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ABSTRACT: A mechanically stable and thermo-irreversible supramolecular Ni(II)-
selective gel (MG) has been developed by utilizing the N,O-donor Schiff base (E)-1-((4-
(diethylamino)phenylimino)-methyl)naphthalen-2-ol (HL) gelator and Et;N in binary
THF:CH;OH (1:1) solutions at room temperature (rt). Metallogel MG has been Ia!
characterized by spectral and analytical techniques, i.e.,, ESI-MS, FT-IR, NMR ("H & "*C), O
powder-XRD, FE-SEM, and rheological analysis. Further, noncovalent interactions
responsible for the gelation mechanism have been illustrated with the aid of powder-

XRD and FE-SEM analysis. The toughness, viscoelasticity, and flow behavior of MG were

explored through rheological studies. Rheological and compressive measurements showed

higher values of storage modulus and rigidity of MG; however, the flow property along with
enrichment of toughness in MG can be an analytical metric for various engineering and

J
industrial applications. Eventually, a Schottky barrier diode (SBD) was successfully RN N
constructed to mimic the functionality of MG-based metal—semiconductor (MS) junction

devices for possible application in electrical engineering.

1. INTRODUCTION coordination, which collectively contribute to the stability
and formation of a 3D metallogel network.
Metallogels exhibit advantageous properties
solid-like,”*** flow dynamics, which is due to the intermo-
lecular coupled energy”*** and the volume portion of the
solvent molecule.”® The application of shear flow is attributed
to the liquid-like behavior and the perception of shear stress is
often utilized to elaborate the phase (solid—liquid) tran-
sition.””** Metallogels find widespread applications, including
sensors/biosensors and actuators, drug release, tissue engineer-
ing, and drug delivery.zg_31 Nevertheless, the mechanical
properties, i.e., rigidity, toughness, and crack resistance, > ~>* of

Metallogel soft materials are the supramolecular assembly of
small organic/inorganic molecules or low-molecular-weight
gelators (LMWGs) and metal ions entrapping the protic or
aprotic solvents.”” LMWGs and polar/nonpolar solvents are
two major components that are essential to the gelation
process. LMWGs immobilize the appropriate solvent mole-
cules to form a three-dimensional (3D) gel network. In
addition, the formation of metallogel soft materials can be
accomplished by introducing metal ions, thereby involving
intermolecular supramolecular interactions to construct a

multidimensional matrix structure.>* A small variation in the o ;
the metallogels are underprivileged, which bound the perform-

design of LMWGs” molecular structure gives rise to gelation fthe vel i licati E ) hvdrogel
with advantageous properties and affects the morphology of ance of the ge 1 §§’,§r§e appications. rormerly, some hydrogets

3,35,36 o .
the material in surprising ways.”® Till date, soft materials/ and organogels comPprising toughness an('l glechamce}l
metallogels have been dominant over organogels’™> due to strength were synthesized, but these gels limited their

their physical and chemical characteristics, with potential p erflc.)rntl.ance Imtﬁ'ome ztire:sthof entgllrfeerllnﬁ ar];d 1ndus(§r1tal
applications in diverse areas.''? The flow behavior of soft applications. In this context, the metallogel has been used to

. Ly 13,1 . .1 enhance the gel’s mechanical strength and toughness proper-
materials such as colloids,"”'* emulsions, and suspensions'® 8 g & prop

. 11,33, .. . . .
.. o S ties,'"***7 whereas transition metal ions induce various
has engrossed significant attention in the thrust of scientific - . . )
16 . remarkable functions in the gel scaffolds, including redox
research areas. = Metallogels are abundant in numerous areas

of applications like food, nail paints, cosmetics, toothpaste, and activity, magnetic and optical behavior, conductivity, catalysis,

daycare products, while their manufacturing is strongly based

20,21
" such as

on flow behavior."” Various LMWGs,'®"? viz, modified amino Received: July 10, 2024
acids, alkenes, peptides, amides, urea, carbohydrates, and Revised: ~ December 20, 2024
sugars, can activate gelation via physical or chemical synthetic Accepted:  December 23, 2024

routes and form supramolecular gel scaffolds through non- Published: January 2, 2025

covalent interactions such as H-bonding, hydrophobic, electro-
static, 7—n stacking, van der Waals forces, and metal
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Scheme 1. Synthetic Representation and Molecular Structure of HL
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sensors, and actuators. Remarkably, metallogels that include
transition metal ions [Mn(II), Fe(II/III), Co(II), Ni(II),
Cu(II), Zn(II), and Cd(II)] have strong applications in various
scientific fields such as chemosensors, medical diagnostics,
electrochemical devices, drug delivery, catalysis, cell culturing,
tissue engineering, pollutant removal, biochemistry, lithog-
raphy, wound healing, fluorescent tags, electronic devices, and
biomineralization.”'®3%~*° Among these, metallogels contain-
ing Ni(II) are particularly notable for their diverse applications
including fluorescence switching, electrocatalysis, nonlinear
properties such as self-healing, semiconducting devices, and
magnetic materials.'"*'~* Previously, acid-based LMWGs
were utilized for the formation of an Ni(II)-selective gel and
were employed for semiconducting electronic devices."’
Schottky diode-based metallogels are renowned for their
tunable electronic properties, stability, versatile fabrication
methods, tailored surface properties, and compatibility with
other electronic components, thereby making them essential
for various electronic applications requiring precise control and
reliable performance. The present work entails the develop-
ment of a metallogel (MG) constructed with the selective
interaction of HL with Ni** ion in the presence of Et;N base in
a binary THF:CH;0H (1:1) solvent system at rt. Nickel(II) is
well known for its electrical and conductivity properties™ due
to its paramagnetic nature. Further, Ni(II)-selective MG leads
to a flow-like structure and morphological transitions, showing
a hierarchical spherical three-dimensional aggregation.*>*°
Rheological and compressive measurements indicate that
Ni(II) is attributed to the rigidity and toughness of MG. In
addition, we have successfully developed a metallogel-based
Schottky barrier diode (SBD) that acts as a semiconductor
(MS) junction for electronic applications in electrical devices.

2. EXPERIMENTAL SECTION

2.1. Materials. Ni(Il)-gel forming chemicals such as 2-
hydroxy-1-naphthaldehyde and N,N-diethyl-p-phenylenedi-
amine were procured from Sigma-Aldrich Pvt. Ltd. and used
as received for the gelation process. Solvents (THF/MeOH)
and Et;N were procured from HiMedia and Loba Chemie,
respectively, and used without additional purification processes
for Ni(II)-gel synthesis. Cadmium(II) nitrate tetrahydrate,
copper(Il) nitrate trihydrate, cobalt(II) nitrate hexahydrate,
zinc(II) nitrate hexahydrate, and nickel(II) nitrate hexahydrate
were collected and employed as received from Central Drug
House (CDH).
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2.2. Characterizations. '"H NMR spectrum was recorded
on a Bruker-400 MHz spectrometer at 400 MHz in CDCI;
using (CH,);SiH as an internal standard. A Bruker FT-
IRvertex70/80 infrared spectrometer was used to obtain the
FT-IR spectra. Mass spectrometric analysis of materials was
done by a Waters Synapt G2-Si Q ToF mass spectrometer.
Morphological investigations were carried out through
scanning electron microscopy (SEM, S3700N) of the
compounds (HL and MG). Powder X-ray diffraction
(PXRD) patterns were obtained by a Rigaku Ultima IV fully
high-resolution X-ray diffractometer system with CuKa
radiation (1.54006 A). Rheological and compressive measure-
ments were executed on Anton Paar SmartPave SN83158100
Rheometer MCR 102 furnished with a parallel stainless-steel
plate (25 mm diameter, 0.5 mm gap). For electrical
characterization of the MG thin film device, the current—
voltage (I—V) characteristics were obtained by a Keithley
2635B source meter at the corresponding applied bias voltage
sequentially within the limit of +2. All of the preparations and
measurements were carried out at room temperature and
under ambient conditions.

2.3. Synthesis of (E)-1-((4-(diethylamino)-
phenylimino)methyl)naphthalen-2-ol (HL). The HL
gelator*” was synthesized by adopting a new synthetic strategy
in which 2-hydroxy-1-naphthaldehyde (1 mmol) in CH;OH (S
mL) was added dropwise to the stirring methanolic solution (5
mL) of N,N-diethyl-p-phenylene (1 mmol) and the reaction
mixture was refluxed for S h. The red precipitate thus obtained
after completion of the reaction was filtered and splashed with
MeOH (two times) followed by diethyl ether (three times).
The desired product was air-dried and recrystallized with a 1:2
ratio of solvents such as dichloromethane/diethyl ether,
leading to a shiny red color crystal (Scheme 1). Yield
(0.1748 g 54.8%). Anal. Caled [C,H,,N,0]: C 79.21; H
6.96; N 8.80; O 5.02%; Found: C 79.24; H 6.71; N 8.79; O
5.20%; ATR-FT-IR (wavenumber, cm™): 3360, 2966, 1713,
1615, 1517, 1497, 1399, 1350, 1330, 1270, 1180, 1162, 1138,
1073, 1000, 950, 803, 738, 628, 571, and 550. 'H NMR
(CDCly-d, 400 MHz) &y, ppm = 15.96 (s, 1H, —OH), 9.21 (s,
1H, —CH=N-), 8.02—8.00 (d, 1H, Ar), 7.68—7.65 (d, 1H,
Ar), 7.44—7.40 (m, 1H, Ar), 7.25 (s, 1H, Ar), 7.22—=7.21 (d,
2H, Ar), 7.02—7.00 (d, 1H, Ar), 6.67—6.65 (d, 2H, Ar), 3.36—
3.30 (m, 4H, —CH,), 1.15—1.11 (t, 6H, —CH,)."*C NMR
(CDCly-d, 125 MHz) 8¢, ppm = 160.1, 158.8, 148.1, 142.7,
135.1, 132.4, 129.1, 128.0, 126.8, 126.6, 123.9, 123.2, 1184,
115.6, 108.6, 44.7, and 13.0. ESI-HRMS (m/z) for
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Figure 1. (a) General representation of HL (THF) with alcoholic Ni(II) ion solution in the presence of a base (Et;N, 4 equiv) to the formed
Ni(II)-selective gel (MG). (b) Molecular structure and synthesis procedure of Ni(II)-selective gel (MG).

C,H,,N,0: Calculated [M]*:
318.1766.

2.4. Synthesis of Ni(ll)-metallogel (MG). The MG was
instantaneously formed through direct mixing of a methanolic
solution (500 uL) of Ni(NOs;),-6H,0O (0.0125 mmol) into a
clear THF solution (500 pL) of HL (CGC ~8 mg, 0.025
mmol) in the presence of TEA (0.2 mmol, 4 equiv) at rt. A
translucent and green stiff gel was obtained with one stroke of
shaking and commonly examined by the “inverted glass vials”
test (Figure 1). FT-IR (ecm™): 3400, 3040, 2987, 2770, 2709,
2534, 1628, 1450, 1300, 1167, 1040, 824, 779, 624, and 546.
ESI-HRMS (m/z) for C,H,N,NiO,: Calculated [M]*:
692.2661; Found [M]*: 693.2853.

3. RESULTS AND DISCUSSION

The bidentate N,O-donor Schiff base HL gelator was
synthesized by a condensation reaction involving a methanolic
solution of 2-hydroxy-1-naphthaldehyde and N,N-diethyl-p-
phenylenediamine in an equimolar ratio (1:1) at refluxing
conditions (Scheme 1). The resultant red color powder HL
was soluble in aprotic solvents and insoluble in other protic
solvents (Table S1). Further, a red precipitate of HL was
recrystallized with dichloromethane (DCM) solvent and red
shiny crystals were obtained.

3.1. Spectral Characterization of the Gelator. Different
spectral techniques such as "H NMR and FT-IR have been
used for the characterization of the HL gelator. "H NMR
analysis of HL exhibits a sharp singlet peak for azomethine
(—~CH=N-)"* proton at 9 21 ppm along with a broad signal
for phenolic —OH proton*” at 15.96 ppm due to the existence
of intramolecular hydrogen bonding interaction.”” Protons of
the aromatic ring show signals in the range of ~6.67—8.02 ppm
and also display multiplet signals for aliphatic —CH, protons in
the region of 3.32—3.03 ppm. The resonance of the aliphatic
—CHj; groups of diethyl groups appeared as a triplet in the
region of ~1.15—1.11 ppm and established the formation of
the gelator HL (Figure S1). The FT-IR spectrum for the HL

318.1732; Found [M]™:
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gelator depicts several symmetric and asymmetric broad bands
for phenolic groups (—OH, stretching) at 3360 cm™" and for
aliphatic groups (—CH, stretching) at 2966 cm™'. A significant
band for the azomethine group (C=N, sharp) appeared at
1615 cm™, which is well related to a strong sharp band for C—
O and C—N groups at 1399 and 1350 cm ™, respectively. Also,
characteristic sharp vibrations were observed in the range of
1500—1000 cm™" for the aromatic ring (C=C, bending),
which displays the formation of the functional bidentate Schift
base HL gelator (Figure S2).

3.2. Gelation Study. The naphthol-based Schiff Base™””'
gelator HL contains an N,O-donor active site that exhibits
excellent solubility in aprotic solvents together with hydro-
phobic and hydrophilic groups. These groups can construct a
suitable aggregation/binding of small molecules, thereby
establishing the supramolecular gel assembly of HL.***
Different possibilities were inspected to know its gelation
behavior; however, no gelation was observed in an aprotic
solvent or mixture of aprotic solvents. The basic medium in the
presence of Et;N and nitrate salts of transition metal ions
(Cd*, Zn**, Cu**, Ni**, Co*, Fe**, and Mn**) was induced
into the THF solution of HL for envisaging the scaffolding of
the supramolecular gel (Figure S3). The green color
transparent MG was instantly formed upon adding a
methanolic solution of Ni(II) to a THF solution of HL
under a basic medium at rt without any external forces such as
heating, cooling, and sonication (Figure 1a). The optimization
of gelation was found selectively with Ni(II), leading to the
stable and transparent MG when incorporated into a basic
medium of a THF-MeOH mixture comprising HL (Figure
S3). The basic medium was essential for the formation of the
gel, as under neutral conditions the addition of Ni(II) to HL
solution results in a clear solution, which may be attributed to
the deprotonation of the phenolic —OH group in HL. The
triethylamine (Et;N) as base was used to trigger the §elat10n
process in HL, which augmented the hydrophobicity”” in the
molecule and increased the formation of MG with Ni(Il)
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Figure 2. Powder-XRD pattern of HL (left) and MG (right).

ion.”®>? In addition, the effect of the counteranion was also
determined by using NiCl, salt under optimized conditions; it
was observed that it forms an Ni(Il)-selective gel (MG). It is
envisaged that the counteranions of metal salts (Cl~ and
NO,*") have an insignificant effect on forming the supra-
molecular assembly. The gel assembly with the CI™ anion of
Ni(II) also formed a stable and green color translucent gel and
after evaporation of solvents, it converted into a dark green
solid (Figure S4). Specifically, the presence of Ni(II) in MeOH
under the basic media of HL leads to the formation of MG by
involving noncovalent interactions. The instant formation of
MG exhibits a fast kinetics of Ni(II)-HL coordination and
results in the aggregation of the supramolecular assembly
formation via noncovalent interactions (Figure 1b).>*>°
Furthermore, the gelation ability of HL was investigated in
different solvents under similar conditions. The solubility of
HL was also tested in aprotic solvents such as acetone,
chloroform, dichloromethane, DMF, DMSO, 1,4-dioxane, and
THF (Table S1). The binary mixture of THF:MeOH and 1,4-
dioxane:MeOH solvents leads to instant gelation selectively
with Ni(II) in the presence of Et;N (4 equiv); other mixtures
of solvents did not show gelation under similar conditions
(Figure SS). Furthermore, the binary mixture of THF:MeOH
solvents was more mechanically stable than that of 1,4-
dioxane:MeOH solvents for the formation of MG.

3.3. Minimum Gel Concentration. Nickel salts such as
Ni(NO;),-6H,0 formed the green metallogel MG by mixing
the basic solutions of the HL gelator with Ni(II) in a 2:1
(HL:Ni**) molar ratio at rt. The optimized minimum gelation
concentration'**® of the HL gelator was determined to be
0.025 mmol/mL, below which gel formation was not observed
in the THF solvent. MG was stable, self-standing, and visible
by a simple test’” of “vial inversion” (Figure la).

3.4. Phase Transition Temperature. MG was thermo-
irreversible and exhibited thermotropic behavior; the phase
transition (gel—solid) temperature (Ty) was <60 °C.*** MG
was thermally stable due to the involvement of THF-MeOH
solvent molecules in the formation of the supramolecular gel
matrix. When external stimuli such as heating/temperature are
used, the solvent molecules are lost and converted into
isotropic solids of MG.

3.5. Characterization of Gel Material. Metallogel MG
was thoroughly characterized with different spectroscopic,
microscopic, and analytical techniques such as Fourier-
transform infrared radiation (FT-IR), electrospray ionization-
high-resolution mass spectrometry (ESI-HRMS), powder X-
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ray diffraction (PXRD), scanning electron microscopy (SEM),
and rheological investigations.

3.6. Mass (ESI-HRMS) Analysis. As mentioned above, HL
formed a stable Ni(II)-selective gel (MG) in the presence of
Ni** ions, which was also well corroborated by mass (ESI-
HRMS) analysis. In the ESI-HRMS (in positive mode)
spectrum, MG exhibits a significant ion peak at 692.2853
[M]* and is also interrelated with a significant peak observed at
711.1718 [M + H]* + [2H,0] with an empirical formula of
C4H,NNiO, (Figure S6). This indicates that the formation
of the Ni** ion binds with the HL gelator to form a
supramolecular assembly of Ni(II)-selective gel (MG) with a
2:1 (HL:Ni**) molar ratio (Figure 1b). Based on the ESI-
HRMS data, HL acts like a N,O-donor bidentate gelator that
binds with the Ni** ion and solvent molecules to form a
supramolecular assembly via noncovalent interactions involv-
ing metal—gelator (M—L) coordination, 7— stacking, and H-
bonding of MG.

3.7. FT-IR Analysis. Analysis of the FT-IR spectrum of HL
revealed the characteristic bands at 3360 and 2966 cm™
corresponding to phenolic (O—H) and aliphatic (C—H)
groups stretching, respectively (Figure S2). Compared with the
HL spectrum, MG displays a strong broad vibration for the
solvent molecule (O—H) at 3400 cm™' and a weak broad
vibration for alkane (C—H) at 2987 cm™' resembling the
intramolecular hydrogen interactions with the entrapped
methanol (—OH) molecule that are involved in the formation
of the gel assembly (Figure S7). The vibration of imines (C=
N) displays a significant band at 1628 cm™ and is well
corroborated with the C—O/C—N groups exhibited at 1450
ecm™/1300 cm™' that slightly shifted toward the higher-
frequency region, which may be ascribed to Ni(II) binding
with HL through the N,O-coordination site. Moreover, there
was a wide-ranging broadening observed in the 1700—1500
and 1000—500 cm ™" vibration regions due to the entrapment
of solvent molecules into the gel assembly of MG. However,
substantial changes were observed in the FT-IR spectra of MG
compared with those of HL, suggesting the development of an
Ni(II)-selective gel (Figure S7).

3.8. 'H NMR Analysis. The NMR spectrum of xerogel MG
does not show the broad resonance at 15.96 ppm assigned to
the phenolic —OH proton that supports the coordination of
Ni(II) with the N,O-donor site of HL (Figures S8 and S1).
Additionally, the aldimine (—CH=N) proton exhibits a
downfield shift at 9.66 ppm and aliphatic (—CH, and CHj,)
protons are upfield shifted, thereby suggesting the coordination
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Figure 3. SEM images of HL (left) and MG (right).
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Figure 4. Rheological investigations of MG. (a) Amplitude-sweep measurements with LVER range 0.05%. (b) Frequency-sweep measurements at

0.05% shear strain.

between HL and Ni(Il) due to the formation of MG in 2:1
molar ratio (Figure S8).

3.9. Structural Investigation. To achieve deep insights,
the structural features of the vacuum-dried xerogel MG were
compared with the HL acquired PXRD patterns in the 260
range of 10—80° (Figure 2). The PXRD pattern showed
significant and broad peaks of HL at 26 = 22.24° and 25.84°,
whereas the xerogel MG also exhibited broad peaks that were
dissimilar from the HL pattern. However, MG displayed
significant peaks at 26 = 13.61, 26.12, 34.22, 40.74, and 59.90°
(Figure 2). In addition, MG demonstrated a broad peak due to
the large volume of solvent (MeOH) molecules entrapped
inside the gel matrix. HL showed a peak at 20 = 22.24° with a
corresponding d-spacing value of 4.02 A assignable to the
existence of 7—7 interactions,””*” but incorporation of Ni**
exposed the shift in peak intensity at 20 = 26.12° with the
corresponding d-spacing value at 4.29 A in MG,”® which
indicates the disruption of 77— stacking. The d-spacing value
calculated distance of 2.27 A related to the diffraction peak at
20 = 40.74° suggests the existence of Ni(II) ion in MG.”" The
PXRD pattern revealed that the Ni** ion had a noticeable
effect on the binding modes to form a supramolecular
assembly of MG. Also, the diffraction peak at 20 = 34.22°
with a d-spacing value of 2.74 A retained the occurrence of the
H-bonding interaction in MG.**% Overall, the diffraction
pattern (Figure 2) shows the existence of z—r stacking,
extensive H-bonding, immobilization of solvent molecules, and
mode of metal—gelator binding responsible for the agglomer-
ations of MG (Figure S9).

3.10. Morphological Investigation. Scanning electron
microscopy (SEM) analysis is a reliable and useful technique to
gain visual insights into the microstructure and morphology of
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the compound. Therefore, SEM analysis was utilized to
envisage the actual microassembly structures®”®® of HL and
MG (dried xerogel). HL revealed an earth crust-like structure
with a nonmesoscopic assembly of approximately ~2 um
average size (Figure 3), but, in addition to Ni*', it showed a
significant change in the morphology of MG. Immobilization
of the solvent and the presence of Ni** ion in MG exposed the
spherical-like three-dimensional structure of approximately ~1
um with high compactness, in which the earth crust-like
structure of HL assembly interacts with the Ni(II) ion and
eventually traps a large volume of solvent in its cavity/spaces to
give a compact mesoscopic morphologysg’59 of MG (Figure 3).
Overall, the morphology variation indicates that the assembly
of HL interacts with the Ni(II) ion and entraps the solvent via
noncovalent interactions to form the three-dimensional
supramolecular assembly of MG (Figure 3).

In the energy-dispersive X-ray (EDX) pattern and mapping
of MG, the presence of Ni, C, N, and O as key constitutional
elements of the hybrid gel material is confirmed (Figure
$10).°° Based on mass analysis, the empirical formula is
C4H,;,N,NiO,; the elemental mapping of MG (dried xerogel)
is also well connected, illustrating the quantitative weight (%)
analysis of Ni, C, O, and N constitutional elements (Figure
S10) and is responsible for the presence of Ni(II) ion and HL
gelator to form the supramolecular assembly of the Ni(Il)-
selective gel (MG).

3.11. Rheological Investigation. Compressive measure-
ments demonstrate the thermal and mechanical strength of
MG.?” The measurements were executed over instantly
prepared MG and examined by rheological studies,”” which
showed its viscoelastic property. Initially, sweep measurements
(amplitude-sweep and frequency-sweep)®® were performed to
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examine the elastic behavior of MG. In amplitude-sweep
measurements, the storage modulus (G’) reveals the elastic
modulus, which indicates the elastic behavior, whereas the loss
modulus (G”) shows the viscous modulus, which describes the
flow behavior, thus showing the features of a semisolid/liquid
(gel).”” To understand the toughness and rigidity of MG with
shear strain in the range of 0.001—1%, the amplitude-sweep
experiment was executed, in which the values of G’ and G”
were computed and G’ displayed a high value compared to G”
at 25 °C (Figure 4a).”° MG displays a G’ value (>10°) that is
higher than the G” value (>10%) with a crossover point
obtained at 0.2 shear strain showing the phase transition (gel—
sol) of MG. The linear viscoelastic region (LVER) proposal”’
with 0.05% shear strain shows a higher G’ value than G”; these
(G’ > G”) measurements show the real nature of MG in gel
state. The measurements also display a linear LVER region at
0.05% shear strain after the distortion of the gel assembly
occurs, which indicates that on increasing the strain value, the
stable gelation of MG is lost to liquefication. The linearity of
the value of shear strain from 107 to 107" implies that MG
displays rigidity and stiffness (Figure 4a).’

To understand more about the rigidity or mechanical
stability of MG at a constant strain of 0.05%, the frequency-
sweep measurement” was conducted from 0.1 to 100 rad s~
angular frequency (@) at 25 °C.”” This measurement also
illustrates a storage modulus (G’) higher than a loss modulus
(G”) with the increasing value of w, displaying the viscoelastic
nature of MG. It also demonstrates the linear upsurge in G’
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and G” values, with no deviation point obtained in the
linearity, and they remained positive in the entire sweep range,
which shows the rigidity and mechanical stability of MG
(Figure 4b).7?

Furthermore, to determine the thermal strength and
temperature response on MG, temperature ramp measure-
ments were performed in the range of 30—90 °C, and it was
observed that the values of G’ and G” remained unaffected up
to 50 °C. Nevertheless, on increasing the temperature, there
was an inclination in the values of G’ and G”, revealing the
thermal strength of MG up to approximately 60 °C, and
thereafter it liquefied/solidified or evaporation of the solvent
occurred from the gel matrix. Thus, the critical temperature of
MG is observed to be <60 °C and this rheological data analysis
strongly suggests the viscoelastic nature of MG (Figure 5a).”*

The temperature measurements of MG indicate that the
phase (gel—liquid/solid) transition occurs at nearly <60 °C,
which evidently points to gel formation using the combination
of THF-CH;O0H solvents since the boiling point of oxolane
and CH;O0H is 66 and 64.7 °C, respectively. The complex
viscosity > vs temperature ramp plot shows linearity up to 50
°C, which indicates the high viscous nature and toughness of
MG, but increasing the temperature shows a deviation in
linearity as well as a phase (gel-to-liquid/solid) transition
process (Figure Sb). In the measurements of temperature vs
loss factor (tan §) (Figure 6a), the calculated tan § value was
0.30 (<1) at Ty < 60 °C and displayed a semi-liquid state of
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Figure 7. (a) I-V and log I-V (inset) curve for the synthesized ITO/MG/Al-based thin film device at room temperature. (b) I-V curve for the
synthesized ITO/MG/Al-based thin film device at various temperature.

MG. Overall, the above compressive experiments show the
viscous nature and toughness of MG.”*”°

3.12. UV/vis Spectroscopic Analysis. To determine the
interaction between HL and Ni(II) for the formation of MG,
the absorption spectrum of HL and MG was recorded through
a UV/vis spectrometer. In the solution phase, the gelator HL
(10 uM, THF) shows a low-energy (LE) broad band at 421
nm and high-energy (HE) band at 320 nm, which may be
attributed to n — 7* and 7 — #* transitions.””~”’ Moreover,
the xerogel of MG (10 uM, THF) also displays an LE band at
580 nm (AE, 6512 cm™") and HE band at 300 nm (AE, 2083
cm™"), which may be designated to n — 7* and 7 — z*
transitions®”®" (Figure S11). Incorporation of Ni(II) while
forming the Ni(II)-HL coordination complex of MG leads to
the bathochromically shifted absorption at 580 nm and
hypsochromic shift at 300 nm in absorption wavelength.
Relative to HL, the absorption spectrum of MG exhibits
significant changes in the wavelength, thereby indicating the
metal-HL gelator interaction to form the supramolecular
assembly of MG (Figure Slla). To get deeper insights, the
interaction mechanism between the HL gelator and Ni(II) was
analyzed and Job plot analysis was carried out, which endorsed
2:1 stoichiometry between the HL gelator and Ni** to form the
supramolecular gel (Figure S11b).

3.13. Device Fabrication. Multiple metal—semiconductor
(MS) junction devices have been fabricated in indium tin oxide
(ITO)/MG/Al sandwich structure to perform electrical
studies. The thin film of synthesized MG was deposited on a
precleaned ITO-coated glass substrate. Initially, to produce an
active thin film layer of MG slurry in the binary mixture of
THF and deionized water, the MG xerogel was mixed and
stirred at room temperature and then deposited on the top of
ITO-coated glass. The thickness of the fabricated film was
estimated at ~1 M and by thermal deposition of metal mask,
an aluminum (Al) electrode was placed onto the active layer of
the MG film under high-vacuum conditions (107> Torr) in the
effective area of 7.066 X 10~° m*

3.14. Optical Characterization. UV/vis analysis was
executed to determine the optical property of synthesized
MG in the solid state in the range 250—800 nm (inset; Figure
6b). In the UV/vis spectrum, the fundamental absorption
corresponds to the electron that was used to evaluate the band
gap of synthesized MG. The direct optical band gap of MG was
calculated by Tauc’s equation
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n

(o hv)" = A(hv - E,) (1)
where o, h, v, and E, stand for the absorption coefficient,
Planck’s constant, frequency of light, and optical band gap,
respectively; A is a constant and is considered as unity for the
ideal case. To compute the direct optical band gap, the value of
the exponent of “n” in the above equation was considered as 2.
By extrapolating the linear region of the plot (cchv)? vs hv
(Figure 6b) to & = 0 absorption, the value of the direct optical
band gap (E,) was estimated as 2.91 eV for MG.

3.15. Electrical Characterization. The calculated optical
band gap of MG suggests its semiconductor material behavior.
Therefore, a metal—semiconductor (MS) junction-based thin
film device was fabricated by using ITO/MG/Al and their
electrical parameters were inspected by analyzing the charge
transport mechanism. The I-V plot of the MG device was
obtained at an applied bias voltage within the limit of +2 V
(Figure 7a). The electrical conductivity of the MG-based thin
film device was determined to be 4.12 X 107° S m™},
illustrative of a semiconductor material. Furthermore, the I-V
characteristic curve of the MG-based thin film device displays a
nonlinear rectifying nature that is analogous to the Schottky
barrier diode (SBD). The rectification ratio (I,/I ) of the
MG-based SBD at +2 V was obtained to be 58.6, which is a
crucial characteristic of a material that can be employed in
photovoltaic applications.

To determine the thermal stability of our fabricated MG-
based SBD, we studied the I—V characteristics of our device at
various temperatures from 30 to 50 °C (Figure 7b). The [-V
characteristics curve for (ITO)/MG/Al-structured thin film
devices at different temperature82 (Figure 7b) illustrates a
gradual improvement in current with an increase in temper-
ature. The I-V curves display the nonlinear rectifying
signature of Schottky diodes and the device is stable up to
50 °C (Figure 7b).

The I-V characteristics curve of MG-based SBD, further
analyzed through thermionic emission theory and Cheung’s
method, was extracted to calculate the important diode
parameters at room temperature. Primarily, the I—V character-
istics curve was analyzed through the following standard
equations

I=1 v, v
= Iyexp| —||1 — exp| ———
0P RT Pl RT
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where Iy, q, K, T, V, A, 5, and A* represent the reverse
saturation current, electronic charge, Boltzmann constant,
temperature in Kelvin, forward bias voltage, effective diode
area, ideality factor, and effective Richardson constant,
respectively. The effective diode area was estimated to be
7.066 X 107° m? and the effective Richardson constant was 32
AK™? cm™? for the synthesized MG device.

In addition, the series resistance (Rg), ideality factor (77), and
barrier potential height (¢p5) were calculated by using the
extracted Cheung’s idea equations (eqs 4—6)

dv nKT
_ = — IR
d(In 1) ( q ] + s (4)
_ nKT ( I )
H(I) =V — | —— |In|
v ( q ] AA'T? (s)
H(I) = IRg + n¢py (6)

From Figure 8a, the intercept of dV/dInI (eq 4) plot gives
us the value of # and the slope of the plot provides the Rg. The
obtained value 7 was estimated to be 1.47, depicting that the
developed MS junction is nearly close to the ideal value. The
deviation from ideal behavior in MS junctions, particularly
observed in Schottky diodes, is due to the existence of
inhomogeneities in the Schottky barrier height, interface states,
and series resistance at the junction. The barrier potential
height (¢5) was determined to be 0.66 eV as obtained from
the intercept of H vs I, and it was found to be a substantial
value for SBD (Figure 8b) by using the value of the ideality
factor (17) in eq 6. The value of series resistance Rg was
estimated from the slope of dV/dInI and H vs I plot by using
eqs 4 and 6 (Figure 8). The calculated series resistance (Rg),
ideality factor (1), and barrier potential height (¢bg) for the
MG-based SBD MS junction are illustrated in Table 1. The
obtained parameters for MG-based SBD exhibited a carrier
combination at the interface, which is a better barrier height,
indicating its potential application in the field of semi-
conductor/optoelectronic devices.

To gain a comprehensive understanding of the charge
transport phenomena at the MS junction, a detailed analysis of
I-V curves is necessary. The characteristics of the I-V slope
curve in the logarithmic scale (log current vs log voltage)
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Table 1. Schottky Device Parameters of MG-based SBD

series resistance

Q)
barrier
on/off conductivity ideality = height dvV/dInI HwvsI
device  ratio (Sm™) factor (eV) vs I graph  graph
MG 58.6 42 x 1073 1.47 0.66 133.7 170.2

illustrate two different regimes (Region I and Region II) with
erratic slopes for the MG-based thin film device (Figure 9a).
Region I represents the value of the slope close to 1, which
follows the relation I o V, indicating the ohmic regime. Region
II shows the value of slope close to 2, which follows the
relation I & V7, indicating a regime trapped with free space and
dominated by space charge limited current (SCLC). In this
region, injected carriers are more than background carriers and
are spread over the entire region as well as generate a space
charge field. The currents are regulated by this space charge
field and are referred to as the SCLC theory. This theory has
gained popularity and is adopted to estimate the mobility of
materials in this regime (Figure 9a).

In the SCLC model, the effective carrier mobility (u.z) was
determined from the higher voltage data of I vs V* curve
(Figure 9b) by using the below Mott—Gurney equation

_ g€t (12]
@ (7)

8

where I, ji.g €, and €, stand for the current, effective carrier
mobility, the permittivity of free space, and the relative
dielectric constant of synthesized MG, respectively. The
relative dielectric constant was determined by plotting the
capacitance of MG against frequency in the film format at a
constant bias potential as shown in Figure 10. The dielectric
permittivity of MG was calculated by analyzing the saturated
values of capacitance in the higher-frequency regime (Figure
10) using the following equation

1 Cd

- A

I

. .
€

(8)

where C, d, and A represent the capacitance (at saturation),
thickness of the film (~1 M), and effective area, respectively.
The relative dielectric constant of MG was determined to be
1.98 by using the above formula.

To determine the charge transport across the junction, key
parameters like the transit time (7) and diffusion length (Lp)
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were also calculated. The value of 7 was estimated using eq 9
and the slope of the SCLC regime (region II) in the
logarithmic illustration of the forward I-V curve (Figure 9a).

9€0€,A(V)

T=—|—

8d \1I )
_ab

b = gr (10)

L, =+2D1 (11)

where D stands for the diffusion coeflicient and was calculated
by Einstein—Smoluchowski equation, eq 10. The diffusion
length Ly, of charge carriers influences the device performance
when the metal—semiconductor (MS) junction is formed and
is further extracted from eq 11. The charge transport
parameters of MG-based SBD are displayed in Table 2.
Higher mobility indicates a better transport rate, which
illustrates the production of a higher number of charge carriers,
whereas diffusion length indicates the path length of charge
carriers before recombination. The MG-based SBD exhibits

promising diode parameters, indicating the potential of these
materials for promising future device applications. The donor—
acceptor balance of Ni(Il) centers coupled with HL units is a
key accountable factor of the gel and may be critical for the
semiconducting property of the Ni(II)-selective gel (MG). The
MG-based SBD demonstrates significant device performance,
with some char§e transport parameters surpassing previously

reported values.””~*> Comparing these parameters with other
reported values

38987 indicates that MG can be a promising
candidate for semiconducting device applications,”**’ as
shown in Table 3.

Table 3. Comparison of the Electrical Parameters of MG-
based SBD Compared with Other Reported Results

electrical barrier ideality

device conductivity height factor ref
Mg@MEA 1.45 x 107° 1.89 0.38 87
CdA-OX 535 x 1074 1.8 0.32 86
Co-TA 475 x 107¢ 0.76 2.38 83
Cu-TA 7.49 x 107° 0.36 1.65 84
Ag/Cu-H,L 3.80 X 1076 0.61 3.0 85
Tb-OX 3.54 x 1075 027 1.21 87
Mn-TA 271 x 1075 0.73 1.71 88
Fe@TETA 1.003 x 107* 0.28 1.39 89
Ni-D-TA 513 X 107° 0.28 1.47 43

MG 42 x 107 0.66 1.47 present

work

4. CONCLUSIONS

The bidentate N,O-donor HL gelator was synthesized and
characterized through different spectral techniques. HL does
not form a gel in aqueous medium, an organic solvent, or in a
mixture of solvents; however, the Ni(II) ion triggers it to form
MG in a THF-MeOH (1:1) binary solvent at room
temperature. Different microscopic and spectral analyses,
such as SEM, FT-IR, ESI-MS, powder-X-ray diffraction, and
rheology analysis, have been used to characterize MG. The
SEM and PXRD analysis of MG revealed a porous spherical-
like three-dimensional morphology interconnected with the

Table 2. Charge Conducting Parameters of the MG-based Thin Film Device

device o Mo (m® V71571

MG 1.98 325 % 1076

5.065 x 107*

7 (s)

D (m*s7™) Ly
445 x 107! 3.18 X 1077
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hierarchical arrangements of the self-assembly of the gel
network with entirely different structural features of MG
relative to that of HL. The rheological investigation revealed
the mechanical and thermal strength of the MG. Through this
work, we have developed an Ni(II)-selective gel (MG)
showing good viscoelastic properties as measured through
rheological investigations. The mechanical strength and
toughness measurements of MG enhance its characteristics
and may be utilized in diverse engineering and industrial
applications. The developed Ni(II)-metallogel MG-based
Schottky barrier diode exhibits promising diode parameters,
indicating the potential of this gel material for future electronic
device applications.
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