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Thermodynamic and mechanical properties of
supramolecular gel based on bisterpyridine ligand
formed via a cooperative model
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Supramolecular gels hold immense potential in materials science, particularly in the development of
functional materials for optoelectronics, sensors, and soft robotics. Their tunable mechanical properties
and hierarchical self-assembly facilitate precise control over material structures and functions. Herein,
we present a comprehensive study of the photophysical and mechanical properties of a supramolecular
gel derived from a bisterpyridine ligand. The bisterpyridine ligand 1, incorporating alanine moieties as
chiral units, was successfully synthesized. Notably, 1 exhibited gelation in aromatic solvents such as
toluene and xylene, forming a supramolecular gel with a distinctive twisted fiber morphology. The
heating and cooling curves exhibited non-sigmoidal shapes, indicating that supramolecular gel 1
prepared in toluene, was formed via a cooperative mechanism. The Gibbs free energy was calculated to

be —32.82 kcal mol ™. Furthermore, supramolecular gel 1 displayed strong blue emission, highlighting its
Received 19th May 2025 tential for optoelectronic applications. Th hanical ties of 1 investigated Vi
Accepted 14th August 2025 potential for optoelectronic applications. e mechanical properties o were investigated via
rheometry, revealing a pronounced thixotropic behavior, indicative of a reversible gelation process.

DOI: 10.1038/d5ra03512k These findings underscore the adaptability and multifunctionality of supramolecular gel 1, making it
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Introduction

Supramolecular gels have emerged as a significant class of soft
materials due to their unique self-assembly behavior, tunable
mechanical properties, and stimuli-responsive
characteristics."™® Unlike conventional polymeric gels, which
rely on covalent cross-linking, supramolecular gels are formed
through non-covalent interactions such as hydrogen bonding,
m-1m stacking, metal coordination, and van der Waals
forces.””** This dynamic and reversible nature of supramo-
lecular interactions allows these gels to exhibit self-healing,
adaptability, and reconfigurability, making them highly attrac-
tive for various applications.””***” In addition, supramolecular
gels form soft solids with high viscosity and viscoelasticity.?*°
Their structural integrity is maintained by an entangled and
partially branched fibrous network, which immobilizes the
solvent phase and enables sol-gel transitions in response to
external stimuli such as temperature, pH, and ionic
strength.'”'#%3* In contrast, the supramolecular polymers
described in our previous studies exist as homogeneously
dispersed solutions lacking a percolated network structure,
resulting in extremely low viscoelasticity.***”
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a promising candidate for advanced material applications.

Terpyridine (TPY) ligands are renowned for their strong
chelating ability with transition metals, facilitating the forma-
tion of supramolecular assemblies.>>*3*% Their distinctive
electronic and structural properties make them exceptional
candidates for gelator design. Supramolecular gels formed by
terpyridine ligands exhibit dynamic and reversible characteris-
tics, enabling them to respond to environmental changes such
as temperature, pH, and solvent polarity. Due to these attri-
butes, terpyridine-based gelators have found applications in
catalysis, optoelectronics, and biomedical engineering. Terpyr-
idine ligands exhibit robust coordination complexes with
transition metals such as Pt(u), Pd(u), Zn(u), and Fe(u), leading
to the formation of extended networks and gel structures. The
coordination process enhances the stability of the gel, providing
unique mechanical and optical properties. Metal-organic gels
based on terpyridine coordination can be designed to exhibit
selective ion-responsive behavior, making them highly suitable
for targeted applications.>*>*****> The aromatic terpyridine core
promotes T-7 stacking interactions, facilitating supramolec-
ular aggregation and gelation. Additionally, hydrogen bonding
between functional groups within the gelator molecules further
stabilizes the gel matrix. These non-covalent interactions
enable the formation of reversible and stimuli-responsive gels
with tunable properties.

Terpyridine-based gels serve as highly efficient catalytic
platforms,  particularly in  oxidation-reduction reac-
tions.****4% The synergy between metal coordination and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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supramolecular network formation enhances the catalytic
activity and recyclability of these systems. Hybrid nanocatalysts
embedded within terpyridine gels represent a promising
approach for both homogeneous and heterogeneous catalysis.
The unique electronic properties of terpyridine-metal
complexes enable their application in optoelectronic devices,
including organic semiconductors and photodetectors.>*®
Furthermore, terpyridine-based gelators have been employed as
colorimetric and electrochemical sensors for metal ion
detection.**** Their ability to modulate optical properties in
response to external stimuli makes them ideal candidates for
smart sensor development. Biocompatible terpyridine-based
gels are increasingly being investigated for drug delivery and
tissue engineering applications.**** The reversible nature of
their self-assembly allows for controlled drug release,
responding to changes in pH, temperature, or ionic strength.
Additionally, these materials have demonstrated potential in
biosensing applications, including DNA and protein
detection.*>*%%

Terpyridine-based gelators represent a promising class of
supramolecular materials with extensive applications in catal-
ysis, optoelectronics, and biomedicine. Understanding their
gelation mechanisms and optimizing their self-assembly prop-
erties will facilitate the development of next-generation func-
tional materials. Future research should focus on enhancing
the stability and responsiveness of terpyridine gels while
exploring their integration into advanced material systems.
Continued advancements in this field are expected to yield
innovative solutions for diverse technological and scientific
challenges.

Hence, integrating amide units with terpyridine groups in
molecular design, using straightforward synthetic methods, are
a critical strategy for developing supramolecular gels both in the
presence and absence transition metal ions. Compound 1 is
designed with two terpyridine moieties that impart hydro-
phobic character and facilitate -7 interactions, alongside two
chiral alanine units that introduce hydrophilicity and enable
intermolecular hydrogen bonding during gel formation. Owing
to this balanced amphiphilic architecture, compound 1 is
anticipated to exhibit both hydrophobic and hydrophilic prop-
erties, thereby promoting the formation of supramolecular gels
in organic solvents. Here, we report on the gelation behavior of
bis(terpyridine)-based ligand 1 containing two R-alanine units
in toluene and xylene (Fig. 1). The photophysical and mechan-
ical properties were investigated using UV-Vis, photo-
luminescence spectroscopy and rheometry. In addition, the
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Fig. 1 Chemical structure of compound 1 in this study.
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thermodynamic parameters of supramolecular gel 1 were
calculated based on heating and cooling experiments.

Results and discussion

Compound 1, featuring two terpyridine and alanine moieties,
was synthesized as illustrated in Scheme S1 and thoroughly
characterized by 'H and "*C NMR spectroscopy, FT-IR, and ESI-
MS (see SI: Fig. S6-S11). Comprehensive characterization data
are provided in the SI.

We first investigated the gelation behavior of compound 1 in
various organic solvents. It was found that 1 could form gels in
organic solvents such as toluene and xylene (Fig. 2) including
ACN, DCM, DMF, DMSO, chloroform, methanol and 2-propanol
(Fig. S1 and Table S1). These findings suggest that 1 can serve as
a building block for organogel formation. The critical gelation
concentrations (CGC) of compound 1 in toluene and xylene
were determined to be 0.7 and 0.5 wt%, respectively (Fig. S2).

Notably, the gelation behavior of 1 differs significantly from
that of the supramolecular polymer previously reported in our
study, which was formed in a mixed DMSO and H,0 (3:7 v/v)
system.*® This distinction arises despite both systems relying
on intermolecular interactions such as hydrogen bonding, ww-m
stacking, and van der Waals forces for self-assembly. The
underlying driving forces governing gel formation will be di-
scussed in detail later.

To investigate the morphology of the synthesized supramo-
lecular gel, we acquired scanning electron microscopy (SEM)
and atomic force microscopy (AFM) images of supramolecular
gel 1 formed in toluene. The SEM and AFM images revealed the
formation of twisted fibers with lengths extending to several
hundred micrometers (Fig. 3). Notably, these fibers exhibited
extensive entanglement, which likely facilitated gelation by
encapsulating solvent molecules. In contrast, such pronounced
fiber entanglement was rarely observed in supramolecular
polymers formed in dilute solutions. This extensive fiber
entanglement is presumed to play a crucial role in the gelation
process.

The UV-Vis and photoluminescence (PL) spectra of organo-
gel 1 and monomer 1 were recorded at two different solvents
(Fig. S3). The UV-Vis absorption band of supramolecular gel 1
was observed at 300 nm, corresponding to the —m* transition
of the bisterpyridine moiety. In contrast, the absorption band of
monomer 1 in CH,Cl, appeared at 275 nm. The red-shifted
absorption of supramolecular gel 1 suggests the formation of

Fig. 2 Photographs of 1 supramolecular gel in toluene under (A)
ambient light and (B) UV light.
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Fig. 3 (A) SEM and (B) AFM images of supramolecular gel 1 (1 wt%)
formed in toluene.

a supramolecular gel stabilized by w-m stacking interactions
between the bisterpyridine units. Furthermore, the PL spectrum
of supramolecular gel 1 exhibited a red shift compared to that of
the monomeric species in CH,Cl,, further indicating the
influence of supramolecular assembly on its photophysical
properties.

Temperature-dependent UV-Vis spectral changes of supra-
molecular gel 1 were monitored at 350 nm (Fig. 4). No signifi-
cant changes in absorbance at 350 nm were observed between
293 K and 313 K. However, at 318 K, the absorbance at 350 nm
dramatically decreased, indicating the dissociation of the
supramolecular gel into monomeric species. These results
demonstrate that supramolecular gel 1 remains stable at
temperatures below approximately 316 K. In particular, the
heating and cooling curves exhibited non-sigmoidal shapes,
indicating that the supramolecular gel forms via a cooperative
mechanism involving nucleation and elongation. Furthermore,
the thermodynamic parameters of supramolecular gel 1 were
evaluated using a cooperative model (Table S2). The Gibbs free
energy derived from the heating curve was calculated to be
—32.82 keal mol ™', Quantitative analysis also yielded a cooper-
ativity parameter, ¢ defined as the ratio of the nucleation
constant (K,) to the elongation constant (K.)—ranging from
2.3 x 10 ° to 5.2 x 10 %, based on curve fitting with the coop-
erative model.
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Fig. 4 Plots of temperature-dependent changes in the degree of
aggregation (monitored at 350 nm) for supramolecular gel 1 (0.7 wt%)
in toluene, recorded at a heating rate of 1.0 K min~*. To obtain an
accurate T, the heating curve was measured at 0.7 wt%.
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To elucidate the driving forces behind gel formation, we
obtained the 'H nuclear magnetic resonance (NMR) spectrum
of 1 (1 wt%) in toluene-dg. At 298 K, the aromatic proton signals
(H1, H2, and H3) of 1 appeared significantly broadened
(Fig. S4a), indicating the presence of strong m-m stacking
interactions between the bisterpyridine units (Fig. S4). In
contrast, at 353 K, the aromatic proton peaks became sharper
and exhibited a downfield shift compared to those at 298 K
(Fig. S4a and c), suggesting the dissociation of the supramo-
lecular nanoarchitecture into monomeric species. Additionally,
in CDClj, the aromatic proton peaks were sharper and displayed
a downfield shift (Fig. S4d), indicating the presence of weaker
-7 stacking interactions at 298 K in toluene-dg. We conducted
Fourier-transform infrared (FT-IR) spectroscopy to further
investigate its supramolecular interactions. The amide I band of
supramolecular gel 1 appeared at 1635 cm™ "' (Fig. S5a, right
panel). In contrast, in CH,Cl,, the amide I band was observed at
1670 cm ™' (Fig. S5b, right panel). The -NH stretching band of
supramolecular gel 1 appeared at 3286 cm ™', whereas the -NH
stretching band of monomer 1 in CH,Cl, was observed at
3694 cm '. These results imply that the -NH moieties in
supramolecular gel 1 participate in intermolecular hydrogen
bonding interactions. These results strongly suggest that
supramolecular gel 1 forms a supramolecular nanoarchitecture
through robust intermolecular hydrogen bonding between the
amide groups.”~ further stabilizing the gel network.

The mechanical properties of supramolecular gel 1 were
investigated using rheometry. The storage modulus (G') and
loss modulus (G”) were plotted as a function of strain to provide
insights into the viscoelastic nature of supramolecular gel 1
(Fig. 5A). At low strain levels (0.1-10%), the storage modulus (G')
is significantly higher than the loss modulus (G”), indicating
that the material primarily exhibits elastic behavior. This
suggests the presence of a well-entangled, structured network,
characteristic of supramolecular gels or physically crosslinked
polymer systems. In this regime, the material maintains its
structural integrity under small deformations. As strain
increases (10-100%), both G’ and G” gradually decrease,
reflecting a weakening of the network structure. This reduction
in moduli suggests that the material is undergoing molecular
rearrangements and softening while still retaining partial
elasticity. This intermediate strain region indicates that the
network is not yet permanently disrupted, though supramo-
lecular interactions begin to yield under increasing deforma-
tion. At higher strain levels (>10%), G’ and G” continue to
decrease, and a critical crossover point is observed where G”
surpasses G'. This transition signifies a shift from a solid-like
(elastic) state to a liquid-like (viscous) state, marking the
onset of yielding. Beyond this point, the structural integrity of
supramolecular gel 1 is lost, and the material flows under
applied deformation, demonstrating the breakdown of the
entangled fiber network.

Fig. 5B presents the frequency-dependent oscillatory rheo-
logical behavior of the supramolecular gel, illustrating the G’
and the G” as functions of angular frequency (w). Across the
entire frequency range examined, G' remains significantly
higher than G”, with both moduli exhibiting minimal

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Rheological properties of a supramolecular gel 1 (1 wt% in toluene). Storage (G’) and loss (G”) moduli recorded during (A) a strain sweep,
(B) frequency sweep experiment. (C) Continuous step strain measurements were conducted at 0.1% and 1007% strain at 293 K over three repeated

cycles, with each cycle monitored for 60 s.

dependence on frequency. This characteristic profile indicates
that the gel possesses a predominantly elastic, solid-like nature
with a stable three-dimensional network that is resilient to
variations in oscillatory frequency. The relatively flat response
of G’ and G” underscores the robustness of the supramolecular
architecture, suggesting that the network junctions formed by
non-covalent interactions maintain their integrity under
dynamic shear conditions. Such behavior is a hallmark of well-
developed supramolecular gels, reflecting their potential for
applications that require sustained mechanical stability over
a broad range of deformation rates.

The thixotropic behavior of supramolecular gel 1 was further
examined through continuous step strain measurements at
alternating low (0.1%) and high (100%) strain amplitudes over
three cycles (Fig. 5C). At each application of high strain (~60 s,
~180 s, and ~300 s), both G’ and G” display an abrupt decline,
with G” exceeding G', indicating a transition from an elastic,
solid-like state to a viscous, liquid-like state due to the tempo-
rary disruption of the supramolecular network under shear.
Upon returning to the low strain condition, G’ and G”
progressively recover, with G’ surpassing G” once more, signi-
fying the restoration of the gel's internal architecture. This
reversible shift underscores the gel's thixotropic nature and
highlights its intrinsic self-healing ability, where non-covalent
interactions such as hydrogen bonding, m-m stacking, and
metal-ligand coordination facilitate the reassembly of the

network. Such dynamic mechanical responsiveness to

1000 1000

alternating strain not only demonstrates the robustness of
supramolecular gel 1 but also points to its potential utility in
applications demanding reversible mechanical adaptation,
such as injectable soft materials and stimuli-responsive
systems.

The viscosity of supramolecular gel 1 was evaluated as
a function of shear rate (Fig. 6A). At low shear rates, the orga-
nogel exhibits high viscosity, indicating a well-entangled and
structured network. As the shear rate increases, the viscosity
decreases significantly, suggesting that the supramolecular
interactions and entangled fiber structures are progressively
disrupted under shear stress. After approximately 100 s~ ', the
supramolecular gel 1 appears to have fully transitioned into
a solution, resulting in an almost constant viscosity value, as
shown in Fig. 6A. This shear-thinning behavior is characteristic
of non-Newtonian fluids, implying that the material can flow
more easily when subjected to an applied force. This property
makes it particularly suitable for applications in injectable gels
and stimuli-responsive materials.

To observe thixotropic behavior—characterized by reversible
viscosity changes under alternating low and high strains—the
viscosity of the material was measured under cyclic strain
conditions. The results presented in Fig. 6B clearly demonstrate
the thixotropic nature of the supramolecular gel. Upon the
application of a high strain (100%), the viscosity of the gel
markedly decreased, indicative of a disruption in the internal
fibrous network under shear. Notably, when the strain was
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Fig. 6 Viscosity changes of a supramolecular gel 1 (1 wt% in toluene) during (A) shear viscosity as a function of shear rate, (B) continuous step
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viscosity measurements at 0.1 and 100% and (C) step-wise frequency sweep experiments upon heating from 293 K to 363 K.
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subsequently reduced back to a low value (0.1%), the viscosity
progressively recovered over time, approaching its original
value. This reversible decrease and recovery of viscosity upon
alternating strain amplitudes underscore the dynamic, self-
healing capabilities of the gel network, characteristic of thixo-
tropic materials. Such behavior highlights the ability of the
supramolecular gel to undergo shear-induced structural disas-
sembly followed by spontaneous reformation of the supramo-
lecular architecture, thereby maintaining its mechanical
integrity under external stimuli. In addition, the viscosity
decreased upon heating (Fig. 6C), indicating the formation of
a weak gel structure due to the supramolecular assembly
mediated by noncovalent interactions.

Conclusions

We have demonstrated the photophysical and mechanical
properties of a supramolecular gel derived from a bisterpyridine
ligand. Supramolecular gel 1 exhibits strong blue emission,
underscoring its potential for optoelectronic applications. The
gel features a distinctive twisted fiber morphology, which was
further analyzed through thermodynamic studies. The heating
and cooling curves exhibited sigmoidal shapes, indicating that
supramolecular gel 1, prepared in toluene, forms via an iso-
desmic mechanism. The gelator 1 generates fiber structures by
a cooperative model with a nucleation and elongation, with
a calculated Gibbs free energy of —32.82 kcal mol * by heating
curve. The mechanical properties of supramolecular gel 1
exhibit characteristics typical of non-covalent gel. Notably, the
gel demonstrates pronounced thixotropic behavior, indicative
of a reversible gelation process. Additionally, supramolecular
gel 1 displays tunable viscosity and self-healing properties,
making it a promising candidate for advanced material appli-
cations, including stimuli-responsive materials and injectable
soft matter systems.
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