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Materials based on typical inorganic compounds, along with their embodied metal-specific features like
redox, magnetic, catalytic and spectroscopic properties, in their as-synthesized economical, end-user
friendly and commercially viable gel states, have manifold practical and strategic advantages. Along
these lines, the work presented herein aims to explore the usefulness of porous gel-based inorganic
compounds, in their original as-synthesized states, for probing their combined electrical, magnetic and
adsorption properties. Accordingly, we have synthesized and thoroughly characterized a benzene
dicarboxylic acid based Cr(m)-metallogel for magnetic and electrical device fabrication. The metallogel
shows an interesting NMOP morphology and is thoroughly characterized using various microscopic and
spectroscopic techniques. Furthermore, rheological studies on the resultant metallogel reveal its
interesting thixotropic behaviour. The Cr-gel has been successfully utilized for fabricating an electrical
Schottky barrier diode with a befitting conductivity value of 1.61 x 1072 S cm™% Moreover, the free
immobilized azide group, featuring in-built charge-separated resonance structures, acts as a proton
carrier facilitator-cum-transporter and shows an impressive proton conductivity value of 3.3 x 107 S
cm™ at 95% relative humidity and 85 °C. The presence of paramagnetic chromium ions also renders a
special physicochemical property, namely magnetism, to the system. The porous and magnetic nature
of the as-synthesized metallogel was also evaluated. DC magnetic susceptibility data confirm the
antiferromagnetic nature of the material. Gas sorption studies, on the other hand, confirm the porous
nature and show the selective CO, uptake ability of the xerogel. Subsequently, the as-synthesized, by
default porous, magnetic metallogel was utilized as an adsorbent for removing toxic organic dyes like
methylene blue, rhodamine B and crystal violet. Interestingly, the as-prepared metallogel also enables
the substantial release of the adsorbed dye molecules for re-use. To the best of our knowledge, this
kind of electrical-magnetic Cr-gel based wastewater treatment technique was not reported hitherto in
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the literature but has a huge potential application in adsorbent based environmental remediation as well

rsc.li/materials-advances as in magnetic or electrical device fabrication.

Introduction

Metallogels, comprising typical inorganic metal-ligand coordi-
nation bonds, have emerged as some of the front runners in the
field of new-age inorganic materials."™ A crucial hurdle that
thwarts the metallogels from being the predominant materials
is the step that involves arresting a relatively heavy metal-
coordinated network in its less-ordered gel state while using
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nothing more than a common low-molecular-weight ligand for
gelation.”” The consequential low-success rates play a major
role in deterring inorganic chemists from conducting metallo-
gelation studies. Two other contributing factors of this apathy
would be: (a) for inorganic compounds, metallogelation mostly
happens serendipitously rather than by design and (b) low
structural predictability, which is deduced from guessing
various possible self-assembly methods.>® The gel state, by
default, represents the short range ordering of gelators and
solvent molecules in nanoscale dimensions. Naturally, the
studies of their self-assembly also demand nano-level instru-
mentation and nanostructural techniques such as scanning
electron microscopy (SEM), transmission electron microscopy
(TEM), atomic force microscopy (AFM) and X-ray photoelectron
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spectroscopy (XPS). In other words, studies on the self-assembled
nanostructures are more concerned about the shapes, sizes,
morphologies or surface phenomena of the bulk materials, which
are markedly different from those of the conventional molecular-
level self-assembled inorganic compounds.'®™"* Notwithstanding,
generating inorganic compounds, along with their embodied
metal-specific properties including redox, magnetic, catalytic and
spectroscopic propetties, in their economical, as-synthesized, often
much more end-user friendly and commercially viable gel states
has manifold practical and strategic advantages."*™*

Interestingly, a special branch of metallogels that are
formed by encapsulating a large amount of solvent molecules
inside their highly cross-linked, intertwined coordination poly-
meric networks can be envisaged as the short-range ordered
aggregated version of crystalline metal-organic frameworks
(MOFs) or coordination polymers.'®™*® The MOFs have emerged
as the most important class of multifunctional materials with a
wide range of applications including magnetic and electrical
device fabrication, adsorption, separation, and environmental
remediation.’®*' The structural similarity, albeit in a short
range, between the coordination polymer based metallogels
and crystalline MOFs brings an interesting possibility of repli-
cating the surface features and physicochemical properties
in the gel state.”®>* Of particular interest are the adsorption
related applications of the by default porous networks of
metallogels along with their magnetic and electrical proper-
ties.>*® The electrical properties of MOFs depend heavily on
the presence of infinite hydrogen bonded networks, which can
result from encapsulated solvents or functional groups present
inside their frameworks.?”*® The metallogels that incorporate
sufficiently large amounts of solvent molecules and that are
sustained by infinite hydrogen bonded networks are therefore a
natural choice for the study of their electrical properties.>**°
Furthermore, the changeover from an ordinary organic ligand
to a gelator is usually brought about by various functional
groups capable of forming extensive supramolecular interac-
tions including hydrogen bonding interactions.*'*> Coinciden-
tally, the presence of such immobilized functional groups,
strategically grafted inside the polymeric networks, can also
facilitate charged species generation and/or transportation,
which are considered to be the most essential features required
for conductivity-based electrical device fabrication.**** Natu-
rally, various ligands with specific immobilized functionalities
like acidic -COOH and -SO;H or N-heterocyclic rings such as
pyrazoles, triazoles, imidazoles, and histamine have been
explored in recent years.*>”

A notable functionality that is absent from these sets
of functionalities would be the azide (-N3) group, despite its
well-known resonance structures comprising distinctly charge-
separated canonical forms.*® The azide group, because of its
unique covalent bond connectivity, therefore has a natural
tendency to instigate charged species generation, which in turn
can create a suitable environment to install proton carriers (e.g.,
H,0) inside the pores and facilitate proton exchange easily.*’

Inspired by the aforesaid facts, we choose 5-azidoisophtha-
lic acid (N3;IPA) to evaluate the role of the azide group.
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The noncoordinating nature of the azide group and the well-
known coordination behaviour of carboxylate groups with
respect to the hard trivalent chromium centre led us to believe
that N3IPA would be an ideal candidate for our investigation.
The reaction of N3IPA with trivalent chromium (Cr(m)) led to
gel formation, which was rather unexpected considering the
fact that the dicarboxylate molecule is devoid of any hydrogen
bonding group. It is noteworthy here that the encapsulation of
a large amount of solvent molecules inside a cross-linked metal-
organic network is the essence of metallogel formation.*”*" The
said solvent encapsulation is usually orchestrated by the hydrogen
bonds and weak intermolecular interactions between the solvents
and ligand molecules fitted with hydrogen bonding functional
groups (commonly amide or urea groups). With the azide group as
the only non-coordinating functional group, the metallogel for-
mation capability of N;IPA is therefore quite remarkable. The
possible supramolecular interactions between the azide group
and solvent molecules are comparatively weak but sufficient
enough to arrest a metal-coordinated network in the gel state.
The incorporation of Cr(m) as a magnetic moment carrier
enhances the possibility of generating a porous magnetic gel.
As such, the magnetic properties of the metallogel were also
studied in detail. We were extremely successful in our aim of
using the as-prepared magnetic metallogel as an adsorbent mate-
rial, which was further corroborated by its selective CO, gas
uptake. The adsorption and release of three representative organic
dyes, methylene blue (MB), rhodamine B (RhB), and crystal violet
(CV), have also been thoroughly investigated. The electrical proper-
ties of the metallogel are consistent with the theme of this work
and fully justify the usefulness of the azide group in Schottky
barrier diode fabrication with befitting improved photosensitized
optoelectronic data. Moreover, detailed variable temperature and
humidity dependent proton conductivity data further pinpoint the
significance of the metallogel in generating electrical devices.

Result and discussion
Synthesis

The ligand, N;-IPA, was prepared in its highly crystalline form,
following our earlier reported method.** Nonetheless, the gel-
forming ability of the ligand was explored in a wide range of
solvents with varying polarity under various experimental con-
ditions including temperature variation and sonication. The
N,-IPA ligand did not form a gel under the above conditions,
even in different pH ranges. The N;-IPA molecule, however,
forms a sufficiently strong metallogel in the presence of Cr(u)
nitrate under heating conditions in a DMF/MeOH (1:1) solvent
system. Although, the metallogelation of N;-IPA was not specific to
the nitrate salt of chromium, as chloride and acetate salts also
form gels, the nitrate salt formed the strongest gel. Furthermore,
the presence of DMF in the solvent system appeared to be a
determining factor in metallogel formation since other polar
solvents except DMF led to precipitation.

In order to have an insight into the nature as well as
the properties of the metallogel, detailed microscopic and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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spectroscopic experiments were performed. Fourier transform
infrared (FTIR) spectroscopy was utilized to differentiate the
behaviour of the functional groups in their free crystalline and
xerogel forms (Fig. S1, ESIT). The carboxylic acid C=0 stretch-
ing band at 1718 cm ™" in the free ligand presents a hump at
1710 cm ™' due to metal-coordination. The appearance of new
bands in the range of 669-513 cm ™" in the IR spectra of the
complex can be attributed to Cr-O stretching, confirming
metal-ligand coordination. Apart from this, a sharp character-
istic peak at 2115 cm ™" is observed for the free -N; group in the
xerogel. A slight decrease in -Nj stretching (2121 cm™" for the
free ligand) indicates a weak interaction of the -N; group with
the solvent molecules. Furthermore, a characteristic peak for
the NO;~ ions of the metal salt appeared at 1384 cm™* for the
xerogel.

The UV-visible spectrum (Fig. S2, ESIt) of the free ligand
shows a broad absorption band at about 261 nm, suggesting
intraligand n-n* transition. For the gel form, the corresponding
absorption maximum remains the same, probably due to no
significant aggregation of the polymeric network. Furthermore,
an ILCT band which appeared at about 295 nm for the free
ligand shifted to a higher absorption region (318 nm) in the gel
state due to the formation of a metal-ligand coordination
complex.

Subsequently, the Tauc formula was utilized to calculate the
optical band gap:*?

ahv = A(hy — Ep)" (1)

where ‘o’ is the absorption coefficient, ‘E,’ is the band gap, ‘7’ is
Planck’s constant, ‘v’ is the frequency of light, the exponent ‘n’
is the electron transition process dependent constant with a
value considered to be 1/2, and ‘A’ is a constant that is
considered to be 1 in an ideal case. Accordingly, the E, of the
gel was determined using the above equation by extrapolating
the linear region of the plot (k) vs. hv to « = 0 absorption. The
calculated E, value turns out to be 3.44 eV, which indicates
that our gel material can be considered as a wide band gap
semiconductor (Fig. S2, ESIT).

It is noteworthy that the physicochemical properties includ-
ing the absorbance and magnetism of metallogels are often
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found to be linked with the morphology of the system. Accord-
ingly, the morphology of the gel system was studied in detail
using various microscopic techniques like transmission elec-
tron microscopy (TEM) and field-emission scanning electron
microscopy (FESEM) techniques. Both microscopic techniques
used on a freshly prepared xerogel reveal a similar morphology,
an aggregation of numerous spherical nanoscale metal-organic
particles (NMOPs).***> As illustrated in Fig. 1, the diameters of
the NMOPs range from 10 nm to 50 nm. Furthermore, energy-
dispersive X-ray spectroscopy (EDAX) data confirm the presence
of the elements of both the metal and the organic molecule
(C, N, O, and Cr) used for gelation (Fig. S3, ESI{). This confirms
that the particles produced are indeed NMOPs, made of both
metal and organic parts, and also confirms the absence of
metallic chromium or chromium oxide nanoparticles. Further-
more, selected-area electron diffraction (SAED) performed on
these NMOPs revealed the amorphous nature of the gel.

In order to confirm the gel nature of the compound, the
viscoelastic properties were determined using amplitude and
frequency sweep experiments performed at a constant tempera-
ture of 298 K. The amplitude sweep experiment was performed
at a constant 10 rad s~ ' Angular frequency (w) within a range of
0.01% to 100% shear strain. The crossover of G’ and G” takes
place at 24.7% shear strain (Fig. 2(a)) or 210 Pa shear stress
(Fig. S4, ESIY). Before the crossover point a linear viscoelastic
region (LVE) is observed and the functions of G’ and G” show
constant plateau values within the LVE region. The frequency
sweep experiment (Fig. 2(b)) was carried out below the critical
shear strain within a range of 100 rad s~ to 0.1 rad s~ " angular
frequency to investigate the viscoelastic nature of the gel and to
determine the frequency dependence of storage (G') and loss
(G") moduli. There was no entanglement effect in this range
and the storage and loss moduli ran in parallel, which confirm
the perfect gel nature.

Interestingly, the metallogel is thixotropic.”® In other words,
the metallogel undergoes a repetitive reversible conversion
from the gel to sol state upon the application of certain external
stimuli such as mechanical shaking, agitation, etc. and returns
to the gel state upon removing the external stimuli and resting.
The thixotropic nature of the metallogel was proved by perform-
ing a typical five-step time sweep experiment. As part of this

Signal A = InLens

Mag= 65.51 KX Date:1 Ma

Fig. 1 Selective (a) TEM and (b) SEM images of the metallogel showing the formation of NMOPs.
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Fig. 2 Rheological data of the gel showing (a) the strain sweep test of the gel, (b) the frequency sweep of the gel, (c) the time sweep experiment to prove

its thixotropic nature and (d) the corresponding hysteresis loop test.

experiment, (Fig. 2(c)) the sample was sequentially subjected to
low (0.5%) and high strains (100%), separated by a certain
amount of time to ensure complete conversion. The application
of low strain sustains the gel-state (G' > G”), whereas the
application of higher strain ruptures the gel state and leads to
gel-to-sol (G” > G') conversion, resulting in the sol state, which
upon the application of low strain reverts back to the gel state.
The thixotropic behaviour was further crosschecked via hyster-
esis loop formation (Fig. 2(d)).*” As part of the three-step loop
test, the viscosity of the gel was measured by varying the shear
rates (a) in the range of 55 ' to 50 s~ * (b) at a fixed 50 s * and
(c) in the range of 50 s~ to 5 s~ . It is imperative note here that
the appearance of the thixotropic behaviour of N;IPA as a
gelator is really intriguing, considering its limited scope of
forming supramolecular interactions, which is the most essen-
tial perquisite to bring about the necessary structural reorga-
nization at the microscopic level.

Metallogel for electrical device fabrication

As for the current contribution, the Cr-based metallogel was
used for Schottky barrier diode (SBD) fabrication and proton
conductivity measurements. This propelled us to utilize our

6370 | Mater. Adv, 2023, 4, 6367-6380

material for diode fabrication using an ITO/Cr-gel/Al sandwich
thin film. The device has been developed following the method
reported in our earlier work*® (see ESIt). The current-voltage
(I-V) relationship of the fabricated device has been studied in
the dark as well as under irradiation (intensity ~100 mW cm?)
conditions at room temperature (300 K) and at the corres-
ponding applied bias voltage sequentially within the limit
+1 V to analyze the charge transport behaviour. All studies
were carried out in a N, filled glove box and at a laboratory
temperature of 26 °C.

The I-V characteristics of the Cr-based device have been
recorded under dark and irradiation conditions (Fig. 3). Under
dark conditions, the electrical conductivity of the device has
been estimated as 1.40 x 10> S m™ ", typical of a semiconduc-
tor. However, once exposed to photoirradiation, the conductiv-
ity of the same device has been estimated as 1.61 x 10" >Sm ™.
It is clear that the conductivity of the device improves con-
siderably under irradiation conditions compared to that under
non-irradiation conditions.

Besides, the illustrative I-V characteristics of the Al/metallo-
gel based interface under both dark and photo-illumination
conditions (Fig. 3) reveal a nonlinear rectifying behaviour,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 /-V characteristics curve of the gel/Al structured thin film device
under dark and photo-illumination conditions.

similar to the Schottky diode (SD). Under photo-illumination
conditions, our material based device exhibits a larger current
which indicates its photosensitivity. Accordingly, we measure
the photosensitivity of our device, which turns out to be 0.70.

Furthermore, the thermionic emission theory was used to
analyze the obtained -V characteristics of the Cr-based SD.
In this regard Cheung’s method has also been employed to
extract important diode parameters*®>® (eqn (S1)-(S7), ESIY).

The ideality factor (1) and the series resistance (Rs) of our
fabricated device have been calculated (Table 1) from the
intercept and the slope of the dV/dInI vs. I plot (Fig. 4(a) and (b))
under both dark and irradiation conditions. The calculated value
of the ideality factor (i7) of the fabricated SD shows deviations from
its ideal value of 1 and has been estimated as 0.72 and 0.82 under
dark and irradiation conditions, respectively. The existence of
interface states and series resistance at the junction and the
presence of inhomogeneities of the Schottky barrier height may
be mainly attributed to such nonideal behaviour.>>>*

However, under photo-illumination conditions the ideality
factor of the fabricated SD approaches a more ideal value
(closer to 1), which is a significant observation. This observa-
tion reveals the reduced recombination of interfacial charge
carriers and the generation of a better homogeneity at the
barrier of Schottky junctions. From this analysis, it may be
concluded that the synthesized gel based SD possesses fewer
carrier recombination centers at the junction, ie. a better
barrier homogeneity even under irradiation conditions.

In order to get a better insight into the barrier homogeneity,
we have calculated the value of barrier height (¢3) from the
intercept of the H(I) vs. I plot (Fig. 4(a) and (b), using eqn (S6),
ESIT). The barrier potential height of the device shows a

Table 1 Schottky device parameters of the Cr-based diode
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reduction under irradiation conditions. This reduction may
occur due to the accumulation of the produced photo-
induced charge carriers near the conduction band. The slope
of the H(I) vs. I plot also gives the series resistance (Rg). The
measured potential heights (¢g), ideality factors (1) and series
resistances (Rg) under dark and illumination conditions for the
metal (Al)-semiconductor (Cr-based gel material) (MS) junction
are tabulated in Table 1. The obtained value of Rg for both
processes show an excellent regularity. The diminution of the
Rg of our device due to exposure to irradiation signifies its
applicability in the field of optoelectronics.

For an in-depth analysis of the charge transport phenomena
at the MS junction, we have further studied the I-V curves. The
characteristic I-V curves under both conditions on the loga-
rithmic scale reveal that they can be differentiated into two
regions (region I and region II) having different slope values
(Fig. 4(c) and (d)).

The first region (region-I), with a slope value of ~1, symbo-
lizes the Ohmic regime, wherein the generated current follows
a simple relation of I oc V. On the other hand, the portion
where the current is proportional to V* is marked as the second
region (region-II) (Fig. 4(c) and (d)). However, a characteristic
slope value of ca. 2 indicates a trap free space charge limited
current (SCLC) regime.*®” It is noteworthy here that when the
injected carriers are more than the background carriers, the
injected carriers spread and generate a space charge field. In
this region the current is controlled by this space charge field
and is known as the SCLC*** and it is as such adopted here to
estimate device performance.

Following this model, the effective carrier mobility has been
estimated from the higher voltage region of the I vs.V? plot

(Fig. 4(e)) using the Mott-Gurney equation:**>%>>
Ypterreoer A (V2
= #effgob (ﬁ) )

where I, &, &, and peg are the current, permittivity of free space,
relative dielectric constant of the synthesized material and
effective mobility, respectively.

The relative dielectric constant has been estimated as 8.02,
measured from the plot of capacitance against frequency (C vs.
f) for the Cr-based film at a constant bias potential (Fig. 4(f)) by
using the equation:

cd

& = —
80A

(3)
where ¢, is the free space permittivity, d is the thickness of the
film, A is the area of the diode, and C is the capacitance of the
material.

Capacitors exhibit a property called capacitive reactance (X),
which is inversely proportional to frequency (f). The formula of

Condition Conductivity (S m™") Photosensitivity Ideality factor (1) Barrier height (eV) R from dv/dInI (Q) Rs from H (Q)
Dark 1.40 x 102 0.70 0.72 0.88 62.43 62.03
Light 1.61 x 10> 0.82 0.73 55.70 57.04

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The electrical data showing (a) and (b) dV/dn/ vs. / and H(l) vs. | curves, (c) and (d) log! vs. log V curves, (e) / vs. V2 curves for the synthesized Cr-
based thin film device under dark and irradiation conditions and (f) the capacitance vs. frequency graph for the determination of the dielectric constant.

capacitive reactance is X, = 1/(2nfC), where C is the capacitance.
As frequency increases, the capacitive reactance decreases,
which means that the effective impedance of the capacitor
decreases, resulting in decreased capacitance at higher
frequencies.

Furthermore, the transit time (7), an important parameter to
analyze charge transport across the junction, was calculated
from the slope of the SCLC region (region-II), as shown in
Fig. 4(c) and (d), using the following equation:>®

e, AV

T TRd <7)
All parameters estimated in the SCLC region demonstrate that
the charge transport properties of the material improve under
illumination conditions (Table 2). The higher mobility implied
a higher transport rate under irradiation, while the number of
charge carriers also increased under the same conditions. The
diode parameters of the synthesized complex based SD demon-
strate superior charge transfer kinetics under irradiation con-
ditions. So, these kinds of materials can pave the way for a very
promising future in device applications.

To check the stability of the nanocomposite gel/Al struc-
tured thin film we have done the measurement at time intervals
of 24, 48 and 72 h. We obtained almost the same pattern and
results with the highest current values of 2.78 x 10~ amp, 3.16
x 1072 amp, and 2.94 x 10> amp respectively. So, we can

4)

Table 2 Charge conducting parameters of Cr-based thin film devices

Condition &, tegg (M> V7157 7 (s) egT (M> V)
Dark 2.52 145 x 107* 780 x 107" 1131 x 107"
Light 2.47 x 107* 465 x 107" 1148 x 1077
6372 | Mater. Adv, 2023, 4, 6367-6380

conclude that the nanocomposite gel/Al structured thin film is
stable. The corresponding current-voltage characteristic graph
is shown in the ESI{ (Fig. S6).

The azide-functionalized metallogel for proton conductivity
measurements

Interestingly, the azide-functionalized metallogel provides us
with a unique opportunity to explore the role of immobilized
functionalities, which can exist as distinctly charge-separated
resonance structures, in improving proton conductivity, the
most important parameter required for an efficient fuel cell
membrane.”’”® Accordingly, detailed proton conductivity
experiments were carried out on a xerogel sample using alter-
nating current (ac) impedance spectroscopy under variable
temperature and relative humidity conditions. As illustrated
in the inset of Fig. 5(a), an equivalent circuit model comprising
bulk resistance (R},), a capacitor (C;) and Warburg impedance
(Zw) has been used for the analysis of the impedance data.
Subsequently, EIS-analyzer software was utilized for fitting the
impedance plots. Based on the above circuit model, the proton
conductivity (o) values from the bulk resistance (R,) are
calculated by using the following equation:

Lt
A )
where t represents the thickness (the distance between two SS
electrodes) and A represents the area of the SS electrode covered
by the xerogel, respectively.

The as-synthesized xerogel sample turns out to be reason-
ably conductive in nature and shows a proton conductivity
value of 3.35 x 107® S em ™" at 30 °C. Two major factors that
dictate the conductivity values are (i) the availability of the

(5)
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Fig. 5 The Nyquist plots of the xerogel at different conductivities col-
lected at (a) different relative humidities at a fixed temperature of 30 °C.
(inset) The impedance data were analysed with an equivalent circuit
model, where C;, Z,,, and R; represent the capacitance, Warburg impe-
dance and bulk resistance, respectively and (b) different temperatures at a
fixed R.H. of 95%.

charged particles (H') which are more often than not sourced
from the externally supplied steam and (ii) the transportation
of the charged particles. While relative humidity can play a
major role in sourcing the charged particles, their
transportation,” on the other hand, can greatly be influenced
by temperature.®® Naturally, a detailed proton conductivity
study was performed by systematically varying temperature
and relative humidity. In the present case, the metallogel does
not show any significant enhancement in proton conductivity
values with RH. With variable RH (at a fixed temperature of
30 °C) proton conductivity values are estimated as 3.35 x 10 °
at 65% RH, 4.03 x 10 ° at 80% RH and 5.03 x 10 ° at 95% RH
(Fig. 5(a) and Table 3). The conductivity, however, exhibits a
temperature-dependent (at a fixed R.H. of 95%) upward trend
while the best value for the metallogel was estimated as 3.30 x

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Proton conductivity values of the xerogel at different tempera-
tures and humidities

Relative humidity (%) Temperature (°C) Conductivity (S ecm™)

65 30 3.35 x 10°°
80 4.03 x 10°°
95 5.03 x 107°
95 40 9.71 x 10°°
55 1.55 x 10°°
70 8.75 x 10°
85 33 x10°*

10~*Scm™ " at 85 °C (Fig. 6(a)). The results are comparable with
a similar class of coordination polymer based gel systems as
well as other crystalline MOFs and coordination polymers.
Furthermore, the xerogel network remained intact, which was
confirmed by matching the IR spectra taken before and after
the above conductivity measurements (Fig. S7, ESIt).

Determination of the mechanism and activation energy of
proton conduction

Generally, the proton conduction process follows two types of
mechanisms, the Grotthuss mechanism and vehicle mecha-
nism. In the Grotthuss mechanism, the first step involves the
generation of charge gradients among hydrogen bonded water
molecules and solvents which subsequently led to charged
species separation in terms of H'. In the next step, the protons
hop from one site to another site of the extended hydrogen
bonded network with a few local rearrangements. In the vehicle
mechanism, protons use entrapped solvent molecules as vehicles
that assist in the transportation of the charged species through
diffusion. Interestingly, the mechanism of proton conduction can
be determined quantitatively by estimating the activation energy
value of the said process. The rule of thumb is that the activation
energy in the range 0.1-0.4 eV implies the Grotthuss mechanism,
whereas the activation energies of 0.4 eV and above imply the
vehicle mechanism.®"*>

The activation energy (E,) of a process can be estimated from
the proton conductivity (op) values at different temperatures
using the following Arrhenius equation:

-k
opT = g9 exp (kB ;) (6)

where ¢, is the pre-exponential factor, E, is the activation
energy, kg is the Boltzmann constant, and T is the absolute
temperature.

Eqn (4) can be restructured into a straight-line equation in
the following manner:

In(0,T) = In o — (EalksT) )

Subsequently, with the help of the straight-line fits of In(s,T)
and 1000/T, the value of E, can readily be calculated from the
slope of the line (Fig. 6(b)). Using the above method, the
calculated activation energy of the current xerogel turns out
to be 0.743 eV. As the E, value of the process is > 0.4 eV we can
conclude that the proton conduction in the xerogel follows the
vehicle mechanism.
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Fig. 6 (a) The proton conductivity results of the metallogel showing a variable temperature proton conductivity trend at a fixed R.H. of 95% and (b)

Arrhenius plot for activation energy estimation.

Considering the coordination polymer based Cr(u) gel, we
found some intrinsic hydroscopic nature of the xerogel which is
evident from TGA data (Fig. S5, ESIt). Further support comes
from the ability of the azide group grafted to the pores of the
network (since it shows selective CO, adsorption) to hold the
water molecules which are the proton source. To confirm this,
we subsequently activated the xerogel through solvent exchange
with CH;CN followed by heating to have a material supposed to
be devoid of entrapped H,O molecules. From the impedance
data and Nyquist plot (Fig. S8a, ESIT) the conductivity was
found to be 2.89 x 10°® S cm™ ' under ambient conditions
which is considerably lower as compared to the reported value.
Besides, unlike the reported data, the nature of the semicircular
path (Fig. S8a, ESIt) indicates the poor conducting nature of the
material. Therefore, to the best of our knowledge there must be a
H' conduction pathway (Fig. S8b, ESIt) present in the system.

Magnetic metallogels

One of the major advantages of a metallogel is that the
introduction of a metal not only strengthens the chassis of
the porous network but also incorporates many metal-specific
physicochemical properties into the system.®> Of particular
interest is magnetism. Furthermore, recent studies have high-
lighted the manifold advantages of magnetic adsorbents over

conventional systems.®* Chromium being a first row transition
metal, with a d* (Cr**) electronic configuration, is expected to
form a magnetic metallogel and prompted us to explore the
magnetic behavior of the resultant gel.

A thorough magnetic study of the xerogel was performed in
order to investigate the magnetic behavior of the metallogel
material. A DC magnetic susceptibility plot is shown in the
form of y,T (x, = gram magnetic susceptibility) vs. T (Fig. 7(a)).
At room temperature, the y,T value is 2.62 cm® g~ ' K. As the
temperature is lowered down, the z,T value also gradually
decreases, probably due to antiferromagnetic interactions.

1/yg vs. T was plotted in the temperature range of 20-300 K
and fitted with the Curie-Weiss equation, 1/y, = (T — 0)/C
(Fig. 7(b)). From the fitting, C = 3.23 cm® ¢ ' Kand 0 = —69.7 K
were obtained. The C value is close to the y,T value at room
temperature. A negative value of 6 suggests indeed antiferro-
magnetic interactions present in the network with adjacent
chromium centres. To further check any magnetic ordering like
behavior, an isothermal magnetization curve was plotted at 2 K.
However, no hysteresis loop was found (inset, Fig. 7(a)).

Magnetic metallogels as porous adsorbents

Metallogels are associated with a couple of intrinsic features
that perfectly overlap with the prerequisites of an adsorbent

3.0
o 25 (b)
g2
D 2.0
3¢
£
O 15-
)
>.41.0-
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Fig. 7 Magnetic data of the xerogel showing (a) the DC magnetic susceptibility plot (inset: the M/Nf vs. H plot of the freshly prepared xerogel at 2 K) and

(b) the 1/y4 vs. T plot.
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material, viz., a porous network and the presence of immobi-
lized functional groups on the surface of the material that can
facilitate the direct interaction with the guest or solvent mole-
cules. It is well known that adsorption capability is directly
proportional to the surface area, which is again related to the
size of the material. In the present case, morphological studies
indicate the enhanced adsorption capability of the Cr-metallo-
gel. The smaller size (10-50 nm) of the NMOPs of the metallo-
gel will enhance the effective surface area. Furthermore, it will
provide more interparticle cross-linking sites in the network,
which can effectively interact and entrap the guest mole-
cule and therefore enhance the adsorption capability of the
metallogel.

In order to check and quantify the porous nature of the Cr-
metallogel, detailed gas sorption studies have been carried out.
The sorption studies were carried out using the corresponding
xerogel. The idea is to remove the entrapped solvent molecules,
while keeping the intrinsic porous network intact. The N,
adsorption measured at 77 K shows a N, uptake of ~24 cc g "
(Fig. S9a, ESI{) with a BET surface area of 7.6 m* g~ '. A Barrett-
Joyner-Halenda (BJH) adsorption average pore diameter of
29.6 nm suggests a characteristic mesoporous feature of the
xerogel. Since N-rich functional groups have a special affinity
towards CO,, we further extended our adsorption experiments
in order to understand the role of the azide (-N;) functional
group present in the gel network in CO, adsorption. The CO,
adsorption was measured at room temperature within a relative
pressure range of 0 to 1 atm. An adsorption of ~12 cc g~ ' of
CO, at room temperature is a considerably high value for a
xerogel system. However, the xerogel absorbs poor amounts
of both N, (approx. 3 cc g ') and CH, (approx. 5 cc g~ ') at room

View Article Online
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temperature indicating the fact that the material shows
selectivity towards CO, adsorption at room temperature (Fig.
S9b, ESTY).

Toxic dye adsorption and release

The above results unequivocally confirm the magnetic-adsor-
bent nature of the as-prepared Cr-metallogel. The next obvious
question then arose as to whether a similar adsorption ability
of the xerogel could be reproduced with toxic organic dyes as
guest molecules. In order to find an answer to the above
question, we carried out detailed adsorption studies with the
three most commonly used water soluble organic dyes, methy-
lene blue (MB), rhodamine B (RhB) and crystal violet (CV).
Investigations were carried out using 1.5 x 10> (M) MB, 1.0 x
107 (M) RhB and 1.5 x 10> (M) CV aqueous solutions because
of their comparable absorbance intensities. In a typical experi-
ment, each dye solution was treated separately with 10 mg of
the freshly prepared xerogel. It was gratifying to note that all
experiments showed a general trend of gradual decrease in the
intensities of colours with time (Fig. S10, ESIf), signifying
the dye adsorption by the chromium based metallogel. The
as-prepared metallogel was found to be highly effective in dye
adsorption, with an adsorption-assisted decolourization per-
centage of 80% within 2 hours. In order to quantify the
adsorption behaviour, the time-dependent changes in intensi-
ties were studied using UV-Vis spectroscopy. Accordingly, the
intensities of the characteristic absorption peaks, at 665 nm for
MB, at 570 nm for RhB and at 600 nm for CV, were recorded
periodically using a UV-Vis spectrometer (Fig. 8(a)—(c)).
Subsequently, the adsorption-assisted removal of the dyes
from the solutions in terms of percentage (Fig. 9(a)) is
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Fig. 8 Time-dependent UV-Vis spectra of (a) MB, (b) RhB and (c) CV showing the gradual change in intensity due to adsorption and (d), (e), (f) are the
time-dependent UV-Vis spectra of MB, RhB and CV respectively showing the gradual change in intensity due to release in ethanol.
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Fig. 9 (a) % Removal of dyes and (b) % release of dyes.
calculated using the following formula: As illustrated in Table S2 (ESIt), the recovery rate of CV was
Co—C, as high as 93%. Finally, the reusability of the Cr-gel was
%Removal = ——— x 100% (8) crosschecked by washing it several times with water-ethanol

0

where C, is the concentration of dye (in aqueous medium)
taken for adsorption and C, is the concentration of dye at a
particular time (¢).

As illustrated in Table S2 (ESIt), the as-prepared xerogel was
found to remove more or less 80% of the dyes from all their
respective aqueous solutions. The IR (Fig. S11a, ESI) spectrum
of each dye-soaked xerogel matches with the xerogel itself
which proves that there is no change in the chemical properties
of the xerogel. Hence, it is a clear case of nothing but the
adsorption of dyes over the available surface of the xerogel.

The above experimental results nicely demonstrate the
effectiveness of the Cr-gel as a magnetic adsorbent for potential
application in wastewater purification. Furthermore, inspired
by recent trends in the re-use of the dye molecules, we also
carried out a detailed investigation of the release, or more
specifically, the desorption of the adsorbed dye molecules from
the as-prepared Cr-gel. Typical preliminary screenings were
done by simply soaking the dye-loaded xerogels in different
solvent systems. The gradual increase in the intensity of the
characteristic colours confirms the release of the organic dyes
(Fig. 10, ESI}).

Ethanol turned out to be the best solvent system. Again,
time-dependent changes in intensities were studied using UV-
Vis spectroscopy to quantify the release of the dye molecules.
Similar to removal experiments, the intensities of the charac-
teristic absorption peaks, at 665 nm for MB, at 570 nm for RhB
and at 600 nm for CV, were recorded periodically using a UV-Vis
spectrometer (Fig. 8(d)—(f)). The absorption intensities for the
dye release experiment were collected till they reach a satura-
tion point with no further increase in intensity. The release of
dyes in ethanol in terms of percentage (Fig. 9(b)) is calculated
using the following formula:

; Chrel
%Release = ——
ads.

x 100% 9)

where C,.. is the concentration of dye (in ethanol) at the
respective time of release and C,qs. is the concentration of
dye at the start of adsorption.

6376 | Mater. Adv, 2023, 4, 6367-6380

solution. The recycled dye-free Cr-gel was equally potent in
adsorbing and desorbing a fresh batch of dye molecules. There
were no significant changes in the IR spectra (Fig. S11b, ESIt)
as recorded after each case of release. The adsorption/
desorption process (Fig. S12, ESIf) can be repeated several
times without any loss of activity of the xerogel.

Conclusion

The aim of the present investigation was to develop a coordina-
tion polymer based metallogel system showing mutually inclu-
sive electrical and magnetic properties. Accordingly, we have
successfully developed a Cr-metallogel using 5-azido isophtha-
lic acid as a linker-cum-gelator molecule. The metallogel
resulted from the not-so-common aggregation of numerous
spherical NMOPs and showed very high gel strength as well
as self-healing, self-sustaining, and thixotropic properties. The
exploration of the electrical properties of the metallogel sup-
ports its candidature as a proton conductivity based fuel cell
membrane and Schottky barrier diode formation. The photo-
sensitivity of our device turns out to be 0.70 and it is an
excellent light-dependent diode with ideality factors of 0.72
(in the dark) and 0.82 (in the presence of light), while the
corresponding conductivity values are 1.40 x 10> S m ™" (dark)
and 1.61 x 107> S m™' (light). Further support for potential
electrical device fabrication comes from proton conductivity
experiments. The free immobilized azide group, featuring in-
built charge-separated resonance structures, acts as a proton
carrier facilitator-cum-transporter and shows an impressive
proton conductivity value of 3.3 x 10°* S em™ ' at 95% relative
humidity and 85 °C. Furthermore, the as-prepared porous
magnetic metallogel was utilized for toxic organic dye removal
from wastewater. Its antiferromagnetic behaviour was con-
firmed by DC magnetic susceptibility data. On the other hand,
the interesting selective CO, gas sorption data further corrobo-
rate the adsorbent nature of the metallogel. Furthermore, the
release of the adsorbed dye molecules from the gel-matrix
confirms the recovery and re-use of the dye molecules. To the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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best of our knowledge, this kind of tandem-arrayed chromium-
gel based wastewater treatment technique has not been
reported hitherto in the literature but has a huge potential
application in magnetic adsorbent based environmental
remediation.

Experimental
Materials and general methods

All chemicals were purchased (Aldrich) and used without further
purification. FT-IR spectra were recorded on a Nicolet MAGNA-IR
750 spectrometer with the KBr pellet-containing samples. Thermal
analysis was carried out with a TA Instruments SDT Q600
instrument under a nitrogenous atmosphere with a flow rate
of 100 mL min~". Mass spectra were collected from a Micro-
mass Q-Tof Micro instrument. The elemental analyses were
carried out using a PerkinElmer 2400 Series-II CHN analyzer
with the accuracy of C, H, and N determination being better
than 0.30% abs. Magnetic data of the xerogel sample were
collected using an MPMS SVSM (MPMS-3) provided by Quan-
tum Design with <10-8 emu sensitivity.

Gelation test

To 10 mg of the ligand dissolved in 0.5 ml of MeOH kept in a
screw-capped sample vial, was added 0.5 ml of the Cr(NO3);
(1 wt% 1 eq. ligand-metal ratio) solution in DMF. The mixture
was kept at 80 °C in an air oven for 7-8 h. A bottle green
coloured gel was obtained which was confirmed by a ‘stable-to-
inversion of the vial’ test method. The IR spectra (Fig. S1, ESIt)
were collected for the xerogel.

IR (400-4000 cm™'): 3415b, 2969b, 2779m, 2439w, 2113s,
1587w, 1384b, 1193w, 1022m, 825m, 775m, 721m, 669w,
540w, 516w.

Rheological studies

Rheological experiments were done with an Antor Paar Com-
pact Modular Rheometer (MCR 102) with high sensitivity (from
7.5 nN m to 2 nN m). A parallel plate measuring system (PP 25)
with a diameter of 40 mm was used. The distance between the
system and the plate was adjusted so as to remove any air gap
between them. The gel was prepared freshly and transferred on
the plate and all rheological experiments were done on the gels
at a constant temperature of 25 °C.

SEM studies

A little amount of gel sample was placed on a clean glass slide
and then it was dried by the slow evaporation of solvents. The
material was then dried under vacuum at 30 °C for 2 days. The
material was silver-coated, and the micrographs were taken
using FESEM apparatus Carl Zeiss AG SUPRA 55 VP-41-32 with
a resolution of 1.0 nm at 15 kV.

TEM studies

A little amount of sample was added into 1 ml of 1:1 DMF-
MeOH in a glass vial and the mixture was sonicated for a few

© 2023 The Author(s). Published by the Royal Society of Chemistry
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hours. Then 1 drop of the solution was drop cast on a 300 mesh
carbon-coated copper grid, dried under vacuum and mounted
on a JEOL JEM 2010 high-resolution microscope instrument
with a point resolution of 0.19 nm for TEM imaging and
operating at an accelerating voltage of 200 kV.

Spectral studies

For FTIR studies spectra were collected with samples prepared
as KBr pellets. UV-Visible studies were performed on a CARY
100 Bio UV-Vis spectrophotometer (wavelength(s): 190 to
900 nm, light source: tungsten halogen) with an accuracy of
+2 nm, taking 2.5 x 10~° (M) ligand solution prepared using
1:1 DMF/MeOH solution. 10 mg of the gel was dissolved in
10 mL of a DMF/MeOH mixture and diluted 5 times to get the
spectra.

BET measurements

The freshly prepared xerogel was activated prior to its adsorp-
tion experiments. For activation, 200 mg of the xerogel was
dipped in 30 ml of a 1:1 DCM-MeOH mixture and kept for 24 h
under stirring conditions so as to get rid of high boiling
solvents like DMF trapped in the pores. After solvent exchange
the material was filtered and was heated in a vacuum at 80 °C
for another 12 h. After that the xerogel was degassed for 24 h at
a target temperature of 80 °C followed by N, adsorption at 77 K
using a Micromeritics ASAP 2020 adsorption analyzer with an
accuracy within 0.15% of reading.

SBD device fabrication

For the fabrication of the Al-Cr Schottky device, an indium tin
oxide (ITO) coated glass substrate was cleaned with acetone,
distilled water, and isopropanol repeatedly and sequentially in
an ultrasonication bath for 20 min. At the same time, a well-
dispersed solution of the complex salt in the N,N-dimethyl-
sulfoxide (DMSO) medium was prepared and spin-coated onto
the pre-cleaned ITO coated glass at 600 rpm for 1 min employ-
ing an SCU 2700 spin coating unit. The spin coating was
repeated another 4 times. Thereafter, it was dried in a vacuum.
The thickness of the film was measured using a surface profiler
and calculated as 1 pm. The aluminum (Al) electrodes were
deposited onto the film using a vacuum coating unit (12A4D of
HINDHIVAC) at a pressure of 10~ ° torr. The area of the Al
electrodes was maintained as 7.065 x 10~° m” using a shadow
mask. The current-voltage measurements of the fabricated
device employing the complex salts (1 and 2) were carried out
using a Keithley 2635B source meter (accuracy is the same as
the current source: <=+(0.1% + 10 mV) typical) interfaced with a
PC under dark conditions in the voltage range of —1Vto +1V at
room temperature.

Solid state proton conductivity experiments

Almost 150 mg of the powdered Cr based xerogel was sand-
wiched between two carbon paper sheets after pelletizing the
sample by maintaining 5 ton cm > pressure in a hydraulic press
for 2 min. Carbon papers have the ability to reduce the contact
resistance between the electrodes and sample. After the
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pelletization process was completed, the diameter and thick-
ness were measured cautiously. The diameter of the pellet is
around 1 cm and the thickness is around 0.1 cm. The sand-
wiched pellet was then put between two probe electrodes
(electrode||sample||electrode) made of stainless steel. An alternat-
ing current electrochemical impedance spectroscopy workstation
was used for performing proton conductivity experiments. The
spectra were recorded by applying a 100 mV DC potential, in the
frequency range of 1 Hz to 1 MHz. Our homemade humidity
chamber was used to maintain specific temperature and humidity.
To specifically adjust to certain conditions, 8 hours of time was
given between each measurement. During low humidity experi-
ments (at 65% RH), the pelletized sample was kept in a humidity
box under specified conditions for 6 hours prior to each measure-
ment. A CH Instruments electrochemical workstation (with 16-bit
resolution, 0.003% accuracy) operated using its own software
was used for impedance spectroscopy data collection. After that,
ElS-analyser software was used for fitting the data with appropriate
electrical circuits to get conductivity values.
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