a reduced
ability of dipoles to reorient with the electric field. Higher
temperatures generally reduce the dielectric constant at low
frequencies due to increased thermal agitation, which disrupts

© 2025 The Author(s). Published by the Royal Society of Chemistry
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dipole alignment. At higher frequencies, the effect of tempera-
ture is less pronounced.*>™’

For the CPTES-bentonite clay composite, the addition of
CPTES to bentonite clay retains a high dielectric constant at low
frequencies, similar to pure bentonite clay, but may show
slightly modified values due to the presence of the organic
modifier. Furthermore, the dielectric constant decreases with
increasing frequency, exhibiting a similar trend to that of pure
bentonite clay. The organic modification can influence the
interfacial polarization, potentially altering the frequency
response. CPTES might affect the temperature dependence by
stabilizing or destabilizing the dipole interactions within the
composite. Generally, higher temperatures still reduce the
dielectric constant at lower frequencies, but the convergence
at higher frequencies may differ slightly from the pure
bentonite clay.

As for the composite of [Co(u)TP-OHPP])/CPTES-bentonite
clay, this complex composite also starts with a high dielectric
constant at low frequencies, influenced by the contributions
from the porphyrinato cobalt(u) complex, CPTES, and bentonite
clay. In addition, the dielectric constant exhibits a sharp
decrease with increasing frequency, similar to the other com-
posites. The intricate molecular structure of [Co(u)TP-OHPP]
can introduce additional polarization mechanisms, affecting
the overall frequency response. Furthermore, the temperature
dependence of this composite shows that the dielectric con-
stant decreases at low frequencies with increasing temperature.
However, the convergence at higher frequencies might display
unique behavior due to the combined effects of the metal-
organic complex, the organic silane, and the clay matrix. This
could lead to a slightly different thermal stability compared to
the other two composites.

The dielectric constant (¢') as a function of temperature at a
constant frequency of 200 kHz is presented in Fig. 10 for
bentonite clay, CPTES-bentonite clay, and [Co(u)TP-OHPP]/
CPTES-bentonite clay. For bentonite clay, the dielectric con-
stant increases significantly with temperature, reaching a pro-
nounced peak around 80-90 °C before decreasing. This peak
suggests strong relaxation behavior, likely due to dipolar or
interfacial polarization. The behavior can be attributed to water
molecules or other adsorbed species within the clay structure
becoming more mobile and contributing to polarization as the
temperature rises. The subsequent decline at higher tempera-
tures may result from the evaporation of water or the destabi-
lization of polarized species. In contrast, CPTES-bentonite clay
and [Co(u)TP-OHPP]/CPTES-bentonite clay exhibit relatively
low and stable dielectric constants over the entire temperature
range, indicating minimal temperature-dependent polariza-
tion. For CPTES-bentonite clay (blue triangles), the absence
of a pronounced peak suggests that functionalization with
CPTES reduces the mobility of dipolar entities or blocks inter-
facial polarization. This implies that functionalization limits
the availability of polarizable species or traps them, thereby
stabilizing the dielectric behavior across the temperature range.
For [Co(u)TP-OHPP]/CPTES-bentonite clay (red squares), the
dielectric constant is lower compared to raw and functionalized
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clay, indicating further structural stabilization. The presence of
the Co(u) complex may hinder polarization mechanisms
through steric effects or electronic interactions, thereby sup-
pressing relaxation phenomena. At lower temperatures, dipoles
or interfacial charges exhibit limited mobility due to reduced
thermal energy. As the temperature increases, the mobility of
dipoles or charges enhances, leading to a peak in & (as
observed in bentonite clay). Beyond a critical temperature, the
energy becomes sufficient to overcome bonding forces, result-
ing in depolarization or structural changes, such as water loss
in clays, which leads to a drop in ¢'. The functionalization of
bentonite clay with CPTES and the incorporation of the Co(u)
complex modify the material’s dielectric response. These treat-
ments likely reduce the number of free or loosely bound polar
species, thereby stabilizing the material against temperature-
induced relaxation effects. At the relatively high frequency of
200 kHz, only fast-relaxing processes such as dipolar relaxation
are observed, while slower mechanisms (e.g, interfacial polar-
ization) are suppressed. This emphasizes the differences in
intrinsic relaxation properties of the materials.

3.2.2. Dielectric loss (¢"). Fig. 11 shows the dielectric loss
(¢") of the composite material comprising [Co(u)TP-OHPP],
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CPTES and bentonite clay as a function of frequency and
temperature, revealing critical insights into its energy dissipa-
tion characteristics. At lower frequencies (around 10® Hz), the
dielectric loss is typically high, reflecting significant energy
dissipation due to interfacial polarization and mobile charge
carriers within the composite. As the frequency increases, the
dielectric loss generally decreases, indicating that the dipoles
and charge carriers within the composite cannot follow the
rapidly alternating electric field as efficiently, thus reducing
energy dissipation. Additionally, the dielectric loss tends to
increase with rising temperature at lower frequencies due to
enhanced thermal motion, increasing energy dissipation. How-
ever, at higher frequencies (around 10° Hz), the effect of
temperature on dielectric loss diminishes, and the values
converge, showing that the intrinsic properties of the compo-
site materials dominate over thermal effects. This behavior
suggests that the composite’s dielectric loss is strongly influ-
enced by the interplay of frequency and temperature, which is
crucial for applications where minimizing energy loss is essen-
tial, such as in capacitors, sensors, and other electronic devices.

The observation of temperature shows the dielectric loss (¢”)
over a frequency range from 10° Hz to 10° Hz at various
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temperatures from 30 °C to 200 °C. The dielectric loss quanti-
fies the energy dissipated as heat in a dielectric material when
subjected to an alternating electric field. It is a critical para-
meter for understanding the efficiency and performance of
dielectric materials in electronic applications. The dielectric
loss is relatively high at 30 °C and low frequency (10° Hz),
indicating significant energy dissipation. This is due to inter-
facial polarization and the movement of charge carriers within
the composite. As the frequency increases, the dielectric loss
decreases, suggesting that the dipoles and charge carriers
cannot align with the rapidly changing electric field, resulting
in lower energy dissipation. However, with increasing tempera-
ture (40 °C to 80 °C) and low frequency, the dielectric loss
remains high at low frequencies. Still, it slightly increases
compared to 30 °C due to enhanced thermal agitation, increas-
ing the mobility of charge carriers and dipoles, leading to more
energy dissipation. The decreasing trend with frequency con-
tinues, and the dielectric loss values at high frequencies are
slightly higher than that at 30 °C, but the overall decreasing
trend remains consistent. At higher temperatures (100 °C) and
lower frequencies, there is a noticeable increase in dielectric
loss at low frequencies, as higher thermal energy further
increases the mobility of charge carriers. While at high fre-
quencies, the dielectric loss decreases but remains higher than
that at lower temperatures, retaining the trend of reduced
energy dissipation with increasing frequency. At increased
temperatures between 120 °C and 160 °C and at low frequen-
cies, the dielectric loss continues to increase, indicating more
significant energy dissipation due to higher thermal energy
enhancing the movement of dipoles and charge carriers. While
in a higher frequency range, the dielectric loss decreases,
following the same trend, but the values at these frequencies
are consistently higher than those at 100 °C, showing the
influence of temperature. Upon increasing the temperature to
180 °C and at lower frequencies, the dielectric loss peaks show
maximum energy dissipation due to the high thermal agitation
and mobility of the charge carriers and dipoles within the
composite. However, at high frequencies, the dielectric loss is
higher than that at 160 °C, but it still follows the general trend
of decreasing with increasing frequency. At 200 °C and lower
frequencies, the dielectric loss is substantial, reflecting the
significant energy dissipation due to extreme thermal effects.
Even at high frequencies, the dielectric loss, lower than that at
low frequencies, remains higher compared to that at all other
temperatures, indicating that high thermal energy significantly
influences the dielectric behavior across the frequency
spectrum.

Fig. 11 demonstrates that the dielectric loss of the [Co(u)TP-
OHPP]/CPTES-bentonite clay composite is highly dependent on
both frequency and temperature. At low frequencies, the
dielectric loss is high. It increases with temperature, indicating
significant energy dissipation due to interfacial polarization
and the movement of charge carriers, which is enhanced by
thermal agitation. As the frequency increases, the dielectric loss
decreases across all temperatures, reflecting the reduced ability
of dipoles and charge carriers to follow the rapidly alternating

© 2025 The Author(s). Published by the Royal Society of Chemistry
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electric field. This trend remains consistent but with elevated
values at higher temperatures, highlighting the composite’s
sensitivity to thermal effects. These observations are crucial for
understanding the performance and efficiency of this compo-
site material in applications where dielectric loss is a critical
factor.

The dielectric loss (¢”) as a function of temperature at a
constant frequency of 200 kHz for three samples is illustrated
in Fig. 11 for the bentonite clay, CPTES-bentonite clay, and
[Co(i)TP-OHPP]/CPTES-bentonite clay. Dielectric loss (&)
represents energy dissipation within a material under an
applied AC electric field and is primarily influenced by relaxa-
tion processes such as dipolar relaxation, ionic conduction, and
interfacial polarization. Analyzing ¢” as a function of tempera-
ture provides insights into the underlying polarization and
dissipation mechanisms. For bentonite clay, the dielectric loss
exhibits a significant peak around 80-90 °C. This peak corre-
sponds to relaxation phenomena, likely caused by dipolar or
interfacial polarization. At lower temperatures, water molecules
or other adsorbed species in the clay matrix are less mobile,
leading to minimal energy dissipation. As the temperature
increases, the mobility of these dipoles or charge carriers is
enhanced, resulting in increased dielectric loss. The peak
represents the temperature at which polarization mechanisms
are most active. Beyond 90 °C, the decline in ¢” can be
attributed to water evaporation, reduced dipole mobility, or
the breakdown of interfacial polarization. In the case of CPTES-
bentonite clay, the dielectric loss is slightly higher than that of
pure bentonite clay but remains relatively steady, with no
distinct peaks or significant increases. This indicates that
functionalization with CPTES reduces the number of polariz-
able species or restricts their mobility, thereby minimizing
energy dissipation. The absence of a pronounced peak suggests
that the functionalization modifies the material’s structure,
suppressing relaxation mechanisms such as interfacial or dipo-
lar polarization. The dielectric loss for [Co(u)TP-OHPP]/CPTES-
bentonite clay is even lower than that of CPTES-bentonite clay,
indicating further suppression of relaxation processes. The
incorporation of the Co(un) complex likely stabilizes the clay
structure through steric effects or electronic interactions,
thereby hindering the mobility of charge carriers and dipoles.
This stabilization reduces energy dissipation and enhances the
material’s resistance to temperature-dependent relaxation phe-
nomena. At low temperatures, dielectric loss is minimal due to
limited thermal energy, which restricts the mobility of dipoles
or charge carriers. As the temperature increases, thermal
energy becomes sufficient to activate relaxation processes,
leading to a peak in ¢”. This is particularly evident for bentonite
clay, where the peak corresponds to enhanced dipolar or
interfacial polarization. Beyond a critical temperature, polar-
ization mechanisms weaken due to depolarization, structural
changes, or water evaporation, resulting in a decline in ¢”. At
the relatively high frequency of 200 Hz, only fast-relaxing
processes, such as dipolar relaxation, are active, while slower
processes (e.g., interfacial polarization or ionic conduction) are
suppressed. The differences in ¢’ across the three materials
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Fig. 12 The variation of dielectric loss tangent (tan d) as a function of temperature (T) and frequency (f) for three different composites: bentonite clay,

CPTES-bentonite clay, and [Co(i)TP-OHPP]/CPTES-bentonite clay.

reflect their intrinsic ability to support fast-relaxation mechan-
isms. The peak in dielectric loss for bentonite clay highlights
the dominance of temperature-activated dipolar or interfacial
polarization. Functionalization with CPTES and the addition of
the Co(u) complex significantly suppress relaxation mechan-
isms, stabilizing the dielectric loss across the temperature
range. These modifications enhance the material’s resistance
to energy dissipation, making it more suitable for applications
requiring low dielectric loss and stable performance under
varying thermal conditions.

Fig. 12 illustrates the variation of the dielectric loss tangent
(tano) as a function of temperature (7) and frequency (f) for
three different composites: bentonite clay, CPTES-bentonite
clay, and [Co(u)TP-OHPP]/CPTES-bentonite clay. Firstly, for
dielectric loss vs. temperature, the dielectric loss tangent is
the highest for unmodified bentonite clay, indicating signifi-
cant energy dissipation during polarization. The trend shows
an initial increase followed by a decrease at higher tempera-
tures. This behavior suggests that interfacial polarization and
ion mobility dominate at lower temperatures, while thermal
agitation reduces polarization at higher temperatures, leading
to lower dielectric loss. However, the functionalization with
CPTES reduces the dielectric loss tangent compared to unmo-
dified bentonite clay, indicating improved thermal stability and

1944 | Mater. Adv, 2025, 6,1931-1949

reduced energy dissipation. The peak in the curve occurs at a
lower temperature, reflecting changes in the material’s struc-
ture and polarization mechanisms due to functionalization. On
the other hand, the [Co(u)TP-OHPP]/CPTES-bentonite clay
composite exhibits the lowest dielectric loss tangent across
the temperature range, indicating superior thermal stability
and reduced energy dissipation. The lower values are attributed
to enhanced charge carrier immobilization and improved resis-
tance to polarization loss due to the addition of [Co(u)TP-
OHPP]. Secondly, for dielectric loss vs. frequency in the case
of bentonite clay, the dielectric loss is significantly high at low
frequencies, attributed to interfacial polarization and the dom-
inance of charge carrier mobility. The dielectric loss decreases
sharply as the frequency increases, reflecting reduced energy
dissipation.

Additionally, thermal agitation further disrupts polarization
at higher frequencies and temperatures, leading to lower
dielectric loss. However, the functionalized CPTES-bentonite
clay shows a higher dielectric loss tangent at lower tempera-
tures and frequencies than unmodified bentonite, likely due to
increased charge carrier mobility introduced by CPTES. How-
ever, tand decreases with increasing frequency and tempera-
ture, similar to bentonite clay, demonstrating reduced energy
dissipation at higher frequencies. On the other hand, the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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[Co(u)TP-OHPP)/CPTES-bentonite clay composite exhibits the
lowest dielectric loss tangent values across the frequency range,
reflecting enhanced dielectric properties. The decrease in tan
is attributed to better charge carrier immobilization and struc-
tural stability, making it suitable for high-performance applica-
tions. The experimental data confirm that the functionalization
of bentonite clay with CPTES and the subsequent addition of
[Co(u)TP-OHPP] significantly improve the dielectric properties.
The reduced dielectric loss tangent and increased thermal
stability make these composites promising candidates for
energy storage applications.

The dielectric loss tangent (tan d) as a function of tempera-
ture at a constant frequency of 200 kHz reveals distinct beha-
viors for the bentonite clay, CPTES-bentonite clay, and
[Co(u)TP-OHPP]/CPTES-bentonite clay composites. For bento-
nite clay and CPTES-bentonite clay, the dielectric loss tangent
value increased and showed a hump at 90 °C and then
decreased rapidly around 100 °C. Then it decreased slowly
across the temperature range (200 °C), indicating minimal
energy dissipation and limited polarization or conduction
effects at this high temperature. In contrast, [Co(u)TP-OHPP]/
CPTES-bentonite clay exhibits a noticeable increase in tand

View Article Online
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with temperature and a small hump around 60 °C. This result
suggests enhanced thermal stability, which is likely influenced
by the incorporation of the [Co(u)TP-OHPP] complex. The
subsequent decrease at higher temperatures indicates the
saturation or breakdown of the polarization mechanisms,
possibly due to reduced dipole alignment efficiency at elevated
temperatures.

3.2.3. AC conductivity (6,c). AC conductivity (oac) is a
measure of a material’s ability to conduct alternating current.
It is influenced by frequency, temperature, and the material’s
composition. This property is essential for understanding the
performance of materials in various electronic and electrical
applications. Fig. 13 shows the AC conductivity as functions of
frequency and temperature for the three composites - bento-
nite clay, CPTES-bentonite clay, and [Co(u)TP-OHPP]/CPTES-
bentonite clay. One can analyze the figure with respect to the
effect of temperature; the AC conductivity is relatively low at
30 °C and in the low-frequency range at around 103 Hz. This
indicates that the charge carriers do not have sufficient energy
to move freely within the material at lower frequencies. But at
high frequencies (f > 10° Hz), as the frequency increases, the
AC conductivity rises, reflecting the enhanced movement of
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Fig. 13 AC conductivity as functions of frequency and temperature for the three composites: bentonite clay, CPTES—bentonite clay, and [Co(i)TP-

OHPP]/CPTES—-bentonite clay.
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charge carriers that can respond more readily to the alternating
electric field. Upon increasing the temperature from 40 °C to
80 °C and at lower frequencies, the AC conductivity remains low
but is slightly higher than that at 30 °C. The increase in
temperature provides additional thermal energy, facilitating
the movement of charge carriers, while at high frequency, the
conductivity increases with frequency, similar to the trend
observed at 30 °C, but the values are slightly higher, indicating
more efficient charge carrier movement due to the added
thermal energy. Further temperature increases are around
100 °C and at low frequency; there is a noticeable increase in
AC conductivity at low frequencies compared to that at lower
temperatures. This is due to the higher thermal energy that
significantly enhances the mobility of charge carriers. On the
other hand, at higher frequency, the conductivity continues to
increase with frequency, with higher values than those
observed at 80 °C, reflecting the combined effect of frequency
and temperature on charge carrier dynamics. With further
increase in temperature from 120 °C to 160 °C and at low
frequencies, AC conductivity continues to rise, indicating that
the material’s charge carriers are increasingly mobile with the
added thermal energy. However, at high frequencies, the trend
of increasing conductivity with frequency persists, and the
values at high frequencies are higher than those at 100 °C,
showing a strong frequency and temperature dependence.
At higher temperatures of around 180 °C and low frequency,
the AC conductivity at low frequencies reaches higher levels
due to substantial thermal agitation, significantly enhancing
charge carrier mobility. But at high frequencies, the AC
conductivity remains high, showing the material’s ability
to conduct alternating current more effectively at elevated
temperatures. Upon final heating at the highest temper-
ature (200 °C) and at low frequencies, the AC conductivity is
significantly high, reflecting maximum charge carrier mobility
due to extreme thermal energy. However, the AC conductivity
at high frequencies is also the highest observed across
all temperatures, indicating that both frequency and high
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thermal energy substantially influence the material’s
conductivity.

The AC conductivity (o4c) as a function of temperature at a
constant frequency of 200 kHz shows notable differences
among bentonite clay, CPTES-bentonite clay, and [Co(u)TP-
OHPP]/CPTES-bentonite clay. For bentonite clay and CPTES-
bentonite clay, the AC conductivity remains relatively low and
exhibits minimal variation with temperature; there is a hump
observed at temperature 90 °C; with increasing temperature up
to 120 °C, it decreased, indicating limited charge carrier
mobility and minimal conduction processes. However, for
[Co(u)TP-OHPP]/CPTES-bentonite clay, the AC conductivity
increases significantly with temperature, reflecting the thermal
activation of charge carriers. The enhanced conductivity of this
sample is likely due to the introduction of the [Co(i)TP-OHPP]
complex, which facilitates the movement of charges through
improved structural conductivity or additional charge carrier
pathways. The increase in AC conductivity with temperature
demonstrates the strong dependence of charge transport on
thermal energy, particularly for the [Co(u)TP-OHPP]-modified
sample.

The conductivity data were analyzed using the Arrhenius
equation, highlighting linear regions indicative of thermally
activated processes in all samples, albeit with different slopes.
Fig. 14 depicts the conductivity (Ing) as a function of the
reciprocal temperature (1000/7) for three composites: bentonite
clay, CPTES-modified bentonite clay, and [Co(u)TP-OHPP]/
CPTES-modified bentonite clay. Both CPTES-modified and
[Co(u)TP-OHPP]/CPTES-modified bentonite clay exhibit
Arrhenius-like behavior (a linear relationship between Ino
and 1000/7), indicative of thermally activated conduction. The
activation energies in the low-temperature region are 1.77,
1.657, and 1.024 eV, while in the high-temperature region, they
are 4.89, 1.52, and 2.83 eV for bentonite clay, CPTES-modified
bentonite clay, and [Co(u)TP-OHPP]/CPTES-modified bentonite
clay, respectively. A comparison of the composites reveals
that the addition of CPTES and [Co(u)TP-OHPP] enhances
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Fig. 14 The relationship between In¢ and 1000/T (K™% for bentonite clay, CPTES-modified bentonite clay, and [Co(n)TP-OHPP]/CPTES-modified

bentonite clay across two distinct temperature regions.
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conductivity compared to pure bentonite clay, as reflected in
their higher slope values. This analysis demonstrates that
functionalization with CPTES or [Co(u)TP-OHPP] modifies the
material’s structure, enhancing charge carrier mobility and
making it more suitable for energy harvesting applications.

4. Conclusion

XRD patterns of bentonite clay, CPTES-modified bentonite clay,
and [Co(u)TP-OHPP]/CPTES-modified bentonite clay show that
the well-defined crystallographic planes of the bentonite had
been distorted by sequential modification using CPTES and
[Co(u)TP-OHPP], which introduced more disorder into the
structure of the bentonite clay. FT-IR revealed the stretching
vibrations of the most specific functional groups, which indi-
cated that the samples were prepared well. The dielectric
properties of the investigated composites reveal a nuanced
interplay between frequency, temperature, and material com-
position. Pure bentonite clay demonstrates the highest dielec-
tric constants at low frequencies, but the introduction of CPTES
and [Co(u)TP-OHPP] retains high dielectric constants with
some variability. All materials show a decrease in the dielectric
constant with increasing frequency, with [Co(u)TP-OHPP] exhi-
biting distinctive frequency-dependent behavior due to addi-
tional polarization effects. Temperature generally reduces the
dielectric constant at low frequencies across all materials, with
less impact at high frequencies and unique stability features
observed in the porphyrinato cobalt(u) composite. Dielectric
loss and AC conductivity are significantly influenced by both
frequency and temperature, with high dielectric loss at low
frequencies and increased AC conductivity with temperature
and frequency. The results show that bentonite clay exhibits the
highest values of ¢’ and ¢” at 30 °C, particularly at low frequen-
cies (10° Hz). However, the dielectric constants of CPTES-
bentonite clay and [Co(n)TP-OHPP]/CPTES-bentonite clay
enhanced the dielectric loss (¢”). The CPTES-bentonite clay
and [Co(u)TP-OHPP]/CPTES-bentonite clay materials showed
an adjustment in ¢’ values with a corresponding acceptable
loss, making the modified bentonite clay more stable under
thermal conditions and at high frequencies. These findings are
crucial for optimizing the use of these composites in electronic
and sensor technologies, where both dielectric performance
and conductivity are essential.
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