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A novel supramolecular metallogel was synthesized at room temperature using copper(i) acetate and
isophthalic acid as gelators in N,N-dimethylamine. Rheological studies demonstrated the metallogel's
robust mechanical stability under diverse conditions. FESEM imaging and EDX mapping provided detailed
insights into its microstructure and elemental composition. The formation of the metallogel was
confirmed through FT-IR spectroscopy, which highlighted the successful coordination between the
metal ion and the organic ligand. Electrical property analysis revealed its semiconducting nature with
impressive conductivity. Additionally, antimicrobial studies showed that the Cu(i)-based metallogel
exhibited significant efficacy against Gram-positive and Gram-negative bacteria, making it a promising
candidate for combating bacterial infections. These findings establish the developed metallogel as

a versatile multifunctional material with dual applicability in electronics and biomedicine. Furthermore, its
Received 4th March 2025 . ducti ti t it tential int ti into ad d electronic devi hile it
Accepted 20th May 2025 semiconducting properties suggest its potential integration into advanced electronic devices, while its
antimicrobial activity highlights its potential in medical treatments. This study underscores the potential

DOI: 10.1039/d5ra01535a of Cu(i)—-isophthalic acid-based metallogels, combining mechanical resilience, electrical conductivity,
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1. Introduction

A gel is a colloid system consisting of a liquid as the dispersed
phase and solid as the dispersed medium. It is a typically semi-
solid, three-dimensional (3D) crosslinked polymeric network
formed via the immobilization of solvent molecules." The
spontaneous production of gels makes their synthesis and
design intriguing and unpredictable.? The vial inversion test
under the force of gravity is the primary technique for identi-
fying a mixture as gel, with rheological analysis used to confirm
gel formation.?
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and antimicrobial efficacy to address various critical technological and biomedical challenges.

Gels may be categorised into two types, namely, chemical
gels, formed via rapid covalent bonding interactions, and
supramolecular gels, composed of self-assembled,* low molec-
ular gelator (LMWG) molecules,™* with a molecular weight less
than 3000 and formed through various non-covalent interac-
tions,® such as hydrogen bonding,® 7---7 stacking interaction,
and van der Waal forces.”® LMWGs have recently attracted
attention owing to their ability to produce nanostructures in
supramolecular gels in addition to their gelation activity.” The
regulation of the nanostructure can be achieved by selecting
appropriate gelators® and solvents.' Dibasic acids,' amides,"
amines,"” carbohydrates,” and amino acid derivatives® are
effective gelators for the synthesis of supramolecular gels.*
Rigid aromatic crosslinkers, such as those containing benzene
rings or polycyclic aromatic systems (e.g., benzophenone and
bisphenol derivatives), can impart enhanced mechanical
strength, improved thermal stability, and, often, better
conductivity to metallogels. The rigid nature of these linkers
restricts rotational freedom, thereby facilitating stronger -7
stacking interactions and the formation of more ordered
supramolecular networks. For example, isophthalic acid and its
amino derivatives, including 2-amino terephthalic acid and 5-
aminoisophthalic acid, have been widely employed in metal-
logel systems because of their efficient coordination capabilities
with metal ions and structural rigidity. Notably, Dey et al. (2023)
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reported an Mn(u)-based metallogel'” using 2-amino tereph-
thalic acid for Schottky diode applications, and Dhibar et al.
(2023) reported the use of 5-aminoisophthalic acid to fabricate
Zn(u),*® Ni(u),” and Co(u)** metallogels, which showed prom-
ising performance for semiconducting and microelectronic
device applications. In contrast, flexible linkers, such as those
based on aliphatic chains or ether-containing moieties (e.g.,
polyethylene glycol and aliphatic diamines), offer greater
conformational freedom.*** These systems typically exhibit
lower mechanical rigidity but enhanced flexibility, dynamic
responsiveness, and self-healing behaviour. Such linkers are
more suitable for applications requiring reversible structural
changes or stimuli-responsive functions. Another essential
factor in initiating gel formation is the solvent.” In particular,
the polarity and viscosity of the solvent may alter the gel
morphology.” The use of specific type of gelators determines
whether inorganic or organic solvents will be effective for
promoting gel formation.”® The most effective solvents for
starting a supramolecular gel are water,*® alcohols,* dimethyl
formamide,” dimethyl sulfoxide,” 1,2-dichlorobenzene,*
acetonitrile,®* acetone,® toluene,*® dichloromethane,* and
deuterated dichloromethane.*® Reports have demonstrated that
reversible gel-to-sol phase transition®**” can be brought about
by its weak non-covalent interactions®” and under the influence
of different external mechanical forces, pH, temperature, elec-
trolytes, etc.®® Supramolecular gels have intriguing potential
a range of applications in diverse fields, such as drug delivery,*
scaffolds for tissue regeneration,* transporters for therapeutic
medications,* catalysis,*” soft robotics,* pollutants absorp-
tion,” and the controlled release of chemicals into the
environment.*

Metal ions or metal complexes can self-assemble with
organic ligands (LMWGs) to form 3D networks known as
supramolecular metallogels, a kind of supramolecular gel.*®
These gels are held together by coordination bonding interac-
tions between the metal centers and the ligands, in addition to
other non-covalent interactions, including hydrogen bonding,’
- stacking,*” and van der Waals forces.® By selecting different
metal ions and ligands and altering the surrounding environ-
ment, the properties of the supramolecular metallogels may be
changed.*”*® Scientists are interested in transition metal-based
metallogels because of their accessibility, affordability, and
improved capacity to coordinate with organic ligands. Peptide
nanofibers integrated with silver nanoparticles have been
explored as a potential antimicrobial nanohybrid gel.* Copper

Cu(CH,C00),;H,0+ ¥ Y )
(1ImM in ImL DMF) -
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is an essential trace element for many cellular functions, but it
can also have a toxic impact by triggering ROS generation. The
exposure of copper sulfate to HeLa cells led to a decrease in cell
viability, increase in the sub G1 and G2/M populations, and the
upregulation of autophagy, senescence, mitochondrial
dysfunction, and ROS generation.*” Copper(u) ions are often
selected as an excellent metal for metallogel synthesis due to
their variable oxidation states,'* coordinating versatility,* redox
activity,”® cost effectiveness* and biomedical activities.** In
semiconducting devices, the extended w-conjugation and
charge-transfer capabilities of Cu(u) centers enhance the
charge-carrier mobility and electrical conductivity, making
them promising candidates for use in flexible electronics and
second-generation Schottky barrier diodes.*®** Concurrently,
the intrinsic antimicrobial activity of Cu(u) ions, driven by their
ability to generate reactive oxygen species and disrupt microbial
membranes, imparts excellent antibacterial properties to met-
allogels they are included in, broadening their utility in
biomedical and environmental applications. Indeed, copper
metallogels have attracted a lot of interest because of their
special blend of qualities. Among their significant applications
are catalysis,” antimicrobial materials,” energy storage,®
sensors,*” environmental remediation,** and soft electronics.*
Dicarboxylic acids are other materials that are useful in metal-
logel research.®»** Because of their carboxylate groups,*** they
can interact with transition metals and form coordination
complexes that facilitate gelation. In previous studies, gels
mediated by succinic, oxalic and adipic acids have been re-
ported with specific uses and with minimal levels of toxicity.**

Metallogel-based Schottky diodes offer significant promise
across a wide range of applications as they offer several key
advantages. By selecting specific metals and organic ligands
during their synthesis, the precise tuning of their electronic
properties can be achieved, including control over their energy
band structure and ultimately device performance. Their robust
stability ensures their long-term reliability, even under varying
environmental conditions. Additionally, metallogels can be
fabricated through multiple methods, such as solution pro-
cessing, self-assembly, and templating, offering flexibility for
integration with diverse substrates and scalable manufacturing.
Their compatibility with other electronic components, including
transistors and sensors, further supports the creation of multi-
functional, high-performance devices. Collectively, their many
beneficial features, including tunable electronic behaviour, high
durability, versatile fabrication, and material compatibility,

Trimethylamine (dropwise)

0

Mixing, RT

(2mM in ImL DMF)

Cu(II)-Metallogel (Cu-IPA)

Fig. 1 Synthesis of the Cu-IPA metallogel and a photograph of the metallogel in a vial that has been inverted.
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make metallogel-based Schottky diodes highly attractive for
advanced electronic and optoelectronic applications.

In a notable contribution, Dhibar and co-workers*>58
introduced a simple and efficient synthesis route for metal-
logels, which enabled avoiding harsh reaction conditions while
maintaining their functionality. Their work demonstrated the
adaptability of metallogel systems for next-generation semi-
conductor devices. Following this direction, we developed
a room-temperature-stable metallogel using copper(u) ions and
isophthalic acid as a low molecular weight gelator (LMWG) in
N,N-dimethylformamide (DMF) (Fig. 1). The resulting Cu(u)-
metallogel, termed Cu-IPA, showed excellent mechanical
strength, as confirmed through the inverted vial test (Fig. 1).
Further detailed morphological studies were conducted on the
material. Also, a Schottky barrier diode (SD) was successfully
fabricated using this material to demonstrate its application
potential in an important area. Beyond its electronic applica-
tions, Cu-IPA also displayed strong antibacterial activity against
both Gram-positive and Gram-negative bacteria, highlighting
its multifunctional potential.

2. Experimental section

2.1. Materials

Copper(u) acetate monohydrate (99% extra pure) and iso-
phthalic acid (99% extra pure) were purchased from SRL and
used as received. Throughout the study, dry DMF solvent was
utilized. Commercially available DMF (purchased from SRL)
was dried using calcium hydride (~1.5 g/100 mL) for 6 h at room
temperature. After the drying process, the intermediate fraction
was collected and kept on activated molecular sieves to preserve
its anhydrous condition. Yeast extract powder, tryptone and D-
(+)-glucose anhydrous were purchased from Himedia. The
acetone and ethanol used in the device fabrication were of
analytical reagent (AR) grade with a purity of =99.5%, and were
procured from Sigma-Aldrich. Distilled water was freshly
prepared in the laboratory using double-distillation apparatus.

2.2. Apparatus and measurements

2.2.1 UV-visible spectroscopy analysis. An Avaspec-2048
UV-visible spectrometer was used to analyse the UV-vis
absorption spectra of the metallogel.

2.2.2 Rheological analysis. The rheology experiments were
performed with fixing the gap distance between the cone and
the plate as 0.5 mm. The gels were scooped on to the plate of the
rheometer. An oscillatory strain amplitude sweep experiment
was performed at a constant oscillation frequency of 1 Hz for
the applied strain range of 0.001-100% at 25 °C. Oscillatory
frequency sweep experiments were performed in the linear
viscoelastic region (strain of 0.01%) to ensure that calculated
parameters corresponded to intact network structures.

2.2.3 Field emission scanning electron microscopy
(FESEM) study. The metallogel samples were carefully drop-cast
on top of the freshly cleaned glass surface and allowed to air-dry
overnight. The samples were then coated with gold vapor and
analyzed on a Carl Zeiss SUPRA 55VP instrument operated at
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10-15 kv, while a ZEISS EVO 18 device was used for the energy-
dispersive X-ray spectroscopy (EDX) investigations.

2.2.4 FT-IR study. The IR spectra were recorded in the
4000-500 cm ' range for the samples pelleted in KBr using
a JASCO FT-IR 4700 spectrophotometer.

2.2.5 Electrical study. A Keithley 2400 source meter that
was linked to a computer was used to record the device's IV
parameters.

2.3. Synthesis of the Cu(u)-metallogel using isophthalic acid
as a gelator

Copper(u) acetate monohydrate was used to effectively synthe-
size a blue-colored metallogel based on isophthalic acid at room
temperature (RT). In a single step, 1 mL DMF solution con-
taining 0.332 g (2 mmol) of isophthalic acid and 0.200 g (1
mmol) of copper(n) acetate monohydrate in 1 mL DMF were
combined in the presence of 0.2 mL trimethylamine base.

2.4. Evaluation of the minimum critical gelation
concentration (MGC)

The assessment of the minimum critical gelation concentration
(MGC) of the Cu-IPA metallogel is presented in Fig. 1, showing
the result of the vial inversion test. The concentrations of
Cu(CH3CO0),-H,0 and isophthalic acid were varied in a certain
range (i.e., 30-532 mg mL ") to evaluate the MGC of the Cu-IPA
metallogel. Herein, the ratio of the Cu-IPA metallogel forming
components was maintained as [Cu(CH3;COO),-H,0]:[iso-
phthalic acid] = 1:2, (w/w). The stable and blue-colored met-
allogel Cu-IPA metallogel was obtained at 532 mg mL ™"
concentration of Cu(u)-acetate salt and isophthalic acid
combined in the presence of 0.2 mL of trimethylamine base in
DMF solvent.

2.5. Antimicrobial activity of Cu-IPA

The susceptibility of bacterial strains to the metallogel Cu-IPA was
assessed. A 100 mg per mL metallogel suspension was prepared
in deionized water (Merck Millipore, France). The antibacterial
efficacy was assessed against Gram-positive bacteria, i.e., Bacillus
subtilis (B. subtilis), Staphylococcus epidermidis (S. epidermidis),
and Gram-negative bacteria, i.e., Escherichia coli (E. coli), and
Pseudomonas aeruginosa (P. aeruginosa). A common broad-range
antibiotic, Streptomycin, served as a positive control in the
experiment. TGE (tryptone, glucose, yeast extract, all at 1%; pH
6.5) agar was used as the growth medium. Then, 100 pL of each
bacterial inoculum in its logarithmic growth phase was spread
across the agar medium using sterile cotton swabs. Next, 10 pL of
the metallogel suspension was spotted on the surface of the
medium. The plates were then incubated at 37 °C for 24 h. The
experiments were carried out in triplicate.

2.6. Device fabrication

For measuring the electrical properties of material itself and its
performance in device applications, a metal-semiconductor (MS)
junction was fabricated, wherein the synthesized material acted
as a semiconductor (Scheme 1). For this very purpose, initially

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

Scheme 1 Schematic representation of the fabricated metal-semi-
conductor (MS) junction device utilizing the Cu-IPA metallogel.

a glass substrate covered with indium tin oxide (ITO) was
meticulously cleansed using acetone, ethanol, and distilled water
in a sequential manner with the aid of an ultrasonicator. Next,
the substrate was dried under a nitrogen (N,) atmosphere. The
metallogel was then applied on the pre-cleaned ITO-coated glass
with the doctors’ blade method followed by naturally drying in
a vacuum chamber to obtain a homogenous thin film of the
metallogel. The film thickness (d) was measured as being around
1 um using a surface profiler. Finally, an electron beam gun was
employed to apply aluminium metal onto the film under a base
pressure of 10~ ° torr. The effective diode area (A) was maintained
at 7.065 x 10~° m” using a pre-cleaned shadow mask.

3. Results and discussion

3.1. Fourier transform infrared (FT-IR) analysis of Cu-IPA
metallogel

Fourier transform infrared (FT-IR) spectroscopy is good at
identifying different functional groups, hence it was used

Cu-IPA

Isophthalic r f
acid H

Transmittance (%)

Copper
Acetate

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)
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herein to investigate the produced Cu-IPA metallogel. The
supramolecular interactions between isophthalic acid and
Cu(n) sources that propel the metallogel's production were
visible in the FT-IR spectrum in the xerogel form of the Cu-IPA
metallogel (Fig. 2). The FT-IR spectrum revealed distinct peak
shifts at 1370 and 3397 cm ™', which were indicative of the
vibrational signatures associated with copper acetate, confirm-
ing its presence within the metallogel matrix. Moreover, addi-
tional absorption bands could be observed at 684, 1270, 1612,
1670 and 2972 cm ™', which were consistent with the vibrational
modes of isophthalic acid, thereby supporting its successful
incorporation into the gel framework. A large peak at
3397 em !, which corresponded to the O-H stretching®® of
hydroxyl groups, was one of the key absorption bands of the Cu-
IPA metallogel. The carboxyl C=O stretching appeared as
a peak at 1670 cm ™', while the vibrational mode observed at
2972 cm™ ! was associated with symmetric C-H bonds.*®* C-N
stretching® and C-O stretching® were represented by the
additional vibrational modes seen at 1370 and 1270 cm ™"
respectively. The asymmetric and symmetric stretching bands
of the COO™ group in copper acetate, originally observed at
1550 and 1450 cm ™', respectively, were shifted to 1623 and
1384 cm ™! after metallogel formation. The change in A» (COO),
i.e., (vas—vs), strongly suggested the replacement of acetate ions,
which freed the metal ion and allowed it to bind with iso-
phthalic acid. Moreover, the broad O-H stretching band of
(IPA), ranging from 2360 to 3000 cm ™", completely disappeared
after metallogel formation. This indicates the deprotonation of
the -COOH groups and the formation of -COO™ groups, which
then coordinate with the metal center. The appearance of a peak

Cu-IPA
—
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i T \ g
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| A | \ |
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Fig. 2 FT-IR spectra of the Cu-IPA metallogel in xerogel form, isophthalic acid, and copper acetate.
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Fig. 3 Angular frequency measurements vs. G' and G” of the Cu-IPA
metallogel.

at 750 cm ™' provides evidence for the presence of the aromatic
ring of isophthalate. Additionally, the aromatic C=C stretching
band around 1600 cm ™" served as a diagnostic peak for the
isophthalate used as a gelator in the metallogel network.
Additionally, the peak at 684 cm™ ' confirmed the presence of
Cu-O0 bonds, indicating the effective connection between DMF-
soluble copper acetate and isophthalic acid. The distinct Cu-O
stretching vibration observed at 684 c¢cm™', along with the
presence of prominent C=0 (1670 ecm™ ') and C-O (1270 cm ™ ")
stretching bands, provided evidence for the conversion of
copper acetate to copper isophthalate in the metallogel
network.

3.2. Rheological analysis

The mechanical properties of the Cu-IPA metallogel were
investigated by rheological analysis, specifically angular
frequency and strain-sweep measurements. The gel nature of
the Cu-IPA metallogel was confirmed by the observation that its
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storage modulus (G') consistently exceeded its loss modulus
(G"). Indeed, these measurements, conducted at a fixed
concentration of Cu(CH3;COO),-H,0 and isophthalic acid cor-
responding to the minimum gelation concentration (MGC) of
532 mg mL~", demonstrated the significant dominance of the
storage modulus (G') over the loss modulus (G”), as shown in
Fig. 3. The results affirmed the semi-solid, gel-like nature of the
Cu-IPA metallogel. Notably, the average storage modulus (G')
exceeded 10 Pa, substantially surpassing the loss modulus (G"),
further supporting the robust gel network and its mechanical
stability (Fig. 3). The results of the strain-sweep experiments
with the Cu-IPA metallogel are provided in Fig. S1 in the ESL.}

3.3. Microstructural study

A network structure resembling flake-like formations could be
observed in the field emission scanning electron microscopy
(FESEM) images of the metallogel (Fig. 4a and b). The FESEM
images clearly show the complex structure, which was made
from Cu(CH3COO),-H,0 and isophthalic acid in DMF medium.
The dominant supramolecular interactions, which are essential
for the formation of the Cu-IPA metallogel, were probably the
source of the microstructural network. The existence of copper
acetate and isophthalic acid, which are crucial elements in the
composition of the metallogel, was verified by elemental
mapping of a particular area inside the gel. The existence of
carbon (C), nitrogen (N), oxygen (O), and copper (Cu) compo-
nents was confirmed by energy-dispersive X-ray spectroscopy
(EDX), as displayed in Fig. 4c-g, which verified that Cu(CHj;-
COO0),-H,0, isophthalic acid, and DMF had been successfully
integrated into the metallogel framework.

3.4. Dielectric properties

The dielectric characteristics of any solid material are contin-
gent upon the distribution of the local electric field within the
system. Understanding the dielectric characteristics can
provide valuable insights into the charge-transport process and
structural alterations in a solid material. The dielectric prop-
erties of the produced material were analysed using impedance

Fig. 4
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(@ and b) FESEM microstructural analysis of the metallogel; (c—g) elemental analysis showing the presence of C, N, O, and Cu.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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spectroscopy within the frequency range of 40 Hz to 10 MHz.
The experiments were conducted under ambient conditions.
The optical property of the Cu-IPA metallogel is shown in Fig. S2
in the ESL.}

The dielectric property exhibited a complex nature when
subjected to an alternating current (AC) field.

The total dielectric constant is given by the following
equation,*®

e=¢ —j¢ (1)

where ¢ is the real part and ¢” is the imaginary part of the
dielectric constant. The real part stands for the energy storage
in a material while the imaginary part describes the energy
dissipation in the material.

The real and imaginary part of the dielectric constant of the
material can be determined from the following equations,*

1"

£ = d X Zn @
CaxwoxAd Z,*+7,"

and

" d VA

& = X =
- ’ "
g xwxA 7.+ 7."

=¢ tan o (3)
where ¢, is the free space permittivity, d denotes the thickness of
the film, A is the surface area of the film, Z, is the real
impedance, Z," indicates the imaginary impedance of the
metallogel, and tan ¢ specifies the dielectric loss tangent.

The dielectric characteristics of the Cu-IPA-metallogel can be
affected by several parameters, including the manufacturing
technique, chemical composition, ionic charge, and grain size.

Fig. 5 shows that the dielectric constant and dielectric loss
factor decreased rapidly as the frequency increased, until they
reached a constant value at higher frequencies. This occurs
because the electron-exchange interaction (hopping) between
the Cu” and Cu®" ions is unable to keep up with the alternating
ac electric field beyond a certain critical frequency.

Fig. 5a shows the variation of the real part of the dielectric
(dielectric constant) with frequency for the metallogel. A
hopping model considering the sample as an integration of
a large number of dipoles is best to describe the behaviour

8x10°
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__5%x10°1
Sano’-
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Fig. 5
metallogel.
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displayed in the figure and the above drawn conclusion. In this
model, at low frequencies the alternating current field remains
slow, and the dipoles have adequate time to align themselves
with the direction of the applied field, which enhances the
polarization. On the other hand, the diminution in the value at
higher frequencies can be explained by the phenomenon of
dipole relaxation. In the high-frequency zone, the dipoles
become unable to rapidly change their orientation, causing
their oscillation to fall behind the alternating current (ac) field.
Therefore, the dielectric constant dropped as a result of the
random alignment of dipoles. The observed dispersion mostly
arose from the interfacial Maxwell-Wagner-type polarisation,
consistent with Koop's phenomenological theory.***”

The dielectric loss factor, i.e., the imaginary part, represents
the dissipation of energy in the system. Fig. 5b presents the
dielectric loss of the synthesized metallogel as a function of
frequency at room temperature. Dielectric loss occurs when the
charge carriers in a dielectric system are unable to respond to
changes in the electric field. Increasing the frequency of the
applied field results in lower dielectric losses. This phenom-
enon is likely caused by the suppression of domain walls,
resulting in a compelled alteration of the magnetisation rota-
tion. At higher frequencies, a reduced tangential loss (Fig. 5a)
can also indicate the presence of Maxwell-Wagner relaxation®®
It is evident from Fig. 5b and 6a that there was a direct corre-
lation between lower frequencies and increased dielectric loss.
The presence of space-charge polarisation at lower frequencies
can be attributed to the Shockley-Read process.*®

Fig. 6 displays the ac conductivity of the metallogel with
respect to frequency. The ac conductivity can be determined by
the following equation,®

/

- (@
- Zm’2 +Zm”2 A

Uac

It can be clearly observed from the ac conductivity graph,
that after a certain value of frequency the conductivity became
independent of the frequency. The ac conductivity can be
expressed by the following equation, using Jonscher's law,”

(5)

Oac = Ogc + Co"

(b 8x10*
7%10%
6x10*-

=5%10%4
S ax10*
% 3x10°]
2x%10*+
1%10%-

—o— Cu-IPA metallogel

L

0 2x10° 4x10° 6x10° 8x10° 1x107
Frequency (Hz)

(a) Dielectric constant versus frequency graph and (b) imaginary part of dielectric versus frequency graph for the as-synthesized
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Fig. 6 (a) Tangential loss versus frequency graph and (b) ac conductivity graph of the metallogel.

where o4, is the frequency-independent conductivity or dc
conductivity, C is a coefficient, w is the angular frequency of the
electric field and n is the exponent (0 =< n = 1). When the value
of n is less than or equal to 1, a sudden hopping occurs, which
leads to the engagement of both hopping conduction and
translational motion.

From eqn (5) and Fig. 6b, it is obvious that the frequency-
independent part of the ac conductivity graph extrapolated to
the ac conductivity axis gives the value of g4.. The evaluated
value of dc conductivity for the as-synthesized metallogel was
5.49 x 10 *Sm .

The value of the metallogel's dc conductivity suggests an
obvious semiconducting behaviour, leading to an approach
towards a metal-semiconductor junction formation.

However, in the low-frequency region in the graph, the ac
conductivity decreased rapidly with the increase in frequency
up to a certain range of frequency. As is already known, the
resistance and inductive reactance have a positive correlation
with frequency, whereas the capacitive reactance has a negative
correlation with frequency,” and conductivity decreases with
the increase in resistance, wherein the possibility of a more
resistive part in the metallogel than capacitive part can well
describe this fact.

3.5. Electrical characterization

A device was fabricated with the structure Al/Cu-IPA-metallogel/
ITO, and used to probe to a range of bias voltages from —1 V to
+1 V, and the associated current values were measured.

Fig. 7 depicts the current of the formed diode as it varied
with the applied bias, presented in two distinct current scales.
The I-V curve demonstrated nonlinearity, which validated the
presence of Schottky barriers at the metal-semiconductor (MS)
junction, with a rectification ratio of 69.88. Thermionic emis-
sion theory was applied to analyse the recorded I-V data for
further determination of the diode parameters, with this
described in the ESL.}

The correlation between the natural logarithm of the current
and the natural logarithm of the applied forward bias voltage is
depicted in Fig. 8, which can help gain an insight into the
carrier-transport mechanism across the interface. The investi-
gation focused on analysing the mechanism that regulates
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Fig.7 Current-voltage (/-V) measurement of the fabricated structure
in linear scale; inset shows the same in log scale.

carrier conduction at the Schottky contact, using the slope of
the graph as a basis implying the power law (I « V™). The slope
value (m) of 1, or the direct relationship between current and
voltage (Arena I), indicates the charge transport occurs due to
ohmic conduction.”™”?

The conductivity of the formed device was calculated as 1.7 x
107> S m™! in this arena of conduction. The ideality factor,
barrier height and series resistance of the fabricated device can
also be determined from this arena.

Inl (Unit)

1
-
-

25 -20 -15 -1.0 -05 0.0
InV (Unit)

Fig. 8 In/ versus InV plots for the Schottky device.
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Table 1 Schottky diode parameters

Ideality Barrier height R, from dV/dIn 1 R from H(I)
factor (eV) (kQ) (kQ)
1.19 0.708 7.7 7.3

For these, the well-known Cheung and Cheung equation
derived using the thermionic emission eqn (S1)T was utilized to
analyse the recorded I-V data of Arena I.

View Article Online

RSC Advances

According to Cheung's model™

dv. kT

i g TR (6)

and

HI)=V - ("kTT) In (ﬁ) = IR, + n¢, @)

where H(I) is a function of the current.

The series resistance and ideality factor (L.F.) were deter-
mined by analysing the slope and intercept of the dv/dlnI
against I curve (Fig. 9), which was fitted linearly (Table 1).

Table 1 includes the barrier height and series resistance
values obtained by analysing the intercept and slope of the H(I)
vs. I graphs. The resistances in the series, acquired by the two
different approaches, displayed similar patterns. The deviation
of the ideality factor from 1 may be attributed to the presence
of tunnelling current, electron and hole recombination in the
depletion zone, inhomogeneity at the barrier, or a combina-
tion of these variables. The device characteristics are believed
to be greatly impacted by the properties of the metal and
semiconductor contact, as well as the conditions of the
surface.”

In Arena II, the slope value was greater than 3. This arena is
called the trap-assisted region of the current conduction. The
presence of traps near the Fermi level is responsible for this

Fig. 10 Antimicrobial activity of Cu-IPA against four pathogenic strains: (a) P. aeruginosa, (b) E. coli (c) B. subtilis, and (d) S. epidermidis.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Antimicrobial activity of the metallogel®

View Article Online

Paper

Zone of inhibition

Zone of inhibition

Bacterial (mm in diameter) Concentration of Volume of metallogel against Cu-IPA metallogel
strain (s) against streptomycin metallogel (mg mL ™) given (pL) (mm in diameter)

P. aeruginosa (a) 19.4 + 0.40 100 10 20.7 £+ 0.26

E. coli (b) 13.3 - 0.28 100 10 7.06 £ 0.11

B. subtilis (c) 21.2 £ 0.25 100 10 21.06 £ 0.11

S. epidermidis (d) 13.2 £ 0.2 100 10 9.16 £ 0.15

% +Standard deviation.

phenomenon. This behaviour can be used to ascertain the
distinctive trap energy. The text describes how trap density
distribution declines within the forbidden gap below the
conduction band edge.”*®

3.6. Inhibition activity against pathogens

Cu-IPA exhibited strong antimicrobial activity against Gram-
positive B. subtilis and S. epidermidis and Gram-negative E.
coli and P. aeruginosa (Fig. 10). After being placed in the incu-
bator, the metallogel gradually dispersed throughout the agar
medium. The region where the metallogel concentration was
sufficiently high to inhibit bacterial growth appeared as a clear,
circular zone. The diameter of this zone directly reflected the
potency of the metallogel against the tested microorganisms.
Synthesized derivatives showing comparable inhibition zones
to the control antibiotic are considered as promising antimi-
crobial agents. Also, a reduced inhibition zone relative to
streptomycin does not preclude antimicrobial properties;
rather, it suggests a lower potency at the given concentration.
This characteristic is beneficial in controlled drug treatment,
where a low or moderate level of inhibition is desired. The
observed inhibitory effects of Cu-IPA on microorganisms sug-
gested its suitability for a wide range of antimicrobial applica-
tions. The antimicrobial efficacy of Cu-IPA on the four
aforementioned bacterial strains is presented in Table 2.

4. Conclusions

In summary, a supramolecular Cu(un)-metallogel was success-
fully synthesized by combining copper (1) acetate monohydrate
and isophthalic acid in DMF medium with trimethylamine at
room temperature. FESEM analysis revealed a flake-like
microstructure, while rheological studies confirmed the metal-
logel's mechanical robustness. FT-IR spectroscopy elucidated
the intermolecular interactions that underpin the gel forma-
tion. The semiconducting properties of the metallogel were
highlighted through optical band-gap analysis and further
validated by the fabrication of a metal-semiconductor junction
thin-film device. The ITO/Cu-IPA metallogel/Al sandwich
structure exhibited a high rectification ratio and enhanced
photosensitivity, demonstrating its potential for applications in
optoelectronics and rectification technologies. Moreover, the
Cu-IPA metallogel showed strong antibacterial activity, sug-
gesting its significant promise in pharmaceutical and biological

18400 | RSC Adv, 2025, 15, 18392-18402

applications. The adaptability of the synthesis process enables
the customization of material properties for specific needs,
which may pave the way for further exploration in material
science. This work emphasizes the value of interdisciplinary
research in advancing innovative material designs to tackle
pressing societal challenges. By integrating Cu(u)-metallogels
into practical solutions, this study lays a foundation for
advancements in healthcare, environmental protection, and
cutting-edge electronics. The findings underline the trans-
formative potential of supramolecular materials in addressing
critical technological and biomedical needs.
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