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Novel supramolecular luminescent metallogels
containing Tb() and Eu(m) ions with benzene-
1,3,5-tricarboxylic acid gelator: advancing
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A novel strategy was employed to create supramolecular metallogels incorporating Th(in) and Eu(in) ions using
benzene-1,3,5-tricarboxylic acid (TA) as a gelator in N,N-dimethylformamide (DMF). Rheological analysis
demonstrated their mechanical robustness under varying stress levels and angular frequencies. FESEM
imaging revealed a flake-like hierarchical network for Tb—TA and a rod-shaped architecture for Eu-TA.
EDX analysis confirmed essential chemical constituents within the metallogels. FT-IR, PXRD, Raman
spectroscopy, and thermogravimetric analysis assessed their gelation process and material properties,
showing semiconducting characteristics, validated by optical band-gap measurements. Metal—
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development. Direct utilization of benzene-1,3,5-tricarboxylic acid and Tb(m)/Eu(n) sources underscores
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1. Introduction

Supramolecular gels represent a captivating class of materials
formed through non-covalent interactions between molecules,
driven by the intricate processes of self-assembly.> This
phenomenon has brought about one of the most exciting

outcomes of supramolecular self-assembly, continually
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their suitability as semiconducting materials for device fabrication. This study explores the versatile
applications of Tb—TA and Eu-TA metallogels, offering insights for material science researchers.

expanding the frontiers of materials science and finding
applications across a diverse spectrum. In the course of supra-
molecular gel formation, molecules within a solution coalesce
into a robust three-dimensional network, effectively entrapping
solvent molecules. This achievement is frequently confirmed
through a straightforward inversion-vial test, illustrating the
gel's successful development.® A variety of solvents, including
water (H,0),* acetonitrile (H;C-C=N),* ethanol (CH;CH,OH),*
methanol (CH3;OH),” dichloromethane (CH,Cl,),® deuterated
dichloromethane (CD,Cl,),° 1,2-dichlorobenzene (C¢H,Cl,),*®
acetone (CH;COCHj;),"* carbon tetrachloride (CCl,),"”> DMF
((CH3),NC(O)H)," tetrahydrofuran ((CH,),0),"* dimethyl sulf-
oxide (C,H0S)," and toluene (C¢HsCHj3),' are trapped within
flexible gelators made of organic and/or inorganic components.
These gelators form soft three-dimensional gel structures,
accommodating a wide range of solvents used in the gel
formation process.

Low molecular weight gelators (LMWGs) play a central role
in the creation of supramolecular gels.*"” These gelators,
through their ingenious design, initiate the self-assembly
process in solutions, resulting in the formation of intricate
gel-like structures. The distinctive allure of LMWG-based
supramolecular gels lies in their ability to form complex
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three-dimensional networks orchestrated by non-covalent
interactions like hydrogen bonds,*® electrostatic interactions,"
hydrophobic,* and hydrophilic forces,* van der Waals forces,*®
aryl-system-based interactions,** etc. These interactions confer
upon them exceptional properties and multifaceted applica-
tions. The concept of employing LMWGs in supramolecular
gelation brings with it a host of benefits. The deliberate
manipulation of their molecular structures allows for meticu-
lous tailoring of key attributes such as gel strength, respon-
siveness to external stimuli, and their capacity for
encapsulation. By adeptly designing the chemical composition
of LMWGs, researchers can modulate the specific interactions
dictating gel formation, leading to materials with bespoke
functionalities. The realm of applications for LMWG-based
supramolecular gels is strikingly extensive. Supramolecular
gels exhibit a wide array of potential applications that span
various domains. These applications encompass areas like
optoelectronic devices,*® where their utility has been explored
for enhanced light-emitting capabilities, chemosensors that
enable the detection of specific molecules,* and catalysis for
promoting chemical reactions.**” Additionally, their adapt-
ability extends to medical diagnostics,> lithography techniques
for pattern formation,*® and the development of efficient elec-
trochemical devices.”” Supramolecular gels have also found
utility in cell culturing practices,”® enabling enhanced condi-
tions for cell growth, as well as in drug delivery strategies to
ensure controlled release.>® Furthermore, their role extends to
facilitating biomineralization processes,*® supporting tissue
engineering endeavors,> contributing to advancements in
biochemistry,** and aiding in the removal of pollutants from
various environments.*® The versatility of supramolecular gels
thus holds promise across a rich spectrum of applications,
embodying their potential to address a multitude of challenges
and needs.

Metallogels form when metal ions interact with specific
molecules, often low molecular weight gelators. This interac-
tion creates a gel-like structure with unique properties, influ-
enced by metal ion coordination and self-assembly. Metallogels
differ from traditional gels by incorporating metal ions, offering
diverse functional characteristics. Formation involves metal ion
and gelator self-assembly via coordination bonds, resulting in
a solvent-trapped network. This network can be reversible,
enabling the metallogel to respond to changes in external
conditions. Metallogels have garnered significant interest due
to their potential applications in various fields such as redox
activity,* magnetic behavior,* conductivity,*® actuation,’” cata-
lytic activity,*** and optical properties.*®

Compared to metallogels with 3d transition metals, those
featuring lanthanides showcase even more intriguing traits.
Lanthanide metallogels form via coordination-driven self-
assembly, incorporating lanthanide ions. Their distinct prop-
erties stem from complex interactions, making them versatile
across various applications. These applications span diverse
fields, including their utilization in light-emitting devices,*
optical materials,* forensic science applications,* drug delivery
systems,* bioimaging techniques,* chemical and biosensing
technologies,** solar cell devices,* artificial photosynthesis
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endeavors,*® phase-separation absorption,*” solid-state lighting
and stimuli-responsive,*® etc. The wide-ranging capabilities of
these lanthanide-ion-based supramolecular metallogels make
them integral components in driving innovation across
multiple disciplines.

Various studies have documented lanthanide-ion-based
metallogels, such as Holten-Andersen's multistimuli-
responsive metallogels emitting white light* and Alves Jr's
luminescent hydrogels.*® Maitra et al. showcased facile forma-
tion of metallogels with lanthanide(III) cholates.”* Inspired by
these, we synthesized metallogels anchored in terbium(ur) and
europium(m) ions using low-molecular-weight organic constit-
uents. Employing benzene-1,3,5-tricarboxylic acid, gelation
occurred in N,N-dimethylformamide under ordinary condi-
tions, laying groundwork for customizable electronic devices.
Tb-TA and Eu-TA metallogels displayed resilience against
gravitational forces, affirmed by the inversion vial test. Our
investigation included evaluating mechanical properties and
morphological characteristics. With the aim of developing
metallogel-facilitated metal-semiconductor junction devices,
we successfully constructed a Schottky barrier diode.

2. Experimental

2.1. Materials

Terbium(m) acetate hydrate (99.9% trace metals basis), euro-
pium(m) acetate hydrate (99.9% trace metals basis) benzene-
1,3,5-tricarboxylic acid (95%) were purchased from Sigma-
Aldrich chemical company and used as received. Dry solvent
(i.e. N,N-dimethyl formamide (DMF)) was used for entire work.

2.2. Apparatus and measurements

The mechanical study employed a rheometer manufactured by
TA Instruments.

Microstructure data was obtained using a Carl Zeiss SUPRA
55VP field-emission scanning electron microscope (FESEM).
The energy-dispersive X-ray spectroscopy (EDX) analyses were
carried out with a Bruker Super detector.

Fourier transform infrared spectra obtained through
a JASCO FTIR 4700 spectrometer.

A PANALYTICAL X'pert powder X-ray diffractometer with Cu
Kol radiation is employed to obtain the nature of the
metallogels.

Raman analysis of metallogels are carried out using
a HORIBA LABRAM HR evolution confocal Raman spectrometer
with an excitation source of 532 nm (100 mW).

TGA is carried out at a heating rate of 10 °C min~" under
nitrogen atmosphere using Hitachi STA7200 analyzer.

To obtain the current-voltage (I-V) characteristics of our
synthesized metallogel material-based thin film device, we
utilized a Keithley 2612A Sourcemeter interfaced with
a computer.

2.3. Synthesis of terbium(m)- and europium(um)-metallogel

Terbium(in) acetate hydrate (99.9% trace metals basis, 0.336 g, 1
mmol) was dissolved in N,N-dimethylformamide solvent (500

© 2024 The Author(s). Published by the Royal Society of Chemistry
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pL) within a glass vial at room temperature, resulting in
a colorless solution. Similarly, benzene-1,3,5-tricarboxylic acid
(95%, 0.210 g, 1 mmol) was dissolved in DMF (500 pL), yielding
a colorless solution of benzene-1,3,5-tricarboxylic acid in DMF.
Combining the colorless DMF solution of benzene-1,3,5-
tricarboxylic acid with the Tb(m)-salt solution resulted in the
emergence of a dense white mixture. This mixture was sub-
jected to sonication for approximately 10 minutes under
ambient conditions. The outcome was the creation of a white-
colored metallogel featuring Tb(u) ions, referred to as Th-TA.
This gel formation was stabilized within an open atmosphere,
as illustrated in Fig. 1. The Tb-TA metallogel exhibited
a striking fluorescent green glow when exposed to UV light at
366 nm within a UV-light chamber (Fig. 1). Impressively, the Tb-
TA metallogel maintained its stability for a minimum of six
months. Notably, the successful inversion vial test presented in
Fig. 1 offers conclusive evidence of the Tb-TA metallogel's
stability and integrity.

By employing the identical synthetic procedure, a euro-
pium(m)-metallogel was synthesized. This process involved
combining 500 pL of a N,N-dimethylformamide solution con-
taining europium(m) acetate hydrate (99.9% trace metals basis,
0.329 g, 1 mmol) and benzene-1,3,5-tricarboxylic acid (95%,
0.210 g, 1 mmol) in a glass vial at room temperature. The
resulting mixture was sonicated for around 10 minutes under
normal conditions. The outcome was the development of
a metallogel with a white hue that incorporated Eu(u) ions,
termed as Eu-TA. Importantly, this gel formation process
occurred in an open environment, as demonstrated in Fig. 1.
When exposed to UV light at 366 nm in a UV-light chamber (as
depicted in Fig. 1), the Eu-TA metallogel emitted a remarkable
fluorescent red glow. Impressively, the Eu-TA metallogel
retained its structural integrity for a minimum of six months. It
is noteworthy that the conclusive evidence of the stability and
integrity of the Eu-TA metallogel is provided by the successful
inversion vial test, as shown in Fig. 1.

The concentrations of Tb(CH;COO);-H,O and benzene-
1,3,5-tricarboxylic acid were systematically varied within
a defined range (30-546 mg mL™') to assess the Minimum
Gelation Concentration (MGC) of the Tb-TA metallogel. In this
investigation, the ratio between the components responsible for
forming the Tb-TA metallogel was consistently maintained at
[Tb(CH;COO);-H,0] : [benzene-1,3,5-tricarboxylic acid] = 1:1
(w/w). The Tb-TA metallogel exhibiting a stable white

366 nm 366 nm

p (] [
_ HO' OH [ ] A
- Mixing, Sonication Mixing, Sonication
0% oH

Thill)-merallogel (Th-TA) Eulll-metallogel (Eu-TA)
Benzene-1.3,5-tricarboxylic acid
(Immol in ImL DMF)

@ -Eu(CH.CO0).H:0
(1mmol in 1mL DMF)

) = Th(CH;CO0);.H:0
(Immol in 1mL DMF)

Fig. 1 Synthetic route of Tb(i)-metallogel (Tb—TA) and Eu(in)-metal-
logel (Eu—TA) and their inverted photography images showing the
stability of gel materials.
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appearance was successfully obtained at a concentration of
546 mg mL™' of Tb(m)-acetate salt and benzene-1,3,5-
tricarboxylic acid in the solvent DMF. Similarly, to determine
the MGC of the Eu-TA metallogel, the concentrations of
Eu(CH;CO0);-H,0 salt and benzene-1,3,5-tricarboxylic acid
were systematically adjusted across a range of 30-539 mg mL ™.
A well-formed and stable Eu-TA metallogel was achieved at
a concentration of 539 mg mL™' of Eu(m)-acetate salt and
benzene-1,3,5-tricarboxylic acid in the DMF solvent.

3. Results and discussion

3.1. Rheological analysis

Rheological investigations were carried out to validate the
viscoelastic semisolid properties of both the Tb(m)-metallogel
and Eu(m)-metallogel. The confirmation of material viscoelas-
ticity relies on the storage modulus (G') exceeding the loss
modulus (G”). These moduli were measured to characterize the
gel's behavior. Within the viscoelastic range, the system
conserves energy as represented by G/, analogous to (go/vo)
cos(0), while simultaneously dissipating energy due to oscilla-
tory stress, represented by G”, resembling (oo/7v,)sin(é). For
classification as a gel, the condition G'(w) > G”(w) must be met,
where G'(w) is approximately equal to w° and w denotes the
angular frequency. In the specific case of the Tb(m)-metal-
lohydrogel, with a consistent Tb(CH3COO);-H,O concentration
([Tb(m)] = 546 mg mL™ "), experimental rheology results indi-
cated a significantly higher storage modulus (G') compared to
the loss modulus (G”) (G’ > G”) (Fig. 2a). This rheological data
unequivocally confirms that the Tb(u)-metallogel retains its gel-
like structural characteristics and demonstrates behavior of
semi-solid like. In Fig. 2b, the strain-sweep experiment
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Fig. 2 (a) The graph presents the correlation between angular

frequency and the storage modulus (G') as well as the loss modulus
(G") of the Tb—TA metallogel; (b) strain-sweep tests were carried out
on the Tb—TA metallogel, maintaining a steady frequency of 6.27997
rad s7%; (c) angular frequency measurements are plotted against the
values of G’ and G” for the Eu-TA metallogel; (d) strain-sweep
measurements of the Eu—TA metallogel were executed, maintaining

a consistent frequency of 6.283 rad s .
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conducted on the Tb(m)-metallogel material maintains
a constant frequency of 6.27997 rad s . The constant frequency
of 6.27997 rad s~ ensures that the experiment focuses on the
effect of strain amplitude variation while keeping the defor-
mation frequency consistent, allowing for a more controlled
analysis of the gel's rheological behavior.

The Eu-TA metallogel have a gel nature and exhibits semi-
solid-like behaviour since G’ > G”. For the europium(u)-metal-
logel, specifically focusing on a consistent concentration of
Eu(CH;3COO0);-H,0 ([Eu(m)] = 539 mg mL "), the results of
experimental rheology revealed a notably elevated storage
modulus (G') in comparison to the loss modulus (G”) (G’ > G”)
(Fig. 2c). These rheological findings provide unequivocal
evidence that the Eu-TA metallogel preserves its gel-like struc-
tural attributes and exhibits behavior analogous to that of
a solid. In Fig. 2d, a strain-sweep experiment is depicted,
focusing on the Eu-TA metallogel material, with a constant
frequency of 6.283 rad s~'. The maintenance of a constant
frequency of 6.283 rad s ' ensures that the experimental
conditions remain consistent, allowing for a controlled analysis
of the gel's rheological behavior with respect to changes in
strain amplitude.

3.2. Investigation of the microstructure of Tbh-TA and Eu-TA
metallogels

The structural analysis of both the Tb-TA and Eu-TA metal-
logels was conducted using FESEM (Field Emission Scanning
Electron Microscopy) analysis to explore their respective
microstructural patterns. For the Tb-TA metallogel, FESEM
images unveiled a hierarchical architecture resembling flake-
like structures (Fig. 3a-d). These distinctive hierarchical
morphologies, observed within the FESEM analysis, are postu-
lated to originate from the combination of Tb(OAc);-H,0 and
benzene-1,3,5-tricarboxylic acid gelator in DMF solvent. This
synthesis process is facilitated by rapid mixing and various non-
covalent interactions. The confirmation of this composition
came from EDX (Energy Dispersive X-ray) elemental mapping
and spectra, confirming the presence of carbon (C), nitrogen
(N), oxygen (0O), and terbium (Tb) elements. These elements
correspond to the Tb(OAc);-H,O0 and benzene-1,3,5-
tricarboxylic acid gelator, as well as the DMF solvent. These
components collectively contribute to the network formation
within the Tb(OAc);-H,O metallogel (Fig. 3e-i) (please see
Fig. S1 for EDX spectra of Tb-TA metallogel in ESIT).

In comparison, the microstructural analysis of the Eu-TA
metallogel was also performed using FESEM analysis, revealing
a distinct hierarchical architecture resembling rod-like struc-
tures (Fig. 4a-d). Similar to the Tb-TA case, these hierarchical
morphologies observed within the FESEM analysis are believed
to arise from the combination of Eu(OAc);-H,O and benzene-
1,3,5-tricarboxylic acid gelator in DMF solvent, facilitated by
rapid mixing and non-covalent interactions. To validate the
composition of the Eu-TA metallogel, EDX elemental mapping
and spectral analysis were employed, confirming the presence
of carbon (C), nitrogen (N), oxygen (O), and europium (Eu)
elements. These elements correspond to the Eu(OAc);-H,O and
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Fig. 3 (a—d) Microstructural patterns of the Tb-TA metallogel
captured through Field Emission Scanning Electron Microscopy
(FESEM) images; (e—i) spatial distribution of crucial elements,
encompassing carbon (C), nitrogen (N), oxygen (O), and terbium (Tb),
revealed through elemental mapping.

benzene-1,3,5-tricarboxylic acid gelator, along with the DMF
solvent. This combination of constituents contributes to the
network formation within the Eu-TA metallogel (Fig. 4e-i)
(please see Fig. S2 for EDX spectra of Eu-TA metallogel in ESIT).

In summary, both the Tb-TA and Eu-TA metallogels exhibit
intriguing hierarchical architectures under FESEM analysis,
indicating their unique structural characteristics originating
from specific combinations of components and interactions
during their synthesis processes.

3.3. Fourier transform infrared (FTIR), powder X-ray
diffraction (PXRD), Raman spectroscopy and
thermogravimetric analysis (TGA) of Th-TA and Eu-TA
metallogel

The confirmation of acetate and carboxylic groups associated
with Eu(OAc);-H,O, Tb(OAc);-H,O, and benzene-1,3,5-
tricarboxylic acid was established through FTIR spectra anal-
ysis performed using a JASCO FTIR 4700 spectrometer. The
FTIR spectra of Tb-TA metallogel, Eu-TA metallogel,
Tb(OAc);-H,0, Eu(OAc);-H,0, and benzene-1,3,5-tricarboxylic
acid are illustrated in Fig. 5a and b.

In the Tb-TA metallogel, the presence of Tb(OAc);-H,O and
benzene-1,3,5-tricarboxylic acid is discerned by the appearance
of narrow and sharp peaks, particularly evident in the region

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a—d) Microstructural analysis of the Eu—-TA metallogel depic-
ted through Field Emission Scanning Electron Microscopy (FESEM)
images. (e—i) Elemental mapping revealing the spatial distribution of
essential components, encompassing carbon (C), nitrogen (N), oxygen
(O), and europium (Eu).

between 500 cm ™' and 680 cm ™" (Fig. 5a).°* This spectral region
is indicative of the interaction between benzene-1,3,5-
tricarboxylic acid and Tb(OAc);-H,O. The wave numbers
within the 2800-3000 cm ™" range signify the presence of ~CHj,
—-CH,, and —-CH stretch vibrations.*® Peaks around 3272 cm™*
and 1032 cm ' signify ~OH stretch vibrations, while sharp
peaks at 1441.5 cm™ " and 1537.9 cm ™', along with a broad peak
at 2500-3200 cm ', signify the formation of carboxylic acid.®
The range 3300-3500 cm ™" corresponds to the broad stretching
of H,O vibration absorption. Peaks around 555 cm ' and
920 cm ™ correspond to the out-of-plane vibration of crystalline
water molecules and in-plane swing vibration of coordinated
water molecules, respectively, confirming the existence of both
types of water molecules within the gel composition.****

In the case of the Eu-TA metallogel, IR peaks at 671.1 cm ™,
938.1 ecm ™', 1536.9 cm ™', and 3281.2 cm ™' indicate the pres-
ence of Eu(OAc);-H,O in the synthesized gel (Fig. 5b).** Simi-
larly, benzene-1,3,5-tricarboxylic acid's presence is reflected by
various IR peaks, such as 526.4 cm ', 1105.9 cm ', and
3001.6 cm ™~ '.* The carbonyl and hydroxyl groups are crucial in
characterizing carboxylic acid derivatives. The presence of the
carbonyl group is a significant feature in the infrared spectrum
due to its high sensitivity to environmental changes and strong
absorption intensity. The various effects, such as inductive,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Comparative FTIR spectra for the xerogel variant of To—TA
metallogel, benzene-1,3,5-tricarboxylic acid, and terbium(i) acetate
hydrate; (b) comparative FTIR spectra for the xerogel variant of Eu—-TA
metallogel, benzene-1,3,5-tricarboxylic acid, and europium(in) acetate
hydrate.

mesomeric, field, and conjugation effects, lead to intra- and
inter-molecular hydrogen bonding, which impacts carbonyl and
absorption patterns in organic compounds. Bands observed at
1368.2 cm™ " and 1432.8 cm ™" are assigned to C-O stretching,
while 1608.3 cm ™" corresponds to C=0 stretching.* The broad
band between 3400 cm ™' and 3600 cm™' indicates O-H
stretching vibrations, particularly attributed to the O-H
stretching of the carboxylic acid group. The region at 1705 cm™*
is assigned to vibrations of acetate groups.*® FTIR spectra
analysis offers a comprehensive understanding of the presence
of specific functional groups and interactions within the Tb-TA

RSC Adv, 2024, 14, 12829-12840 | 12833
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(Fig. 5a) and Eu-TA (Fig. 5b) metallogels, shedding light on
their distinct compositions and structural properties.

Carboxylic acids as ligands form binuclear compounds, in
which an indirect interaction® between the metal centers takes
place. In this work, trimesic acid is capable of coordinating with
europium(m) and terbium(m) of europium acetate and terbium
acetate respectively. The aromatic ring in trimesic acid facili-
tates carboxylic groups (COOH) capable of chelating cations and
charge transfer to the metal ions. The FTIR spectrum of Eu-TA
metallogel and Tb-TA metallogel shows a shift of the carbonyl
bond frequencies. The symmetric and asymmetric variations in
the frequencies® of the COO-Eu and Tb bond-stretching band
for Eu-TA and Tb-TA (between 1406 cm™ ' and 1538 cm ') were
lower. This reflects the coordination of trimesic acid with
europium acetate and terbium acetate. The new peaks in Eu-TA
metallogel at 1608 and 1705 em ™" correspond to the asymmetric
stretching vibration®” of COO-. This indicates the coordination
between lanthanide ions and trimesic acid.

The crystalline nature of the metallogels was investigated
using a PANalytical X'pert powder X-ray diffractometer equip-
ped with Cu K, radiation. The powder X-ray diffraction (PXRD)
patterns for Tb-TA and Eu-TA metallogels are illustrated in
Fig. 6. Further PXRD patterns for Tb(OAc); - H,0, Eu(OAc);-H,0,
and benzene-1,3,5-tricarboxylic acid are provided in the ESI as
Fig. S3-S5,T respectively.

For the Tb-TA metallogel, the presence of crystallinity is
evident from Fig. 6, which displays distinctive 26 values at 9.79°,
11.5°, 18.9°, 21.8°, 25.4°, and 27.4°. These peaks are likely
attributed to Tb(OAc);-H,O (Fig. S31). At room temperature, the
XRD profile of the Eu-TA metallogel (Fig. 6) reveals the coexis-
tence of Eu(OAc);-H,O and benzene-1,3,5-tricarboxylic acid, as
indicated by the 26 values at 11.7°, 19.2°, 21.4°, and 25.1°
(associated with Eu(OAc);-H,O, Fig. S47), as well as at 10.5°,
20.2°, 24.5°, 27.3°, and 33.3° (attributed to benzene-1,3,5-
tricarboxylic acid, Fig. S57). Particularly noteworthy is the
pronounced peak at 10.5°, which can be attributed to benzene-
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Fig. 6 The PXRD pattern of Tb—TA xerogel and Eu-TA xerogel
demonstrating its crystalline nature.
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1,3,5-tricarboxylic acid. The additional 26 values, including
10.23°, 12.3°, 14.2°, 20.2°, 23.8°, 24.8°, 26.8°, 27.4°, 30.4°,
33.08°, and 42.7°, stem from the presence of benzene-1,3,5-
tricarboxylic acid within the gel matrix (Fig. S51). Conversely,
the PXRD pattern of the Tb-TA metallogel showcases
a comparatively higher count of distinct sharp peaks with
elevated intensities compared to the Eu-TA metallogel. This
distinction indicates a more robust crystalline nature for the
Tb-TA metallogel.

Structural characteristics of the gels are further explored
using Raman studies. Raman analysis of both Tb-TA and Eu-TA
metallogels are carried out using a HORIBA LABRAM HR
evolution confocal Raman spectrometer with an excitation
source of 532 nm (100 mW). Fig. 7a and b show the Raman
spectrum of Tb-TA and Eu-TA metallogels respectively.
Benzene-1,3,5-tricarboxylic acid is the common component
used here for the formation of both the metallogels. Naturally
its signatures in the form of C-H vibrations, carboxylic acid
group vibrations and ring vibrations are clearly visible in both
the Raman spectra. The Raman shift in the range 3000-
3100 cm™" is an identification of C-H stretching vibrations
which points to the presence of a hetero-aromatic organic
molecule.”® This is conspicuous by its absence in case of Eu-TA
metallogel (Fig. 7b), while the band at 3011.5 cm ™" shows the
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Fig. 7 (a) Raman spectrum of Tb—TA metallogel; (b) Raman spectrum
of Eu—TA metallogel.
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C-H stretching vibrations in Tb-TA metallogel (Fig. 7a). The
range 750-1300 cm ' corresponds to the C-H in-plane and out-
of-plane bending vibrations in aromatic compounds.*® O-H
stretching of carboxylic acid group of trimesic acid is clearly
indicated by a broad band appearing in the region 3400-
3600 cm ™ *.%® The various impure modes that receive contribu-
tions from other modes can be observed below 1000 cm ™" in
both metallogels.*® This is most probably due to the in-plane
and out-of-plane vibration of the benzene ring. Moreover, the
fluorescence lifetime of both the metallogels measured by
fitting the curves with exponential decay profiles (Fig. S8%). For
both the metallogels, excitation wavelength was 340 nm and
emission was monitored at 480 nm. In this regard, the observed
lifetime of Eu-TA metallogel was 1.28 ns whereas Tb-TA met-
allogel showed 1.56 ns (Fig. S6 and S77).

Thermogravimetric analysis (TGA) is used to investigate the
thermal stability of the gels. TGA is carried out at a heating rate
of 10 °C min™" under nitrogen atmosphere using Hitachi
STA7200 analyzer. Fig. 8 shows the gravimetric thermogram of
the gels. In both the metallogels, the early weight losses at
around 100 to 200 °C follow almost a similar pattern and these
losses may be, most probably, due to the loss of the moisture
content. After that Eu-TA degrades fast in two major steps while
Tb-TA maintains an almost monotonous path till around 400 °©
C before finally rushing to calcination. The calcination occurs
approximately at 440 °C for Tb-TA metallogel and at 663 °C for
Eu-TA metallogel respectively, leading to a black coloured
material.*® It has been shown that the decomposition of acetate
starts near 145 °C and terminates at around 663 °C.>* However,
the initial degradation temperature of benzene-1,3,5-
tricarboxylic acid starts at 300 °C and continue up to 500 °C
where a sharp degradation results.” It is clear that the differ-
ence in the observed behaviour of the Tb-TA and Eu-TA met-
allogels is due to the characteristic differences in the terbium
and europium metal acetates present in their respective
combinations. The TGA studies thus show clear and discernible
thermal behaviour with the Tb-TA metallogel exhibiting better
thermal stability.
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Fig. 8 Thermogravimetric analysis of Tb—TA (red) and Eu-TA metal-
logel (black).
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3.4. Device fabrication of Tb-TA and Eu-TA metallogels

An exploration into the semiconductor characteristics of Tb-TA
and Eu-TA metallogels has been initiated, aiming to uncover
their potential applications in electronic devices. The intriguing
possibilities encompass utilizing them as charge transport
buffer layers, components for Schottky diodes, or elements in
thin film transistors. Nonetheless, for these applications to
materialize effectively, it is imperative that these materials can
form uniform and nanoscale-thick films without the presence
of pinholes. This task is complicated by the inherent gel-like
nature of these materials, which often hampers the creation
of such thin films. To circumvent this challenge, a viable
approach was adopted by combining the gels with an insulating
polymer, polymethylmethacrylate (PMMA). A pivotal observa-
tion was made that with a meticulous and optimized stirring
process, well-dispersed blends of these gels and PMMA could be
achieved in the solvent DMF. Significantly, DMF was found to
serve as a suitable solvent for both the gels and PMMA. The
procedure involved stirring PMMA in DMF at 40 °C for duration
of two hours, followed by the addition of the gels. Subsequent
stirring for an additional four hours led to the formation of
finely dispersed blends. To ascertain the ideal PMMA-to-gel
ratio, different weight percentages of PMMA (ranging from
10% to 50%) were mixed with the gels, and the film-forming
capabilities of each composition were scrutinized. Moreover,
the electrical properties of these compositions were assessed.
The results unveiled that the most optimal film properties were
exhibited by the blend composition comprising an equal
proportion of the gel and PMMA. This finding highlights the
potential of such hybrid compositions for overcoming the film-
forming challenges posed by the gel nature of these materials.
The semiconducting electrical and charge transport character-
istics of both gels were assessed by fabricating Schottky device
structures employing blend films of gel and PMMA as the active
semiconducting layer. These films were sandwiched between
a transparent conducting electrode made from Indium Tin
Oxide (ITO) serving as the anode, and aluminium (Al) acting as
the cathode. The schematic representation of the utilized device
structure is illustrated in Fig. 9. The ITO substrates, obtained
from Ossila (UK), were pre-patterned and underwent a cleaning

GLASS Al Electrodes

Gel Coating

Fig. 9 Schematic sketch of the device structure for the gels Tb-TA
and Eu—TA metallogels.
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process involving soap solution, followed by sonication in
highly pure deionized water. Subsequently, isopropyl alcohol
sonication and a 12 minute UV/ozone exposure ensured thor-
ough cleaning. The gel composite films were then spin-coated
onto these ITO substrates at a speed of 1500 rpm, resulting in
film thicknesses around 200 nm. These coated films were
immediately annealed at 60 °C for 5 minutes. Through thermal
deposition under high vacuum conditions (10> torr) and
utilizing a precisely fitting metal mask, aluminium (Al) elec-
trodes were deposited onto the active layer. The final device
structure consisted of ITO/Tb-TA (or Eu-TA) gel-PMMA blend/
Al. Employing a custom-made device holder featuring spring-
loaded gold contacts, the current-voltage (I-V) characteristics
of all devices were assessed. This analysis was conducted using
a Keithley 2612A source meter interfaced with a computer,
allowing for a comprehensive understanding of the device's
performance.

3.5. Electrical characterization

The current-voltage (I-V) characteristics of the Tb-TA and Eu-
TA metallogel Schottky devices are shown in the Fig. 10. It can
be seen that both I-V characteristics are wide and nonlinear.
This wide nature of the curves usually derives from high series
resistance of the device.” For evaluating the device operating
parameters which can help to throw some light in the possible
semiconducting properties of the gels, we used the usual
thermionic emission theory based on the Cheung's method.*
The diode equation is accordingly given as,

) o

where V is the applied bias voltage, k the Boltzmann constant, g
the electronic charge, T the temperature and I, represents the
usual reverse saturation current. Accordingly,**
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Fig. 10 [-V characteristics of Tb—TA and Eu-TA metallogel based
diodes.
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KT 1
w0y = = () @
H(I) = IR, + n¢g (5)

Here (R;) is the series resistance, () is the ideality factor, and
(pp) is the barrier potential height (¢g). H(I) is a function
defined for evaluating the diode parameters. The ideality factor

is obtained by fitting the plot between

q ((lir:/l) and I. This plot
also will give the series resistance, Rs. H vs. I plot is also used as
another method to calculate R, as well as to arrive at the barrier
height, (¢g). Fig. 11 and 12 respectively show all these plots for
Tb-TA and Eu-TA metallogel blends.

At low bias voltage, the I-V characteristics of the Schottky
diode is linear. It is different in case of higher voltage. The effect
of series resistance® and interface state density will deviate the
I-V characteristics from linearity. Double log plots of I and V are
used to establish the charge transport behaviour and mecha-
nisms at the interface of the gel semiconductor and electrodes.

Variations in the slopes of these curves give indication about
the type of mechanism of charge transport. Fig. 13a and
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Fig. 11 % vs. | plots of Tb—TA metallogel and Eu-TA metallogel

based Schottky diodes.
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Fig. 12 H vs. | plots of Tb—TA and Eu—-TA metallogel based Schottky
diodes.
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Fig. 13 (a and b) Log/ vs. log V plots of Tb—TA and Eu-TA metallogel
based Schottky diodes.

b represents the log-log plots for Tb-TA and Eu-TA metallogels
respectively. Two regions I and II are indicated in the figure.
These regions show different slopes with I « V™, where m is the
slope of the plot for each linear region. The current conduction
mechanism at the low bias region I exhibits an ohmic behavior 1
o V. This is due to the thermally generated carriers. In high
voltage region II, the linearity gives away to I o« V?, where the
current is Space Charge Limited (SCLC regime) and trap free.
Here one can use the Mott-Gurney equation®

9 2

1= g&'ré‘gﬂA e (6)
Here ¢, the permittivity of free space, ¢, the dielectric constant of
the blend, u is the charge carrier mobility, and d is the thickness
of the film. By fitting the SCLC region II of log I-log V plot (Fig. 13)
the electron mobility is extracted. Thus we can conclude that the
thermally generated carriers are dominant at low voltage region®
and thus the injected carriers from the contacts are neutralized
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by the thermally generated carriers. Therefore the domination of
Ohm's law is clearly visible in the low voltage region. The space
charge limited conduction mechanism begins®* when the density
of the injected carriers from the contacts becomes comparable
with the density of the thermally generated free carriers. The
applied voltage in which this transition occurs is called the crit-
ical voltage. Thus the transition point in the log(l)-log(V)
behavior, from the linear state to region II (I « V%), is determined
by the point where the slope of the curve changes from 1 to 2. The
estimated values of series resistance, ideality factor, barrier
potential, conductivity ON/OFF ratio, and electron mobility for
both the Schottky device made with Tb-TA and Eu-TA metallogel
blends are presented in Table 1.

The conductivity values of both the gel devices are high
enough to be categorized them as materials with high semi-
conducting electric properties. However the series resistances of
the diodes are too high for a good Schottky device. Another
interesting parameter that shows too high values is the ideality
factor. Such high values of ideality factor are reported earlier too
for Schottky diodes. In simple terms this parameter is an indi-
cation of the variation of the diode slopes from a typical ideal
diode.* Ideality factor describes how far the diode slope differs
from an ideal diode slope.

However, it has already been known that high values of the
ideality factors arise from a number of discrepancies in the
device architecture involving the energetics and interfacial
mismatches. Effects of nonuniform distribution of interface
states, barrier inhomogeneities, tunnelling, bulk defects etc. Non
ohmic behaviour of the electrodes also contributes to this.
Employing suitable electron/hole transport and blocking buffer
interface layers is necessary to overcome these bad effects. In this
particular case of the gel Schottky diodes presented here the
device structure used is only elementary without any interfacial
buffer layers as the main objective of this part of the work is to
peep into the potential of these gels to be used in microelectronic
device applications. In this context, the conductivity, mobility
and switching ratio values obtained here clearly point to the high
potential of these two gels in such microelectronic applications.
Comparing these two gels, conductivity values differ discernibly
by about one order indicating a superior semiconducting nature
for Eu-TA metallogel. Further, with the same device architecture
and the limitations thereupon, Eu-TA diode exhibits much better
switching, on-off ratio and lesser series resistance. As already
mentioned the wide non-linear nature of the -V characteristics
also gives valuable information to this effect. It has been shown
that one of the probable reason for the wide non linearity in the I-

Table 1 Semiconducting device parameters of Tb—TA and Eu-TA metallogels extracted from the electrical characteristics of the Schottky

diodes fabricated with them as the active layers

Series resistance (Rs)

(kohm)
Conductivity Barrier height dv Electron mobility
Device On/off ratio (Sm™ Ideality factor (eV) dinz > I Huvs. I (em®>v's™
Tb-TA 4316 1.45 15 0.63 2.78 2.79 1.6 x 107*
Eu-TA 784 0.14 16 0.606 3.98 3.82 1.3 x 107*

© 2024 The Author(s). Published by the Royal Society of Chemistry
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V characteristics. The I-V characteristics of both the gels (Fig. 10)
show wide nonlinear nature and this wideness is more for Tb-TA
compared to Eu-TA, and this can be traced to the higher series
resistance value of the Tb-TA than that of the Eu-TA (Table 1).

4. Conclusions

To conclude, our study successfully synthesized two innovative
metallogels incorporating Tb(m)- and Eu(m)-ions. This was
achieved through rapid combination of respective acetate salts
with benzene-1,3,5-tricarboxylic acid in DMF at room temper-
ature. The self-assembly of these metallogel networks was
driven by coordinated and cooperative interactions between the
metal ions and the tartaric acid ligand. The mechanical stability
of the synthesized metallogels was rigorously evaluated using
rheological analysis. Microstructural examination through
FESEM imaging revealed distinct architectures - a hierarchical
flake-like structure for Tb(m)-metallogel and a rod-like structure
for Eu(m)-metallogel. Detailed spectroscopic analysis, encom-
passing XRD, FTIR, and Raman measurements, shed light on
the metallogels and their constituents. Notably, the Tb-TA
metallogel exhibited a superior crystalline structure in
comparison to the Eu-TA metallogel. FTIR spectra highlighted
the presence of both coordinated and crystal water molecules in
the gel compositions. Raman analysis further differentiated the
two metallogels, showcasing the presence of a hetero-aromatic
organic molecule exclusively in Tb-TA. Thermal behavior, as
indicated by thermogravimetric analysis, revealed distinct
degradation patterns for Tb-TA and Eu-TA metallogels, with
the former displaying greater thermal stability, likely attributed
to unique characteristics of their respective acetate combina-
tions. Electrical and electronic property assessments demon-
strated significant semiconducting characteristics for both
metallogels, with Tb-TA metallogel exhibiting notably higher
electrical conductivity. These findings underscore the potential
utility of both metallogels in microelectronics applications. In
summary, our work offers a comprehensive exploration of these
novel Tb(m)- and Eu(um)-metallogels, revealing their distinct
properties and potential for diverse device applications,
particularly in the realm of microelectronics.
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