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ABSTRACT: Supramolecular gels derived from functionalized gelators offer diverse applications, and modifying the properties of
existing organogels using guest molecules presents an attractive approach for designing functional gel materials with targeted
properties. In this study, we investigated a method to enhance the mechanical and photophysical properties of readily prepared low
molecular weight gels (LMWGs) through the incorporation of boronic acid derivatives. The leveraging of dynamic covalent bonding
interactions between the hydroxyl groups of oxotriphenylhexanoates (OTHO) gelator and the boronic acid derivatives gave rise to a
boronate adduct along with enhanced intermolecular aromatic stacking interactions between gelators and thereby reinforced the
rheological and thermal stability of the doped OTHO gels. In an effort to probe the aforementioned aromatic interactions, we used a
pyrene boronic acid dopant, which revealed that the spatial proximity between the aromatic groups of the boronic acid was close
enough to display excimer formation. Our findings provide valuable insights into the regulation of mechanical strength, self-healing
ability, and photophysical properties of supramolecular gels. Furthermore, this approach holds promise for broad applications in
hydroxyl-containing LMWGs, enabling the development of functional gel materials with enhanced properties.

B INTRODUCTION gels. The most common methods are the addition of metal
ions,"” photoinduced cross-linking,'® incorporation of charge
transfer interactions,'’ inorganic composites,20 and biomacro-
molecules”' to strengthen the gels. These methods permit an
improvement of the mechanical stability of the gel; never-
theless, remarkable structural alteration of the network
component is involved. An alternative method is to install
reactive functional groups on the gelator,”* allowing an
intermolecular covalent cross-linking of the gel fibers. For
example, condensation between hydrazide and amino groups
with aldehyde cross-linkers has been investigated.”>** All of
the aforementioned methods require either challenging
LMWG design and/or lead to supramolecular structural
modification.

In recent decades, sugar-based organogelators have been
heavily explored for advanced applications.”> > Sugars are

Supramolecular gels based on low molecular weight gelators
(LMWGs) have received widespread attention owing to the
easy tunability of their structure and numerous prospective
applications in multidisciplinary fields' including, self-healing
materials,” rewritable materials,” wound healing,4 drug
delivery,’ optoelectronics,6 sensing,7 imaging,8’9 environmental
remediation,'’ catalysis,'" and renewable energy applications."”
The high structural tunability arises from the simple fact that a
gelator based on a small molecule is easier to modify (to
decorate with the desired functionality) than the polymer
counterpart. Polymers are constructed through covalent bonds
among the network components, whereas supramolecular gels
are formed through noncovalent interactions, including
hydrogen bonding, 7#—m stacking, van der Waals forces,
electrostatic interactions, and aromatic interactions."”> How-
ever, the absence of covalent bonds between the network
components typically results in the inherent mechanical
fragility of supramolecular gels, causing them to break at low
strain levels. This limitation restricts their use in various
applications. Significant efforts comprising different chemical,"*
physical'® and enzymatic'® cross-linking approaches have been
devoted to tuning the mechanical properties of supramolecular
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well-known to quickly react with boron-based acids through
hydroxylic groups to form boronic esters (boronates). The
reactivity of boronic esters is commonly used in organic
synthesis but has also been used in biological science.”' >
Furthermore, the reactivity between hydroxyls and boronic
acids has been investigated in macromolecular chemistry,
allowing the functionalization of polymers, their cross-linking,
and thereby the tuning of the rheological properties.’”
Moreover, boronic acid-based small molecules have also
been investigated as gelators.”®~*’ For example (arylboronate
alkylglucoside)-based organogels derived from alkylglucosides
with aryl boronic acids were reported recently, but the study
was focused on the sensitivity of the boronate function toward
hydrolysis.***> However, to the best of our knowledge, the
bifunctional role of boron derivatives in improving mechanical
properties and modulating the photophysical properties has
not been tested or evaluated for supramolecular gels based on
LMWGs to date.

Recently, we reported on the synthesis and gel properties of
oxotriphenylhexanoates (OTHOs).*® The OTHO gelator is a
versatile gelator that is ce;pable of gelation in a number of
solvents including water.””*® Moreover, the OTHO can be
functionalized and used in photonic applications® and
catalysis."" Furthermore, the OTHO can be easily combined
with a sugar-based glycopyranoside substituent to form a
transparent organogel (OTHOL1) at a low concentration (<2
wt %) (Figure 1a). The primary objective of this study is to
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Figure 1. (a) Molecular structure of the OTHOL1 gelator, PhBA, BA,
and PyBA. (b) General model for the dynamic covalent bonding
interactions proposed for OTHOLI in the presence of boron acid
species.so’51

develop a facile method for achieving dynamic cross-linking of
supramolecular structures (Figure 1b) by means of a simple
modulation process involving different components capable of
interacting with one another, thereby forming a bicomponent
supramolecular network. This approach eliminates the need for
complex molecular design, lengthy synthetic procedures, and
laborious purification steps. Instead, it entails the straightfor-
ward addition of commercially available boron-based acids,
such as boric acid (BA), phenylboronic acid (PhBA), and
pyrene-1-boronic acid (PyBA) to the sugar-based OTHOI1
gelator (or other hydroxyl-containing gelators) leading to the
formation of readily prepared doped gels. Building upon this
concept, we have systematically investigated the effects of
varying molar ratios of BA, PhBA, and PyBA on the
morphological, thermal, and rheological properties of
OTHOL1 gels (Figure 1).

B RESULTS AND DISCUSSION

The organogels were prepared by mixing a 15 mg/mL solution
of OTHOL gelator with varying amounts of boron-based acid
species in toluene. The mixture was heated until complete
solubilization of the components was achieved, followed by
sonication to induce gel formation. It should be noted that a
higher loading of PhBA leads to the formation of a thick
precipitate in toluene, thereby diminishing the capacity to
interact with the OTHO1 gelator. However, up to 8 equiv of
the boronic acids can be employed to achieve reproducible
gelation for our systems.

We have recorded the SEM images of the corresponding gel-
derived xerogels obtained from the OTHO1 gel as well as the
modified OTHO1 gels with PhBA (OTHO1-PhBA), BA
(OTHO1-BA), and PyBA (OTHO1-PyBA) in order to gain an
insight into the microstructure of the gels (Figures 2 and S1—
S4). All four gels afforded entangled fibrous structure on the
micrometer scale (with no visual phase separation).

Figure 2. SEM images of (a) OTHOI1, (b) OTHOI-PhBA, (c)
OTHOL1-BA, and (d) OTHO1-PyBA xerogels. Photographs of the
organogels OTHO1, OTHO1-PhBA and OTHO1-BA and OTHO1-
PyBA are provided as the corresponding inset images.

Thermal studies, TGA (Figures SS and S6, Table S1) and
DSC (Figures S7 and S8), show the modification of the
thermal properties of the xerogels after doping. TGA profiles
showed us the temperature-induced degradation pathways and
how the structural variation of boronic acids affects the unique
thermal stability trends of our gel systems. OTHO1-xerogel
has an onset degradation temperature of ~224 °C. In
comparison, xerogels of OTHOI1-BA, OTHOI1-PhBA, and
OTHO1-PyBA have onset degradation temperatures at ~116,
239, and 237 °C respectively. For OTHO1-PhBA and
OTHO1-PyBA xerogels, this elevated onset degradation
temperature is attributed to the increased thermal stability
due to the formation of the corresponding boronic esters. For
the OTHOI1-BA xerogel, we did not observe any significant
changes in the onset degradation temperature compared to BA
indicating that the hybrid system is not contributing to the
thermal stability. In the DSC data, we observed a clear thermal
event for the PhBA at ~80 °C attributing to a dehydration
event.’”>® In the case of the OTHOI-PhBA xerogel, we
observed a similar thermal event at a much higher temperature
indicating that the boronic ester formed during gel formation is
more thermally stable than the parent boronic acid.

The modification in thermal stability is attributed to the
involvement of two of the hydroxyls of the OTHOI in the
dynamic covalent formation of a boronic ester (Figure 1b)
which can be seen as the general decrease of the intensity of
the OH band in OTHOI1-dopant xerogel, in the region
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between 3500 and 3000 cm™' when comparing the FT-IR
spectra (Figures 3 and S9—S11).>* For example, PhBA shows a
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Figure 3. FT-IR spectra (a) and PXRD patterns (b) of the OTHO1
gelator and xerogels.

similar stretching band at 3300 cm™', due to the hydroxyl of
the boronic acid (Figures 3 and S9). A weak band at 3300
cm™' in the OTHO1-PhBA solid mixture indicates a starting
interaction between the PhBA and the sugar hydroxyl of the
OTHOL1 gelator. Finally, the spectrum of the OTHO1-PhBA
xerogel shows a complete disappearance of the OH signal
owing to the formation of a boronic ester bond via the
dynamic covalent cross-linking interactions between OTHO1
and the PhBA moiety. Similar phenomena were observed for
the OTHO1-BA and OTHO1-PyBA gels (Figures S10 and
S11). The experimental PXRD pattern of the OTHO1-dopant
xerogel is not a sum of the patterns of the starting materials,
indicating a new phase has been formed (Figures 3 and S12—
S14). The differences confirm the interactions between the
OTHO1 and the dopants.

To verify the formation of the OTHOI-boronic ester
adduct, we subjected our OTHO1-PhBA xerogel to high-
resolution mass analysis (Figure S15) and could identify the
formed ester species. After the interactions between the gelator
and the dopants were confirmed, rheological studies (Figures 4
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Figure 4. Oscillatory rheological measurements of the gels. Strain
sweep experiments for (a) OTHOI, (b) OTHO1-BA (BA: 8 equiv),
(c) OTHO1-PhBA (PhBA: 8 equiv) and (d) OTHO1-PyBA (PyBA:
4 equiv) gels.

and S16—S42) were conducted to examine the impact of the
boron additives on the rheological properties of the materials.
The doped gels (with 1, 4, and 8 equiv of boron-based acids)
and undoped gels were analyzed to investigate the alterations
in the rheological properties resulting from the presence or
absence of the boron additives. Dynamic rheological experi-
ments on the gels confirmed their viscoelastic gel nature. At
low strain, the storage modulus (G’, the elastic contribution)
was significantly higher than the loss modulus (G”, the viscous
contribution). OTHO1 gels doped with different equivalents
(1, 4, and 8) of boron species were tested during the
rheological measurements (Table 1). Strain sweep illustrated a

Table 1. Data Related to the Strain Sweep Measurements of
the Organogels As Determined at a Frequency of 6.28 rad/s
and T =20 °C

tan 6
equiv of boron G’ G” (G”/  yield point
gel species added ~ (kPa) (kPa) G') (strain%)
OTHO1 9 1.5 0.17 1.06
OTHO1-BA 1 8.6 0.9 0.1 0.41
4 11.7 1.1 0.09 0.59
8 20.3 1.3 0.06 0.64
OTHO1-PhBA 1 16.9 0.7 0.04 0.57
4 20.5 0.6 0.03 0.71
8 26.0 0.8 0.03 1.81
OTHOI-PyBA 1 14.7 1.8 0.12 0.70
4 39.2 2.1 0.08 1.13

linear viscoelastic (LVE) region at low deformation of both
doped and undoped gels. The increasing amount of boron
additive, for both OTHO1-BA and OTHO1-PhBA gels, leads
to the rise of G’ (Figures S16—524). The OTHO1 gel has a G’
equal to 9 kPa, which can be improved to 11.7 and 20.3 kPa by
the addition of BA, for the 4 and 8 equiv boron species-based
systems, respectively. A similar trend is observed for the
increasing amount of PhBA. In this case, upon the addition of
1 equiv of PhBA the G’ rises to 16.9 kPa, which is almost twice
the strength of the OTHOI1 gel. The G’ value was further
improved by the addition of 4 and 8 equiv of PhBA, resulting
in a G' of 20.5 and 26 kPa, respectively. In the case of
OTHO1-PyBA gel, the G’ values were observed to be 14.7 and
39.2 kPa for 1 and 4 equiv of PyBA, respectively. Since the G”
remains almost constant for the hybrid and pure systems
(Figure 4), showing a substantial increase in elastic component
contribution to the network through the addition of the
dopant. The tan § (tan § = G”/G’) values were observed
below 1 indicating the solid-like nature of the gels. On the
other hand, decreasing tan 6 with an increase in boron dopants
indicates that the doped gels act more elastic in nature.
Furthermore, the OTHO1 gel has a yield point of 1.06%,
indicating a certain resistance to the strain stress before the
supramolecular systems start to suffer structural modification
(Figure S25). This value is observed in the range of 0.41—
1.81% for the hybrid systems (Figures S26—S33). Frequency
sweep measurements (Figures $34—S42) displayed minimum
dependence of G’ on frequency over the experimental region.
G’ exceeded G” by an order of magnitude corroborates the
viscoelastic gel-like behavior. The overall pattern of the G’ and
G” were similar for the original and hybrid OTHO1 gels;
however, the G’ of the OTHO1-PhBA gel was larger compared
to the OTHO1 gel. This confirms the more elastic nature of
the OTHO1-PhBA gel than the OTHOI1 gel. The OTHO1-
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Figure S. (a) UV—vis absorption spectra of OTHO1, PyBA, and OTHO1-PyBA gel with 1 equiv PyBA; (b) fluorescence emission spectra of
OTHO1-PyBA gel throughout the gelation process (with respect to time) (1., = 348 nm). 2 mg of the gel was thoroughly dispersed in 2 mL of
toluene for all spectroscopic measurements. (c) Frequency sweep experiments conducted at different time intervals after gelation for the OTHO1-
PyBA gel (with 1 equiv of PyBA) to shed light on the influence of gel aging up on the typical trend of G’ and G’ values.

PyBA gel corresponds to similarly high G’ values like the
OTHO1-PhBA gel; however, the former one shows higher tan
o0 values. This observation can be attributed to a higher elastic
component but a more fluid-like behavior of OTHO1-PyBA
gel at high-strain amplitudes (G” > G’) unlike the other three
gels. These results indicate that the hybrid organogels are
characterized by a larger amount of network formation,
suggesting a higher cross-linking due to the presence of the
boron species.

For practical applications of supramolecular gels, the self-
healing ability of the material represents a key factor, worthy of
investigation due to their ability to repair their structure and
properties in response to damage. Time-dependent hysteresis
loop tests (dynamic step-strain measurements) were per-
formed (Figures S43—S46) to monitor the thixotropic
behavior of both the pristine and doped gels by alternating
low and high strain at certain time intervals at a constant
oscillation frequency of 6.28 rad/s for realizing the gel-to-sol
(G” > G’) and sol-to-gel (G’ > G”) conversions. Interestingly,
the original strengths of the gels were recovered almost
instantaneously when the breaking strain was removed. At first,
the gels were subjected to a constant strain of 0.01% and then
the strain was increased to 250% (100% for OTHO1-PyBA
gel) and then again decreased to 0.01%, and the entire step was
repeated for 3 cycles for OTHO1 gel and 5 cycles for doped
OTHO1 gels. The OTHO1 organogel showed a relatively
good self-healing ability, resulting in a gel able to recover most
of the storage modulus (62% of its original strength) at the end
of the three consecutive step-strain cycles. The OTHO1-BA
gel recovered 39 and 27% of its original strength immediately
after the first cycle and after five consecutive cycles,
respectively. Surprisingly, the OTHO1-PhBA and OTHO1-

PyBA gels recovered 92 and 83% of their initial strength,
respectively, even after five successive step-strain cycles,
indicating a rapid, repeatable, and autonomous self-healing
behavior of the gels. The lower self-healing ability of OTHO1-
BA gel can be attributed to partial unreacted BA present in the
supramolecular gel pockets as evidenced from the PXRD
pattern (Figure S13).

The different results obtained from the OTHOI-BA and
OTHO1-PhBA gels indicated different strengthening processes
for these additives. Starting from the BA system, its
solubilization in toluene is not favorable so higher temper-
atures are necessary (~100 °C). Nevertheless, these can lead
to a rearrangement of the boron compound, going from the
crystalline structure of BA to the amorphous B,0; polymeric
system, with lower availability of the key hydroxyl group.”
This system would still be able to be integrated into the
supramolecular assembly and reinforce the OTHO1 gel
system. However, these interactions are weak. The consecutive
steps performed in step-strain measurements lead to a gradual
reduction of self-healing properties and reaching a behavior
like the unreinforced OTHO1 gel. Considering these results, it
is possible to affirm that a low compatible compound in an
organic solvent like the BA leads to a low interaction process.
These can be then overcome and lead to a boron system
reorganization and segregation on a molecular scale. The final
segregated boron species cannot then keep reinforcing the
OTHOL1 supramolecular assembly. On the other hand, the
PhBA is highly soluble in toluene (also characterized by higher
thermal stability) and can easily undergo dynamic covalent
bonding interactions in the supramolecular system by means of
esterification with the OTHO1 hydroxyl. This dynamicity
allows an increase of strength and thixotropic ability of
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OTHO1-PhBA gel, as an uninterrupted (continuous) and
escalated aromatic interaction is possible. This behavior will
contribute to keeping the reinforcer role along with exhibiting
self-restoring properties of the gel even after the successive
steps of loading and unloading external stress as observed in
the step-strain experiment.

In general, characterizing aggregation in a multicomponent
gel is usually challenging since self-assembled gelation is a
complex process involving several noncovalent interactions.
The UV—vis absorption spectrum (Figures Sa and S47) of the
OTHO1 gel with PyBA is identical to that of the guest
molecule, having intense bands in the UV region (two
shoulder peaks at ~332 and 347 nm) corresponding to the
m—nr* transition. The fluorescence emission spectrum of PyBA
in a dilute toluene solution is characterized by vibronic bands
at ~379, 388, 399, and 420 nm, respectively, which are
attributed to the 7—z* transitions and entitled as monomeric
emission (Figures Sb and $47). In monitoring the fluorescence
of OTHOI1-PyBA gel, the gel exhibited a similar emission
pattern to its doped guest compound. In addition to the
monomeric family of bands, a significant broad band appeared
at ~482 nm due to excited state dimer or excimer emission.
The extent of pyrene exciplex fluorescence emission is a
reflector of distance and flexibility effectuating a favorable
interaction between the ground state and excited state pyrene
rings. These interactions between the aromatic moieties help in
reinforcing the gel (corroborated by rheological analysis).
Excimer emission generally arises in a dose-dependent (high
concentration) manner;’® however, the OTHOI1-PyBA gel
showed an increase in excimer emission intensity upon aging at
room temperature from 0 to 16 h (Figure S48). From the
observation of fluorescence intensity over time, we can infer
that the interactions or binding of PyBA with the OTHO1
gelator increases with time and the overall emission intensity
increases upon achieving a more favorable orientation between
the stacked self-assembled motifs. This monotonic increase in
the emission intensity can also be attributed to the progressive
rigidification (or restriction of movement) of the neighboring
environment in the gel network with time. The gel network
becomes stronger (higher elastic component contribution),
more ordered, and more cross-linked upon aging (Figure Sc)
and experiences steric hindrance and thus induces an increased
fluorescence emission. This environment-sensitive fluorescence
pattern indicates a time-dependent stiffening process of the
PyBA-doped gel. The augmentation in gel rigidity was
established from the strain and frequency sweeps at different
time intervals after gelation for the OTHO1-PyBA gel to shed
light on the influence of gel aging upon the typical trend of G’
and G” values (Figures S49—S53, Table S2). Hence, the
photophysical response of OTHO1-PyBA gel delineates that
the PyBA units are favorably aligning with time and these
aromatic interactions thereby reinforce the self-spanning gel
network.

B CONCLUSIONS

In summary, a series of boron-based acid-doped OTHO1 gels
were readily prepared in one step from oxotriphenylhexanoates
and boronic acids or boric acid. The rheological and
morphological properties of the organogels were determined
for each gel. The organogelators self-assembled within the
solvent to afford an intertwined fiber-like appearance
(observed by SEM). In addition to the preparation and
characterization of these organogels, we have demonstrated

that it is possible to utilize a single organogelator to ameliorate
the rheological and photophysical properties of the OTHO1
gel depending on the nature of guest boron species (dopants).
The approach of mixing boron-based acids with LMWGs
containing a hydroxyl group represents a straightforward
method to improve the rheological properties of the gels. For
example, the addition of PhBA permits a 3 and 4-fold
increment of the organogel strength, respectively, together with
improved self-healing performance, compared with those
measured for the OTHO1 gel without reinforcement. The
present study suggests that the improved rheological and
thermal stability of the doped OTHO1 gels is the result of
covalent bonding interactions between OTHO1 and the
boronic acid derivatives, leading to a boronate adduct along
with enhanced intermolecular aromatic stacking interactions
between gelators. In an attempt to probe the aforesaid
aromatic interactions, we used a pyrene boronic acid dopant
which was able to indicate that the aromatic groups of the
boronic acid are spatially close enough to display excimer
formation. The tuning of OTHOL1 gel properties by varying
the guest molecules manifests the importance of unique
structural relationships and nonbonding interactions in design-
ing LMWGs, which commits to the ongoing efforts to
determine the structural features of a gelator responsibel for
gelation. The study of different boron unit-incorporated sugar
gelators with advantageous refinement properties can lead to
novel supramolecular gels with desirable rheological and
photophysical properties for real-life applications.
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