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A multistimuli responsive and self-healing Zn(n)-
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Utilization of naturally available biomolecules such as nucleosides with several coordination sites as organic
counterparts for the synthesis of multifunctional self-assembled metal-organic gels is important,

considering the time and efforts required for the design of organic ligands that can coordinate to metal

ions, forming a gel. In the present work, inosine, a simple nucleoside has been utilized as a ligand for the

generation of a supramolecular metallo-hydrogel through coordination with Zn?* ions in the presence
of NaOH. Several spectroscopic, microscopic and rheological investigations have been performed to
characterize the formed gel. The obtained metallo-hydrogel is transparent, and the transparency can be
tuned depending on the amount of NaOH used. The Zn-inosine metal-organic gel exhibits several

functional

properties such as self-healing,

stimuli responsiveness, thixotropy, and injectability.

Furthermore, the freeze-dried Zn—inosine xerogel exhibited selective gelation of water, which has been
utilized to separate water from mixtures that include organic solvents (or oils) and water. The

semiconducting characteristics of the Zn—inosine metallogel have been used for device fabrication
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based on the Schottky diode interface between a semiconductor and metal. The fabricated device was

found to be photo-responsive in nature and exhibited better device parameters when illuminated with
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1. Introduction

Supramolecular gels constitute an important category of soft
materials due to their multifunctional applications in
numerous fields such as catalysis, sensing, optoelectronics,
drug delivery, tissue engineering, the environment and
energy."* Such gels can entrap a large volume of solvent and
thus can mimic soft tissues. Supramolecular gels are con-
structed using compounds with low molecular weight that can
self-assemble into nanostructures with the help of various
noncovalent interactions such as H-bonding, coordination, pi-
pi stacking, electrostatic and hydrophobic interactions.'*™*”
Supramolecular gel formation is usually triggered by the use of
external forces like heating-cooling or sonication. The gel
formation can also be triggered by incorporating metallic
components such as metal ions or metal-organic components
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light. The present results are anticipated to lead to the development of newer soft materials constructed
using simple biomolecules for environmental and electronic applications.

with the building blocks. The metallic components can also
establish additional interactions within the building blocks and
result in the self-assembly of organic building blocks, leading to
the formation of metallogels."®*® Furthermore, the formation of
metallogels is an attempt to blend the physico-chemical prop-
erties of metallic components with the soft unique features of
the organic linker to generate a hybrid material with superior
properties.”>** The dynamic metal-ligand coordination inter-
action in metallogels can easily be deformed and reformed, as
a result of which several metallogels have demonstrated self-
healing and stimuli-responsive properties.>*>* However,
designing organic linkers that can coordinate with metal ions to
generate metallogels is often time-consuming, costly, and
cumbersome.***” Therefore, researchers have focused on the
use of readily available and cost-effective small biological
molecules as ligands for the formation of metallogels. Small
biological molecules such as amino acids, nucleobases, nucle-
osides, nucleotides, etc. are promising materials for metallogel
formation due to the presence of multiple H-bonding as well as
coordination sites to which the metal ions can coordinate.?®°
Nevertheless, limited literature is available that has shown the
utilization of naturally occurring, unmodified biomolecules as
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organic ligands for the formation of metallogels, and the use of
biomolecules for metallogel formation is still in its infancy.**
Furthermore, the generation of a metal-biomolecule supramo-
lecular gel that selectively gelates an organic or aqueous solvent
is advantageous for applications such as the recovery of oil
spills or the removal of water from organic solvents/oils.****
Therefore, the development of phase-selective supramolecular
gels that can be converted to xerogels and have the ability to
swell upon the addition of solvent is an area of utmost interest.

Metallogels have found widespread use in various applica-
tions related to health, energy, and the environment. The
presence of metal ions in metallogels can improve the
conductivity of the system, endow them with excellent charge
transport properties, and make them potential candidates for
the fabrication of electrical and optoelectronic devices.****¢
One of the important parts of such devices, which is critical for
the performance and proper functioning of the device, is the
metal-semiconductor (MS) junction. Schottky barrier diodes
(SBDs), an important optoelectronic device with a low opera-
tional voltage, and lower barrier height are considered to be
superior to the conventional p-n junction. In a typical SBD,
a metal functions as the Schottky layer, while a semiconductor
functions as the drift layer. Although, supramolecular gels
promise to be an ideal candidate for the formation of
SBDs,*>*~** their utilization for soft electronic applications has
been limited largely due to the non-conductive nature of the
formed gel.

Herein, we report our results on the fortuitous formation of
a supramolecular metallo-hydrogel based on the interaction of
a commonly available nucleoside, inosine, with Zn** ions.
Inosine was chosen as a ligand, as it has three possible metal
coordination sites and a few H-bonding sites. Zn>" ions were the
metal ions of choice, because they are relatively inexpensive,
have semiconducting characteristics, and are utilized in energy
and power storage devices. Although the nucleotide inosine-5’'-
monophosphate (IMP) is known to form a metallogel upon
interaction with Ag" ions,** pure unsubstituted inosine has not
been used as a ligand for metallogel formation. The gel
formation is instantaneous and occurs at room temperature in
a few minutes. The Zn-inosine (Zn-I) hydrogel was transparent
and exhibited stimuli responsiveness towards pH and chem-
icals. Moreover, the Zn-I gel was self-healing in nature and also
exhibited thixotropic and injectable properties. The gel was
semiconducting in nature and has been utilized for the fabri-
cation of a photosensitive SBD with excellent device parameters
in the presence of light. The freeze-dried Zn-I xerogel had the
unique capability to swell up upon the addition of water, which
has been utilized for the phase-selective gelation of water in
a water-organic solvent mixture.

2. Experimental section
2.1 Materials

All the transition metal salts (manganese chloride, cobalt
chloride, ferric nitrate nonahydrate, nickel chloride, zinc
acetate dihydrate, zinc nitrate hexahydrate and zinc chloride),
phytic acid, inosine, guanosine, adenosine, thymidine, cytidine,
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uridine, methylene blue and rhodamine B were procured from
Sisco Research Laboratories, India. The lanthanide metal salts
(erbium chloride, neodymium chloride, samarium chloride,
terbium chloride, dysprosium chloride, praseodymium chlo-
ride, and gadolinium nitrate), and lithium hydroxide were
procured from Sigma-Aldrich. Ethylenediaminetetraacetic acid
(EDTA), trifluoroacetic acid (TFA), imidazole, ammonia, sodium
hydroxide, ethanol, hexane, hydrochloric acid, and nitric acid
were bought from Merck, India. Potassium hydroxide was
procured from Fisher Scientific. All the chemicals were used as
received, without any additional purification. MilliQ water was
utilized in all the experiments.

2.2 Instrumentation

Field Emission Scanning Electron Microscopy (FESEM) images
were obtained on a Nova Nano FESEM 450 that was purchased
from FEIL The sample was loaded after coating it with gold in
order to make it conductive. Transmission electron microscopy
(TEM) images have been acquired using a Tecnai G2 20 S-TWIN
electron microscope from FEI. The rheological investigations
on the gel were carried out with a rheometer from Anton Paar
(MCR 302) utilizing a parallel plate geometry (50 mm). A Per-
kinElmer LAMBDA-750 UV-visible-NIR spectrophotometer was
used to perform the UV-visible studies. The FTIR studies were
performed on a PerkinElmer FTIR spectrometer (Spectrum-2) in
KBr pellet mode. X-ray photoelectron spectroscopy studies were
performed on Omicron Nanotechnology equipment with Al Ko
(1486.7 eV) as the X-ray source. Mass spectrometric analysis was
conducted using a high-resolution mass spectrometer (Xevo G2-
S QTof) from Waters, USA. A sourcemeter (Keithley 2450) was
utilized to investigate current-voltage (I-V) characteristics of the
fabricated SBD. An SDA probe station (B1500A) supplied by
Agilent Technologies was used to assess the device parameters.

2.3 Synthesis of the Zn-inosine metallo-hydrogel

The Zn-inosine hydrogel was synthesized by mixing aqueous
solution of the metal salt and aqueous alkaline solution of
inosine. Briefly, inosine solution (0.1 M) was prepared by
dissolution of 26.8 milligrams of inosine in 1.0 mL of alkaline
water (0.82 mL H,O + 0.18 mL NaOH (1 M)). Another solution
(0.1 M) containing the zinc salt (acetate/nitrate/chloride) was
prepared by simply solubilizing the respective metal salt in
water. To obtain the Zn-inosine hydrogel, both the above
solutions were mixed in a 1: 1 ratio (v/v) in a glass vial and kept
for three hours without being disturbed.

2.4 Electron microscopic studies

The sample for FESEM was prepared by dilution of the gel
sample using water. A piece of gel was taken in a 2 mL tube with
the help of a microspatula. 0.5 mL of water was then added to
the tube. A micropestle was then used for crushing the gel in
water, followed by shaking the tube. The resulting dispersion
(50 pL) was then dropcast on a cleaned glass slide (1 ecm x 1 cm)
and left for drying for 24 h at room temperature in a desiccator.
The sample for TEM was prepared by placing a small fraction of
the gel onto a carbon coated Cu grid. The gel piece was removed

© 2025 The Author(s). Published by the Royal Society of Chemistry
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from the grid after 5 minutes and the grid was dried for 24 h at
room temperature.

2.5 Rheological analysis

The rheological studies of the as-synthesized gel were per-
formed using 1.0 mL of Zn-inosine gel utilizing a parallel plate
geometry (50 mm). The hydrogel was taken out from the tube
and placed on the plate of the rheometer using a clean spatula.
The experiment was carried out maintaining a temperature of
25 °C. To perform the dynamic strain sweep studies, a constant
frequency of 10 rad s ' was used. The frequency sweep
measurements were performed at a constant strain of 1% with
the angular frequency being varied from 0.05-100 rad s
Thixotropic measurement was performed by successive appli-
cation of maximum (100%) and minimum (0.1%) strains at
a definite time duration at 25 °C.

2.6 Electro-spray ionization mass spectrometric (ESI-MS)
analysis

ESI-MS investigation of the Zn-inosine gel was carried out in
water. Briefly, 20 mM aqueous solution of inosine (in NaOH)
was prepared by diluting the stock solution (100 mM) prepared
by dissolution of 26.8 mg inosine in alkaline water. Separately,
an aqueous solution of Zn(CH;COO), with a strength of 20 mM
was prepared. Both the solutions were mixed in a 1: 1 ratio (v/v),
resulting in a clear solution. This transparent solution was then
incubated for 60 minutes at room temperature and ESI-MS
studies were performed. HPLC grade water was used for the
preparation of samples for ESI-MS studies.

2.7 Determination of Zn: inosine stoichiometry using Job's
plot

The stoichiometry (metal:ligand) in the Zn-inosine complex
was evaluated using Job's plot. 5 x 10~> M aqueous solutions of
both inosine (in NaOH) and Zn(CH3;COO), were used for con-
structing the plot. The UV-visible spectrum of the solutions
prepared by varying the mole fraction of both the ligand and
Zn(CH;COO0), was recorded. The stoichiometry was determined
by plotting AA X xi, against xi, where AA represents the change
in absorbance and xy, is the mole fraction of inosine.

2.8 Self-healing studies

To study the self-healing nature of the as-synthesized gel, the
Zn-I1 gel was carefully taken out from the glass vial and placed
on a Petri dish. The gel was cut into two equal pieces. Then both
the gel pieces were brought close to each other and slightly
pressed and left undisturbed for 1 h to allow for the self-healing
process. Rh B dye doping was used for clarity in one of the
blocks of gel.

2.9 Stimuli responsiveness of the Zn-I gel

The stimuli responsiveness of the Zn-I gel was investigated by
subjecting the hydrogel to variety of chemicals and pH, and
observing the transition from a gel to the sol state visually.
Briefly, 1.0 mL of the gel was prepared in a glass vial, and acids/
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bases and chemicals with different concentrations were added
to the gel, and the visual outcome was noted.

2.10 Phase selective gelation and separation of water from
oils/organic solvents

The Zn-1 xerogel possessed the unique property to selectively
gelate water and swell, which was used for separating water
selectively from a mixture of water and organic solvents. The
Zn-1 xerogel was obtained by lyophilization of the Zn-I hydro-
gel. The freeze-dried xerogel (50 mg) was mixed with a mixture
containing 1 mL of water and 1 mL of hexane. For better visu-
alization, Rh B dye was mixed with the water fraction. The
mixture was kept undisturbed for 8 h, when the water fraction
containing the dye was gelled, leaving behind the hexane frac-
tion. A conventional decantation could be used to retrieve the
hexane layer. Similar studies were performed using common
oils such as pump oil, petrol, olive oil, mustard oil, silicone oil,
and coconut oil, which demonstrated the applicability of the
Zn-1 xerogel for selective removal of water from a mixture of
these oils and water.

2.11 Device fabrication

Indium-doped tin oxide (ITO) coated glass substrates were used
to fabricate the electrical device. Acetone and deionized water
were used to wash the ITO substrate after it had been ultra-
sonically cleaned using a soap solution. Spin coating was used
for two minutes at 1000 rpm and then for two minutes at 1500
rpm to coat the supramolecular Zn-inosine metallogel on the
ITO-coated glass substrate. In a vacuum oven, the thin films
were subjected to drying for a short while at 100 °C. The
thicknesses of the thin films that were formed were determined
to be around 1 um by use of a surface profilometer. With
thermal coating equipment, the silver metal electrode for the
contact electrode was deposited. The spherical dots on the
surface of the metal electrodes (Ag) were deposited using
a shadow mask.

3. Results and discussion
3.1 Synthesis of the Zn-inosine metallo-hydrogel

The formation of the Zn-I gel could be achieved by simple
mixing of an aqueous Zn(CH;COO), solution (100 mM) and an
alkaline inosine solution (100 mM, pH 12.4). Initially, a turbid
sol was formed upon mixing both components, which trans-
formed into a transparent gel within 30 minutes of standing
(Scheme 1). This suggested that the coordination between Zn**
ions and inosine followed a fast kinetics, and the Zn®" ions
triggered the self-assembly of inosine into ordered nano-
structures that could trap water molecules. It was interesting to
note that unlike many of the reported supramolecular gels, the
Zn-1 gel formation did not require the assistance of external
conditions such as sonication or heating-cooling,*»* and the
gel formation occurred at room temperature. The hydrogel
formation was initially confirmed by the tube inversion method,
which prevented the flow of the mass under gravity (inset of
Fig. 1a). It is important to mention that only Zn>* ions could

Nanoscale Adv., 2025, 7, 1923-1936 | 1925
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_ Inosine ) .'rurbldsol)

Scheme 1 Schematic representation of Zn—inosine hydrogel formation using Zn?*

form a gel with inosine. Using other common transition or
lanthanide metal ions resulted in the formation of either
precipitates or clear solution (Fig. S11). The specificity of Zn**
ions towards gel formation could be attributed to higher-
ordered self-assembly in the Zn**-inosine system through
multivalent crosslinking induced by Zn®" ions, which is not
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_ Gel )

ions and alkaline solution of inosine at room temperature.

possible with other metal ions.>* The Zn-I gel was stable for
months as no observable change was noticed even after
standing for months (Fig. S2}). The Zn-I gel, unlike many
supramolecular gels, exhibited stability even at temperatures
greater than 90 °C without showing any visual change or solvent
leakage.

Fig. 1

(a) FESEM image showing the entangled fibrous network-like morphology of the Zn—inosine gel (inset: digital image of a transparent Zn—

inosine gel, showing the absence of flow upon tube inversion), (b) magnified FESEM image, (c) TEM image, and (d) higher magnification TEM

image showing the nanofibrous morphology of the Zn-inosine gel.
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3.2 Morphological characterization of the Zn-inosine
hydrogel

We employed electron microscopic techniques to understand
the morphology of nanostructures responsible for Zn-I metallo-
hydrogel formation. The FESEM images of the Zn-I hydrogel
demonstrated the formation of intertwined nanofibers (Fig. 1a
and b). The diameter of individual fibers was calculated to be
40-60 nm and the length was calculated to be in the micrometer
regime. The TEM images of the hydrogel further validated the
formation of nanofibers. These nanofibers through entangle-
ment led to the formation of a three-dimensional network of
fibers (Fig. 1c and d). The diameter of the nanofibers calculated
using the SEM images was comparable to those obtained using
the TEM images. The water molecules can understandably be
immobilized by the nanofibers forming such a dense network.

3.3 Rheological studies

The viscoelastic nature and the mechanical stability of the Zn-1
gel were evaluated using rheological measurements. From the
strain sweep rheological measurement, it was found that the
value of the elastic storage modulus (G') was considerably
higher than the loss modulus (G”) up to a strain of 19%, indi-
cating the dominance of elastic solid-like behaviour of the Zn-I
gel over liquid like viscous nature (Fig. 2a). However, beyond
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a strain of 19%, the viscous nature dominated the elastic
behavior, as evidenced by the larger values of G” than G',*?
indicating the conversion from the gel to the sol state at strain
values greater than 19%. Furthermore, the frequency sweep
rheological investigation also ascertained the supremacy of the
elastic solid-like nature over the viscous behavior of the Zn-I
hydrogel (Fig. 2b). The values of G’ were higher than G” by an
order of magnitude in the whole frequency range (0.1-100 rad
s ). Next, we studied the thixotropic behavior of the Zn-I
metallo-hydrogel to investigate the role of strain in the
mechanical properties of the Zn-I gel during a defined time
period, by escalating the strain value to a maximum and then
decreasing back to the initial lower strain at 25 °C during the
time limit (Fig. 2c). We sequentially applied the maximum
(100%) and minimum (0.1%) strain at specific gaps. The strain
value was varied so that at higher strain values (100%) the gel
could completely lose the elastic behavior (G” > G’) and upon
decreasing the strain (0.1%), the elastic nature could be
regained (G’ > G”). As expected, upon application of 0.1% strain,
the values of G’ dominated those of G’ by 1 order of magnitude.
However, when we increased the strain to 100%, it was observed
that the viscous behavior of the Zn-I gel dominated the solid
like elastic nature. Upon decreasing the strain back to the
minimal value (0.1%), it was found that the elastic nature again
dominated the viscous behavior. Such cycles could be repeated

—=— G' (Storage Modulus)
—e— G" (Loss Modulus)

0.1 1

10 100

Angular Frequency (rad/s)

Fig.2 Rheological studies of the Zn—inosine metallo-hydrogel, (a) strain sweep rheology of the Zn—I gel up to a strain of 100%, and (b) frequency
sweep rheology of the Zn—I gel performed by fixing the strain at 1%. (c) Thixotropic loop test of the Zn—I hydrogel performed via continuous step-

strain measurement with a fixed angular frequency (10 rad s %)

been doped using methylene blue dye for clarity.
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and (d) digital image showing the injectable properties of the Zn—I gel. The gel has
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several times. It was found that up to 75% of the G’ value could
be recovered after three cycles, which indicates that the material
has the potential to be used as an injectable soft material. The
thixotropic nature of the Zn-I gel inspired us to evaluate its
injectable properties. As can be seen from Fig. 2d, the Zn-I
hydrogel could be pulled using a syringe easily and is injectable
in nature, suggesting its potential in drug delivery applications.

3.4 Spectroscopic characterization

The stoichiometry of Zn>":1 in the formed gel was evaluated
using UV-visible studies. The mole fractions of the Zn>" ions
and inosine were varied to construct a Job's plot, which sug-
gested a stoichiometry of 1:1 between Zn>" ions and inosine
(Fig. S37), in accordance with the formation of the stable get at
a 1:1 molar ratio of both components. FTIR measurements
were carried out to understand the coordination of Zn** ions to
inosine (Fig. S41). The FTIR spectrum of pure inosine displayed
aweak band at 3537 cm™ " and a medium intensity band at 3384
cm ! attributed to O-H stretching vibration in the sugar moiety.
In the case of Zn-I, both these bands were not observed, and
a broad band with strong intensity at 3435 cm ™" was noticed,
which indicated the presence of water molecules in the Zn-I
xerogel. Furthermore, the strong intensity band at 1696 cm ™!
due to C=O0 stretching vibrations in inosine shifted to 1632
cm ' with a decrease in intensity in the Zn-I gel, indicating the
probable role of the C=0 group in either H-bonding or binding
to Zn>" ions. Furthermore, the peak at 1592 cm™* due to C=N
stretching of the purine ring almost completely disappeared
suggesting the involvement of the purine ring in metallation.
The changes in the stretching vibrations of the C-N bond of the
imidazole ring from 1352-1425 cm™" further confirmed the
binding of the metal ion to the purine ring of inosine.** The
oxidation state of zinc in the Zn-I gel was probed using X-ray
photoelectron spectroscopy (XPS). The XPS survey spectrum of
the Zn-I xerogel showed the presence of C 1s, N 1s, O 1s, and Zn
2p at their characteristic binding energies (Fig. S5at). The high-
resolution XPS spectrum of Zn 2p showed the presence of peaks
at 1045.6 and 1022.4 eV, characteristic of Zn 2p,,, and Zn 2p;,
(Fig. S5dt), respectively. The difference of 23.2 eV between the
two binding energies confirmed the presence of zinc in the +2
oxidation state.®® ESI-MS of the viscous aqueous mixture ob-
tained by mixing inosine in NaOH (20 mM) and Zn(CH3;COO),
(20 mM) in a 1:1 ratio (v/v) showed an intense peak at a m/z
value of at 468.7228 (Fig. S671), indicating the formation of
ZnI(CH3COO)(H,0)3. This basic unit of the complex can coor-
dinate to another inosine unit through Zn** ions, and result in
chain extension, forming nanofibers.

3.5 Control experiments

Next, we performed several control experiments to establish the
conditions suitable for stable Zn-I gel formation. It was found
that the lowest concentration of both reactants that could result
in gel formation was 40 mM (Fig. S71). Below a concentration of
40 mM, only a viscous sol was formed. The SEM image of
viscous sol obtained using a 20 mM concentration of both the
reactants also showed the formation of nanofibers (Fig. S87).
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Nevertheless, a higher concentration of the reactants (>40 mM)
was necessary for gel formation. It was found that using a molar
ratio of both components of 1:1 (0.1 M: 0.1 M) resulted in the
formation of the most stable gel (Table S1f). When the
concentration of Zn>" jons was changed, keeping the concen-
tration of inosine constant (0.1 M), a rather weak gel was formed
(as observed physically). Similar results were obtained when the
concentration of Zn”>* ions was kept constant (0.1 M), and the
molar ratio of inosine was varied. Furthermore, it was also
confirmed that gel formation only occurred under alkaline
conditions, as at a neutral or acidic pH, only a transparent
solution was observed (Fig. S9t). We also studied the interac-
tions of other commonly available nucleosides, adenosine,
cytidine, thymidine, uridine, and guanosine, with Zn>" ions
under similar conditions. It was found that gel formation
occurred only with inosine and guanosine, which was expected
as the ability of inosine and guanosine to form complexes is the
highest among all the nucleosides.*® A turbid sol was observed
in the case of all other nucleotides under similar conditions
(Fig. S1071). Next, metal counterions were varied to investigate
their role in stable gel formation. A stable gel was observed in all
the cases (Fig. S11f), confirming that the change in metal
counterions did not affect the gelation. The SEM images indi-
cated the formation of a network of fibers and an intertwined
web-like structure when Zn(NOj3), and ZnCl, were used as metal
salts, respectively (Fig. S121). We also studied the interaction of
inosine and Zn*" ions under similar conditions in methanol
and ethanol. However, instead of a gel, a precipitate was
observed when pure methanol or ethanol was used as a solvent
(Fig. S137). Next, the gelation studies were carried out in mixed
solvent systems, wherein inosine was dissolved in water, while
the metal ion was solubilized in methanol or ethanol. An opa-
que gel was observed in both cases (Fig. S13t), implying the
possible role of water molecules in H-bonding that assists the
gel formation. We also changed the base from NaOH to LiOH
and KOH to understand if the gel formation was specific to
a particular base. However, in all three cases, a transparent gel
was formed (Fig. S141), implying that the gel formation was not
specific to any particular base.

3.6 Possible mechanism for gel formation

Based on all the above results, we propose the following plau-
sible mechanism for the formation of the Zn-I hydrogel. At
alkaline pH, deprotonation of the hydrogen at the N1 position
of inosine results in the conversion of the keto form of inosine
to the enol form. The Zn*" ions can coordinate to the oxygen
atom via the lone pair electrons on the oxygen atom. Another
Zn*" jon then coordinates with the N7 of the inosine unit and is,
in turn, again bound with the oxygen atom of another inosine
unit, thus extending the chain to form a polymeric network.
Furthermore, other non-covalent interactions, such as m-7
stacking between individual strands and H-bonding, assisted
the formation of an entangled network of nanofibers that have
the capability of trapping the water molecules, resulting in the
formation of a hydrogel (Scheme 2). It is, however, imperative to
mention that Zn>" ions tend to form Zn(OH), clusters at a basic

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

Scheme 2 Proposed structure of the complex resulting from the interaction of Zn®* ions and inosine, and schematic representation of the
assembly of the complex into fibers assisted by other non-covalent interactions.

pH. Therefore, the possible role of Zn(OH), clusters in binding
to inosine, leading to the formation of the stable gel cannot be
ruled out. To understand the role of pH and Zn(OH), clusters in
stable gel formation, we performed the gelation of the Zn-ino-
sine system at varying pH values ranging from 7 to 14
(Fig. S15%). It was found that at a pH of 7-9, there is no
observable interaction between inosine and Zn** ions, as a clear
sol is obtained upon interaction of Zn>" ions with inosine at this
pH. However, as the pH is increased to 10 (or 11), the interac-
tion between the metal and inosine is visible, as revealed by the
increased viscosity of the clear sol. Furthermore, as the pH is
increased to 12.5, the interactions between inosine and Zn**
ions are more favorable, as indicated by the formation of a self-
standing transparent metallo-hydrogel. Upon further
increasing the pH, an opaque gel was obtained, suggesting the
possible formation of Zn(OH), clusters in the Zn-I gel, resulting
in opaque gel formation. To confirm if Zn(OH), clusters are
actually formed in any of the gels (gel with inosine at pH 12.5
(L1) and gel with inosine at pH 13.3 (L2) (Table S27)), we per-
formed the powder X-ray diffraction (PXRD) studies on both the
freeze-dried xerogels. The PXRD pattern (Fig. S161) showed an
amorphous nature of the L1 gel and the peaks corresponding to
Zn(OH), could not be observed in the sample. This indicated
that Zn(OH), does not form in the case of L1, which is also
evident from the transparency of the L1 gel. However, in the
case of a freeze dried L2 gel, we did observe some crystalline
peaks, although those could not be indexed to Zn(OH),, sug-
gesting that Zn(OH), is not formed in any of the gels. Further-
more, although the pH of the inosine solution before addition
of Zn(CH;COO0), is ~12.5 for the formation of a transparent Zn-

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

I gel, the pH after the addition of equimolar Zn(CH;COO),
(resulting in gel formation) decreases to ~7.0, which further
rules out the possibility of the formation of Zn(OH),. Therefore,
the only interaction responsible for gelation in the present case
is the coordination interaction between Zn>" ions and inosine.

Furthermore, to verify that Zn(OH), alone is incapable of
gelling water, we performed the reaction using varying amounts
of NaOH in the absence of inosine. In all the cases, only a white
precipitate rather than a gel was observed (Fig. S177), clearly
indicating that only Zn(OH), cannot gel the water. Thus the gel
formation in the present case is due to the coordination of
inosine with Zn>" ions.

3.7 Stimuli responsiveness of the Zn-I gel

The weak non-covalent interactions that play a critical role in
metallogel formation can often be modulated by application of
appropriate stimuli such as chemicals, pH or heat.**** Under
the influence of these stimuli, the coordination bond between
the metal ion and the ligand can be deformed leading to a gel to
sol transition. However, upon removal of such stimuli, the sol to
gel transition can be restored. In the present case also, it was
observed that the Zn-I gel exhibited multiple stimuli respon-
siveness towards pH and chemicals (Fig. 3). We observed that
adding a few drops of 1 M hydrochloric/nitric acid to the
transparent Zn-I gel resulted in the collapse of the gel in a few
minutes. Nevertheless, the gel-to-sol transition could be
reversed when an equivalent amount of base (NaOH) was
added. The findings indicate that in the presence of an acid, the
dynamic coordination interaction between Zn>" ions and ino-
sine is broken which results in the gel-to-sol transition.

Nanoscale Adv., 2025, 7, 1923-1936 | 1929
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Fig. 3 Digital images demonstrating the stimuli responsiveness of the Zn-inosine metallo-hydrogel towards pH and chemicals.

Furthermore, when an equivalent amount of the base is added
to the sol, the interactions can reform resulting back in the gel
state. We observed a similar gel-to-sol transformation, when 100
uL of a mild acid (4 M TFA) was added to 1.0 mL of the gel. The
sol to gel transition can be recovered by adding an appropriate
amount of NH,OH. Next, we studied the effect of the addition of
1 M NaOH to the gel, which resulted in the transformation of
the gel into a turbid sol. The gel could, however, be recovered by
adding an equivalent amount of acids (HCI/HNOj). The Zn-I gel
also exhibited responsiveness towards chemicals such as EDTA,
phytic acid, and imidazole. The addition of EDTA (or phytic acid
or imidazole) resulted in the transition of the Zn-I gel to the sol
state, which could be ascribed to the higher affinity of EDTA to
Zn** ions as compared to inosine. Due to the higher affinity,
EDTA can displace the inosine from the Zn-I complex, resulting
in the formation of the sol. All the findings suggested that the
coordination bond in the Zn-inosine complex is dynamic and
can be changed depending on the environment and chemicals.

3.8 Self-healing and transparency of the Zn-inosine gel

The presence of dynamic non-covalent interactions in the Zn-I
gel and the excellent thixotropic nature of the Zn-I metallo-
hydrogel, as indicated by the rheological studies prompted us to
evaluate the self-healing nature of the Zn-I gel. The self-healing
behavior of the Zn-I gel was studied by cutting and splitting the
gel block into two halves (Fig. 4a). The cut gel blocks were

1930 | Nanoscale Adv, 2025, 7, 1923-1936

brought close to each other and pressed slightly, and left
undisturbed. Interestingly, the blocks of the hydrogel healed at
the place of cut within three hours to give a single block,
without the aid of any other external healing agents, clearly
signifying the inherent self-healing capability of the Zn-1 gel
(Fig. 4b). After the healing process, it was possible to hold the
block from one end and hover it in air. To ensure clarity, we
added rhodamine B dye to one of the blocks, such that it was red
in color. Next, we brought an alternate dye-doped and undoped
block to construct one block, which could be held horizontally
or vertically (Fig. 4c). Furthermore, it was noted that the mole-
cules of rhodamine B could diffuse from the doped block to the
undoped block, suggesting that there is a continuous exchange
of molecules in the interface region between the two blocks. As
a result of this exchange, a dynamic equilibrium is established
between the constant creation of new fibers and the disruption
of existing fibers, which facilitates the expansion of the network
of fibers across the interface and promotes self-healing.”
Dynamic oscillatory rheology was utilized to quantitatively
study the self-healing behavior of the Zn-I gel (Fig. 4d). The gel
was strained until failure and then the recovery of the gel over
a period of time at a fixed strain of 0.1% was monitored, which
ascertained the self-healing nature of the Zn-I gel. The values of
G’ were slightly lower after the healing process, possibly due to
the loss of water during the failure process. Furthermore, the
mechanical properties of the pristine gel and self-healed gels
were also compared, and it was found that the elastic storage

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Pictorial representation of the self-healing nature of the Zn—inosine metallo-hydrogel. (a) Two blocks of gel (dye-doped and undoped)
cut into four pieces, (b) self-healing of two blocks into one block, and the block being held vertically, (c) self-healed metallogel single block
forming a bridge, and (d) dynamic oscillatory rheological investigation confirming the self-healing ability of the Zn—inosine gel.

modulus had similar values in both cases (Fig. S18t), suggesting
that the gel retained the properties during the healing process.

The Zn-I hydrogel showed excellent optical transparency,
which could be tuned with the concentration of the NaOH used
(Fig. S191). When the concentration of NaOH in the inosine
solution was 0.2 M, a completely transparent gel could be ob-
tained. Below this concentration, gel formation did not occur,
and only a viscous sol was obtained using a NaOH concentra-
tion of 0.15 M. On the other hand, an opaque gel was obtained
when the concentration of NaOH was 0.25 M and above. The

L

Fig. 5
the transmitted red laser light through the Zn—inosine gel.

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

Zn-1 hydrogel exhibited about 93% transmittance in the visible
region (Fig. S201). However, the transmittance in the UV region
was quite weak, which signifies the potential of the Zn-I gel for
applications such as UV-protective soft optical devices.”
Furthermore, when a vial containing the gel was placed over
a piece of paper, the characters were clearly legible (Fig. 5a).
Similarly, when red laser light was focused on the vial con-
taining the transparent Zn-I gel, the laser spot could be
observed on the paper placed behind the vial, indicating the
excellent transparency of the Zn-I gel for red light (Fig. 5b).

(a) Digital image showing the transparent nature of the Zn—inosine gel, when placed over a piece of paper, and (b) digital image showing

Nanoscale Adv., 2025, 7, 1923-1936 | 1931
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3.9 Separation of water from an oil-water mixture

The ability of a gelator to selectively gel one of the solvents in
a mixture of two or more solvents, commonly known as phase
selective gelation has recently attracted attention due to its
technological relevance.******% The use of a carbohydrate-
based organogelator for the phase selective gelation of oils from
an oil-water mixture has been well studied and used for envi-
ronmental applications like oil spill recovery.*>*-%* However,
paucity of literature is evident with regard to the development of
supramolecular small-molecule gelators that selectively gel
water from a water-in-oil mixture. Such hygroscopic phase
selective gelators that can gel water in an oil-water mixture are
important as they can act as a desiccant to remove traces of
water from liquid fuels, as the presence of water in fuels, even in
trace quantities, causes serious damage to the engines. Inter-
estingly, it was found that the addition of water to a freeze-dried
Zn-1 xerogel resulted in the swelling of the gel network, leading
to the formation of a stable hydrogel. It was found that the
swelling of the gel networks occurred only in the presence of
water, and sol was obtained when non-polar solvents were
added to the xerogel. It is known that the gelation ability of

Pump
(o]]]
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Hexane:Water (Dyed) Reformation of gel
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a gelator depends on various factors such as the solubility, H-
bonding between the gelator and solvent molecules, as well as
the non-specific intermolecular interactions such as the dipole-
dipole interactions, etc.** Since inosine can easily be solubilized
in water (in the presence of NaOH) and the presence of water
allows for extended H-bonding interactions, it is highly likely
that gelation of the Zn-I xerogel will be favored in the presence
of water. The ability of the Zn-I xerogel to form a stable hydrogel
in the presence of water was used for the separation of traces of
water from common oils. It was found that the addition of the
Zn-1 xerogel to an oil-water mixture resulted in hydrogel
formation in the water layer, while the oil layer was undis-
turbed. The hydrophobic layer (oil) could be separated from
water by simple decantation (Fig. 6a). Furthermore, the Zn-I
xerogel was also utilized to remove polar impurities such as dyes
via the entrapment of the dye in the gel matrix. It was observed
that the addition of the Zn-I xerogel to a mixture containing dye
in a water and hexane mixture selectively led to the formation of
the gel with the water containing the dye. Freeze drying of the
hydrogel resulted in a dye-entrapped xerogel (Fig. 6b).

Mustard Silicone Coconut
(0]]| Qil

Xerogel (Dyed)
with Water

(a) Digital images showing the ability of the Zn—inosine xerogel to selectively gel water in a mixture containing oil and water, and (b)

photographs indicating the entrapment of dye present in a water—hexane mixture via gelation of the water fraction by the Zn—inosine xerogel.
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3.10 Photosensitive device fabrication

Solid-state UV-visible study was carried out to analyze the nature
of the Zn-I xerogel (freeze-dried). The Tauc plot was used to
calculate the band gap (direct) of the xerogel, and it was found
to be 3.8 eV, indicating that the Zn-I gel exhibited a semi-
conducting behavior (Fig. S211). Taking advantage of the sem-
iconducting nature of the Zn-I gel, we utilized a Zn-1 gel to
fabricate a thin film-coated electronic system predicated on
a metal (Ag)-semiconductor (Zn-I) junction on an ITO-coated
glass substrate (Scheme S17). The I-V characteristics of the Zn-I
gel-predicated device were studied at ambient temperature both
under illumination and non-illumination of light (light inten-
sity ~100 mW c¢cm?) at the corresponding sequentially applied
bias voltage of +2 V. Fig. 7a displays the I-V characteristics of
the synthesized Zn-I based device that were examined under
both dark and light illuminated conditions. The electrical
conductivity of the Zn-I xerogel-based electronic system was
computed to be 2.15 x 107* S m~"' under non-illuminated
conditions. However, in the presence of light, the electrical
conductivity increased to 6.15 x 10~* S m™', indicating the
photosensitive behavior of the metallogel-based thin film
device. The photoresponsivity of the device was calculated to be
2.75. The conductivity of the Zn-1 gel-based device was higher
than those reported for similar devices fabricated using zinc-
based materials.*** The increased conductivity value upon light
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irradiation can be attributed to the so-called “hopping trans-
port” theory, as previously reported.® The I-V curves under both
light as well as dark conditions signified non-linear rectifying
behavior, typical of SBDs (Fig. 7a). The rectification ratio (I,,/
Iog) at the bias voltage of +2 V was calculated to be 34.88 and
49.25 under dark and light conditions respectively. The charge
transport behavior of the Zn-I based electronic device was
further probed by the analysis of the I-V curve by utilization of
thermionic emission theory and Cheung's equation (equations
in the ESI}).**%

The ideality factor (n) and the series resistance (R;) for the
constructed thin film device were calculated using the intercept
and slope of the plot of dV/dIn I vs. I respectively (Fig. 7c). The
ideality factor value under both light irradiated and non-irra-
diated conditions was calculated to be 2.14 and 2.48, respec-
tively, which is far from the optimal value (~1). The departure of
the value from the optimal value indicates the existence of
interface states, inhomogeneities of the Schottky barrier height,
and the series resistance at the junction.®®* Notably, under
photoirradiation, the ideality factor of the metallogel-based
device approaches ideality, i.e., they exhibit less departure from
1. This suggests that at the interface, the recombination of
charge carriers is low, and homogeneity at the Schottky junction
barrier upon photoirradiation improves.

Next, we utilized the plot of H(V) vs. I (Fig. 7d), where H(V) is
the Cheung function (detailed equations in the ESI{) to
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(a) I-V characteristic curves and (b) In / vs. In V curves of the fabricated device under dark and light conditions, (c) dV/dIn [ vs. |, and (d) H vs.
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Table 1 Table indicating the different charge transport parameters of the Zn—inosine thin film device

S. no. Device name Conductivity (S m™") ON/OFF ratio Series resistance from H (Q) Barrier height (eV) Ideality factor
1 Zn-inosine-dark 2.15 x 107* 34.88 1051.29 0.397 2.48
2 Zn-inosine-light 6.15 x 10°* 49.25 839.11 0.487 2.14

compute the barrier height (¢g). The barrier height was ob-
tained by dividing the intercept of the plot of H(V) vs. I with the
ideality factor as obtained from the plot of dV/dInI vs. I. The
values of the ideality factor, series resistance, and barrier height
(¢g) under both dark and light conditions are summarized in
Table 1, which clearly signifies that there is a reduction in the
barrier height upon irradiation with UV light, which can be
attributed to the formation of photo induced charge carriers
and their association close to the conduction band. Thus, it is
evident that the Zn-I gel can be utilized for the fabrication of
a photosensitive thin film device.

Plotting the I-V curves at the logarithmic scale helps to
clearly understand the charge transport events at the MS junc-
tion. It was observed that under both dark and photo-illumi-
nation conditions, the characteristic log(l) vs. log(V) curves for
the fabricated device exhibited distinct slopes (Fig. 7b). Regions
I and II could be used to denote these two areas. In area I, the
value of the slope is roughly 1, which denotes the ohmic regime.
Here, the generated current follows the relation I o V. The
current produced in region II follows the relation I o V* and has
a slope value of approximately 2. This region could be classified
as a trap free, space charge limited current (SCLC) regime.*” The
injection of carriers causes a space charge field to spread if the
background carriers are smaller than the injected carriers. The
current produced in this regime is termed SCLC current, as it is
controlled by the space charge field. The performance of the Zn-
1 gel-based device can be estimated using the SCLC theory.”
Table 1 contains a list of the various charge transport parame-
ters that control how well a device works while it is turned off
and on.

4. Conclusion

In conclusion, the self-assembly of a simple and readily avail-
able nucleoside, inosine, triggered by coordination interaction
through Zn>" ions leading to the generation of a multifunc-
tional metallo-hydrogel has been demonstrated. The self-
assembly of inosine into a stable hydrogel without any external
stimuli, such as heating/cooling, indicates the ability of small
biological molecules to assemble into ordered superstructures,
such as fibers, under the influence of a combination of non-
covalent interactions. The coordination interaction between the
nucleobase and Zn>" ions, H-bonding interactions, and 7
interactions between the inosine units resulted in the overall
self-assembly to form the nanofibers that could trap water
molecules to form a gel. The hydrogel showed stimuli respon-
siveness towards pH and various chemicals. In addition to the
thixotropic and injectable behavior, the hydrogel also exhibited
self-healing behavior without the aid of any additional healing

1934 | Nanoscale Adv., 2025, 7, 1923-1936

agent. The transparency of the Zn-I gel could be tuned
depending upon the concentration of the NaOH used. The gel
demonstrated the unique ability to selectively gel water, which
has been harnessed for the separation of water from mixtures
containing water and organic solvents or oils. Furthermore, the
semiconducting behavior of the gel has been taken advantage of
for photosensitive device fabrication based on the Schottky
diode interface between a semiconductor and metal. The device
exhibited linear rectifying behavior and very good charge
transport characteristics. Thus, the Zn-I gel holds potential for
applications in wastewater remediation as well as for soft elec-
tronic devices.
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(n)-inosine supramolecular metal-organic gel: phase selective
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