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ABSTRACT: Although the gelation process and lower critical so-
lution temperature (LCST) behavior are well acknowledged in pol-
ymer systems, low-molecular-weight gelators (LMWGS) rarely
display LCST behavior during supramolecular gelation. Herein, we
report an LMWG system with LCST-type thermo-responsiveness
and an LCST-triggered supramolecular gelation process. Temper-
ature plays a crucial role in this system, not only affecting the LCST
phase separation, but also triggering the gelation process. The back-
bones (three-dimensional structures) of the resulting hydrogel are
the hierarchical assemblies of the LMWG undergoing the LCST
phase separation. Hence, the gelation of the LMWG is only realized
when the gelation temperature is above the critical transition tem-
perature (Teioud) Of the LCST behavior, which is different to many
supramolecular or polymeric hydrogel systems.

INTRODUCTION

Hydrogels are found ubiquitously in biological systems as mul-
tifunctional materials.-® Many artificial gelators and gelation strat-
egies have been applied in recent decades to fabricate supramolec-
ular hydrogel materials.*® The reversible gel-sol transitions trig-
gered by external stimuli are key steps to realize controlled self-
assembly and functionalization.'®'® The thermo-responsive prop-
erty of hydrogel structures is frequently introduced to artificial hy-
drogel systems to perform gel-sol transitions that are used for drug
release, self-healing, shape memory, and supramolecular adhe-
sion.16'2°

Compared with the common gel-sol transitions simply triggered
by heating/cooling, the combination of gelation beahvior and lower
critical solution temperature (LCST)-type thermo-responsiveness
endows hydrogels with a unique property of thermo-responsive-
ness: thermo-responsiveness is achieved and maintained without
gel-sol transitions.?*? For example, Wang et al. reported poly(N-
isopropylacrylamide) (PNIPAm)-based supramolecular gels with
LCST-type properties, which are available for smart windows.?
Such heating/cooling-induced transparent-turbid transitions of su-
pramolecular gels need a sophisticated molecular design because
supramolecular hydrogels are sensitive to elevated temperature and
would be destroyed at high temperature.?5-32 Until now, LCST-type
supramolecular gels are mainly restricted to PNIPAm family, be-
cause PNIPAm and its derivatives have a critical transition temper-
ature (Tcioud) Of approximately 30-37 TC.3%3% In this temperature
range, supramolecular hydrogels easily maintain the gel morphol-

ogy.3-% However, in polymeric hydrogel systems with LCST be-
haviors, the gelation process and LCST behavior are usually two
independent phenomena and do not interfere with each other. In
other words, the formation of hydrogels is not triggered by the
LCST behavior and the critical gelation temperature is always be-
low the Teous of LCST behavior. Low-molecular weight-gelators
(LMWGs) are less explored to fabricate LCST-type supramolecu-
lar hydrogels, though they may provide more opportunities for the
design of advanced functional systems with desired structures and
functions.*®*2 The restrictions for the exploration of LCST-type su-
pramolecular hydrogels based on LMWGs are: a) it is difficult to
design a small molecule that possesses gelation and LCST capaci-
ties simultaneously and b) the gelation processes of LMWGs are
rich with ambiguity when LCST behavior coexists.

In general, to display LCST behavior in water, (macro)molecules
are required to form hydrogen bonds with water molecules,
whereas strong water-participant hydrogen bonding is unfavorable
for the supramolecular gelation.**#* During the gelation process,
gelators aggregate together via intermolecular interactions to form
three-dimensional structures (typical processes of supramolecular
gels; such structures can further assemble to macroscopic gel ma-
terials);*> however, strong gelator-water hydrogen bonding (hydra-
tion effect) can weaken or destroy the intermolecular aggregation.*6
Considering the above-mentioned facts, the molecular design is re-
quired to handle the conflict and elegantly balance the two compet-
ing parts. Amphiphilic structures may be ideal candidates to over-
come these problems because their hydrophilic peripheral parts can
interact with water molecules to realize LCST behavior, and the
hydrophobic core of the gelator remains insulated from water mol-
ecules and assembles to form the gel without the interruption by
water molecules. With suitable thermo-responsive segments, the
fabrication of LMWGs-based LCST-type supramolecular hydro-
gels is possible.

Herein, we report an LMWG system with LCST-type thermo-
responsiveness and an unexpected LCST-induced supramolecular
gelation process. Firstly, the critical transition temperature (Tcioud)
of the LMWG can be easily modulated, and the hydrogel maintains
its gel morphology over the temperature range being tested. There-
fore, the LCST-type phase behaviors of this system are observed in
both sol and gel states. Secondly, the gelation process of the
LMWG s realized only when the gelation temperature is above
Teloud. The LCST behavior of the LMWG results in the formation
of visible macroscopic aggregates in sol state, whereas in the sub-
sequent gelation process, these macroscopic aggregates of LMWG
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molecules transform into the three-dimensional structures of hydro-
gel. Once the gelation temperature is below Tcioud due to the disap-
pearance of macroscopic aggregates, no supramolecular hydrogels
are formed. This LMWG system is different to previously reported
polymeric hydrogels with LCST,??5 as in this system LCST be-
havior is closely related to the formation of supramolecular hydro-
gels.
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Scheme 1. (a) Chemical structures of LMWG MF and model compounds (TC and MH) and (b) LCST-induced supramolecular gelation:
gelation of MF is only realized when the gelation temperature is above the critical transition temperature (Tcioud) Of LCST behavior.

RESULTS AND DISCUSSION

Monomer design. Benzo-21-crown-7 (B21C7) derivatives are a
new class of LCST molecules and are used in different systems to
facilitate LCST behavior.#6 Amphiphilic monomers with two
B21C7 units are designed and synthesized via amidation reactions
from the corresponding benzenedicarboxylic acid (MF in Scheme
1a). Hydrophilic B21C7 units, located on the outer layer, are used
as the thermo-responsive segments to display LCST phase behavior,

while the hydrophobic tetrafluorobenzene with amide linkers, lo-
cated in the inner layer, controls the aggregation of gelators to re-
alize supramolecular gelation through F-F interactions, n—m stack-
ing, and hydrophobic interactions. MF achieves a balance between
the solubility (hydration effect) and aggregation (gelation process),
according to the solubility test and gelation performances, which is
suitable for the investigation of LCST-triggered supramolecular ge-
lation.*”
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LCST behavior of MF in sol and gel states. The preliminary
results are observed by heating/cooling MF aqueous solutions di-
rectly. The water solution of MF displays LCST phase separation
when the temperature was elevated/decreased, with reversible
transparent-turbid transitions as typical phenomena (Figure 1a,
left).*8 In detail, the transmittance data of MF solutions, shown in
Figures 1b,c, recorded using a UV/Vis spectrometer confirm such
LCST behavior, with a dramatic decrease in transmittance above
Teoud. The concentration-dependent UV/Vis measurements (Figure
1b, S12) demonstrate a wide distribution of Tcioud from less than
20 T to more than 50 T (concentration of MF varies from 8.0 to
2.0 mg/mL). MF at 8.0 mg/mL has a Tcioud 0f 18.9 C upon heating
or 16.2 T upon cooling (Figure 1c). Further increase in the con-
centration of MF shows only a slight influence on Tcioud and transi-
tion windows (Tcioud of MF at 12 mg/mL is 18.7 C). The structural
integrity and aggregation reversibility of MF are confirmed by re-
peated heating—cooling cycles (Table S1).

== Heating —
S Cooling
ﬂ i_i
—_—
Transparent Turbid sol
sol
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Interestingly, the turbid MF solution gradually turns into a turbid
gel, as confirmed by the tube inversion test, scanning electron mi-
croscopic (SEM), transmission electron microscopic (TEM) and
rheological measurements (Figure 1a, middle, Figure S13, S14 and
515).4548 Three dimensional networks of fibers were observed
(Figure S13 and S14). The gelation process of MF at 25 T is slow
(8.0 mg/mL, 9 h). Meanwhile, the turbidity of the sample exists
during the whole gelation process, indicating the concomitant oc-
currence of the LCST behavior. However, no gelation behavior was
observed at 4 C, 10 T, or 15 T (8.0 mg/mL, a transparent MF
solution, tested for 72 h), which is in contrast to the common su-
pramolecular gelation processes.*%*2 The MF solutions with differ-
ent concentrations (6.0 mg/mL and 12 mg/mL, 10 h and 8 h, re-
spectively) only become hydrogel gels (turbid) when temperatures
are above Teioud.
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Figure 1. LCST and gelation behavior of MF: (a) macroscopic LCST-induced gelation of MF sol and gel; (b) concentration-dependent
turbidity curves of MF with heating rate of 1.0 T/min; (c) heating—cooling cycles of MF (8.0 mg/mL) at sol and gel states, with heating/cool-
ing rate of 1.0 C/min; (d) temperature-dependent rheology tests of MF gel (8.0 mg/mL); (e) temperature-dependent DLS of MF at a con-
centration of 8.0 mg/mL. Here m-MF, a-MF, and v-MF represent the monomer-type MF, aggregated MF, and visible MF, respectively.

The MF hydrogel of concentration 8.0 mg/mL (prepared at 25 C)

displays a typical LCST-type behavior after cooling (Figure 1a,
right): the opaque hydrogel gradually turns translucent, and finally

becomes transparent. The entire turbid-transparent transition of the
MF hydrogel is completely reversible. Rheological characteriza-
tion of MF further provides quantitative information on the storage
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moduli (G’) and loss moduli (G*’): G’ values are higher than G’
values over the entire experimental range of frequencies and inde-
pendent of frequencies (Figure S13). As shown in Figure 1c, the
Teioud Of the MF hydrogel is close to that of the MF solution at the
same concentration (8.0 mg/mL). The turbidity curves of the MF
solution and MF hydrogel at different heating rates (ranging from
0.1t0 2.0 T/min, 8.0 mg/mL for MF) are very similar, too. During
the heating process (15 to 35 T), the hydrogel retains its bulky
morphology, and no gel-sol transitions or collapsed gels are ob-
served (Figure 1a, right). The rheological tests of MF hydrogels at
variable temperature confirm the stability of hydrogels during the
heating process until the temperature exceeds 35 T (Figure 1d).
Such heating-induced transition from gel to sol is concentration-
dependent. When the concentration of MF was increased from 8.0
mg/mL to 24 mg/mL, the hydrogel is more stable to the elevated
temperature. Macroscopic tests are consistent with the rheological
tests: when the temperature was increased from 15 to 35 T, the
hydrogel still kept its bulky morphology (8.0 mg/mL), and only the
light transmittance of the hydrogel gradually decreased.

HdO F O H

LCST-type supramolecular gelation process. The aggregation
processes at different states were easily followed and monitored
because of the slow gelation process of MF at 8.0 mg/mL (25 T, 9
h). First, the investigations of MF in the sol state were carried out.
Particles with an average size of 3-4 nm in MF solution at temper-
ature below 16 C were clearly noted from the dynamical lighting
scattering (DLS) result (Figure 1e), indicating that MF molecules
exist as monomer types without any aggregation. When the tem-
perature was changed to 18 T, large aggregates with an average
size of approximately 80 nm were recorded. The tyndall effect was
observed at this temperature, whereas no obvious turbidity was vis-
ible to the naked eye. However, when the temperature was in-
creased to 19 T, slightly above Teioud, NOt Only were micrometer-
sized particles detected, but the macroscopic transition from a
transparent solution to a turbid mixture was also observed.

According to the DLS data, it is obvious that an aggregation pro-
cess was induced during heating in the sol state, accompanied with
the size enhancement from invisible monomer-type MF (m-
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Figure 2. Concentration-dependent *H NMR spectra (D20, 400 MHz, 25 T) of MF: (a) 1.4 mg/mL, (b) 3.0 mg/mL, (c) 4.0 mg/mL, (d) 5.0
mg/mL, (e) 6.0 mg/mL, and (f) 8.0 mg/mL. Here peaks A and B are in blue and red, respectively.
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Figure 3. DOSY spectra (D20, 400 MHz, 25 C) of MF: (a) 3.0 mg/mL, (b) 8.0 mg/mL. The same diffusion coefficients are obtained for

residual water molecules.
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MF, < 3-4 nm, Figure S17) to aggregated MF species (a-MF, < 80
nm), and finally to visible particles (v-MF, > 1 pm).

The nuclear magnetic resonance (NMR) experiments of freshly
prepared samples were performed to get further insights into the
gelation process. The concentration of the LMWG is an important
factor that affects the gelation process and the property of the su-
pramolecular gel. During the concentration-dependent NMR tests,
all MF samples were in the sol state. When the concentrations of
MF samples were between 1.4 mg/mL and 5.0 mg/mL, no remark-
able changes in NMR spectra were observed because no apparent
chemical shifts or new peaks emerged (Figure 2, S16). Different
NMR spectra were obtained when the concentrations of MF sam-
ples were further increased. With protons Ha (-CONH2CH?>-) as an
example (Figure 2), the former single peak of Ha split into two sets
(peaks A and B) when the MF concentration varied to 6.0 mg/mL
and 8.0 mg/mL.

The diffusion ordered spectroscopy (DOSY') experiments of MF
(3.0 mg/mL and 8.0 mg/mL) were carried out at 25 C (Figure 3).

Journal of the American Chemical Society

The diffusion coefficient (D) of MF at 3.0 mg/mL is 2.29 %< 1010
m2/s, corresponding to the size of 1.82 nm.*6 Two sets of D were
obtained from the MF spectra at 8.0 mg/mL.: 2.29 x10-1° m?/s (1.82
nm, peak A) and 1.78 x<10"1° m?/s (2.24 nm, peak B). The simula-
tion results demonstrate that the size of a single MF molecule is
smaller than 2.5 nm (Figure S17). The DOSY results indicate that
both peaks A and B belong to the monomer-type MF (m-MF). *H
NMR spectrum of MF at 15 C (< Tcioud of MF at 8.0 mg/mL) also
shows peaks A and B, indicating that the occurrence of peak B is
not the result of LCST phase behavior. Hence, these changes of
concentration-dependent NMR spectra can be ascribed to a concen-
tration-induced molecular transformation of MF.

During the concentration-dependent and DOSY NMR tests, all
MF samples were in sol state. The time-/temperature-dependent
NMR tests of MF were carried out to monitor the LCST-induced
supramolecular gelation (Figure 4, S18-24), respectively. With re-
sidual water as the standard in the time-dependent NMR spectra,
the normalized intensity of MF was plotted. As shown in Figure
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Figure 4. (a) Partial time-dependent 'H NMR spectra (D20, 400 MHz, 25 TC) of MF; (b) Partial temperature-dependent *H NMR spectra
(D20, 400 MHz) of MF. The concentrations of MF for (a) and (b) are 8.0 mg/mL. Here peaks A and B (m-MF) are in blue and red,
respectively. (c) Normalized intensity of m-MF (peaks A and B in Figure 4a).
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4c, the intensity of m-MF (the total intensities of peaks A and B)
rapidly decreases during first 9 h, then gradually reaches equilib-
rium. This observation indicates that more and more MF molecules
are not detected during the time-dependent NMR tests.

Two possibilities are envisioned to explain the disappearance of
MF molecules in the NMR spectra:

(A) In our previous work, we have found that micrometer-sized
aggregates are NMR undetectable and phase-separated from the
LCST solution when temperature is above Tcioud.*® Based on the
DLS results and our previous work, the appearance of NMR unde-
tectable MF molecules may be ascribed to the formation of mi-
crometer-sized aggregates (v-MF, detected by DLS, > 1 pm) that
were phase separated from the MF NMR samples.

(B) During the time-dependent NMR tests, the NMR sample so-
lution (8.0 mg/mL) gradually changed into a mixture of gel and sol,
then completely into gel state. The MF molecules may assemble
into the three-dimensional structures of hydrogels (solid parts of
hydrogels) that are also NMR undetectable as proved by some re-
ported work,4549.50

TC and MH are analogues of MF and are used as control com-
pounds to evaluate the possibilities for the disappearance of MF
molecules in NMR spectra (Scheme 1 and Figure $25-27).4¢ TC
and MH display LCST behavior; however, they cannot form hy-
drogels at either low temperature or above Tcioud. Both TC and MH
show decreased intensities of NMR signals when the temperature
is above Tcioud @5 monitored by NMR (Figure S27).46 Without the
disturbance of the formation of three-dimensional structures of hy-
drogels, the disappearance of TC or MH molecules in NMR spec-
tra is ascribed to the formation of micrometer-sized aggregates
(phase-separated from the LCST solution upon heating).*¢ Consid-
ering the large aggregates of v-MF observed in DLS tests and the
phase-separation of MF sample during time-dependent NMR tests,
it can be speculated that large v-MF aggregates are responsible for
the disappearance of MF molecules in NMR spectra when the tem-
perature was above Tcioud (Possibility A, induced by LCST behav-
ior).

However, this explanation only describes half of the picture. Dif-
ferent NMR changes were observed in the temperature-dependent
NMR spectra of MF (in sol state without any gelation behavior,
Figure 4b, S21-24) compared to that of the time-dependent NMR
spectra (with gelation behavior). As temperature gradually in-
creased from 40 C to 70 C, new proton peaks appear in the tem-
perature-dependent NMR spectra of MF, as shown in Figure 4b.
As mentioned above, the MF hydrogels are stable below 35 T
(Figure 1e, 8.0 mg/mL), hence during this temperature range, no
gel formation was possible. These newly emerging peaks were also
found in the temperature-dependent NMR spectra of MH and TC
(Figure S27). However, no changes were observed from the time-
dependent NMR spectra of MH or TC (Figure S$25, 25 T), which
is different to MF (Figure 4a).*6 This information indicates that
without gel formation (above 40 C), MF behaves the same as pure
LCST systems like MH or TC. While once gel formation occurred
(25 ), LCST behavior of MF is not the same as that of MH or
TC.46

As mentioned above, during the gelation tests, we have found
that the NMR sample solution (8.0 mg/mL) failed to form hydrogel
when the temperature was set at 15 C, 10 TC, or 4 T (no LCST
behavior). In additional, MF solutions with lower concentrations
(2.0 mg/mL or 3.0 mg/mL, Figures S18 and S19) showed neither
apparent changes during time-dependent NMR tests nor become
hydrogels. These observations indicated that once v-MF species
were absent due to the lower temperature or concentration, MF
could not assemble into three-dimensional structures of hydrogels.
Such observations are quite different to PNIPAmM hydrogels. In
these polymeric systems, the formation of hydrogels is dependent

on the structures of PNIPAm (cross-linked polymers). LCST be-
havior of PNIPAm usually takes place after the formation of hy-
drogels.?26

Generally, hydrogels consist of two parts: solid-type three-di-
mensional structures (backbones of hydrogels, NMR undetectable)
and solution-type entrapped solvents and LMWGs (sol parts of hy-
drogels, NMR detectable). In the sol part of the hydrogel of MF,
the concentration of entrapped MF molecules is only 4.0 mg/mL
(Figure S28), which is only half of the initial concentration of MF
(8.0 mg/mL of MF when preparing the hydrogel sample), indicat-
ing that the concentration of MF in three-dimensional structures is
much higher than that in the sol part. Based on these information,
it is highly possible that v-MF species induced by LCST behavior
can further self-assemble into the solid-parts (NMR undetectable
three-dimensional structures) of hydrogels (Possibility B, induced
by the gelation process), and the rest of MF molecules are en-
trapped in the sol-parts (NMR detectable).*>47

As mentioned before, two types of MF species are identified: m-
MF (peaks A and B, NMR detectable) and v-MF (visible but NMR
undetectable). Corresponding peaks in DLS of these species are of
sizes below 3—4 nm (m-MF) and above 1 pm (v-MF), respectively.
In this LMWG system, temperature orchestrates a two-step hierar-
chical assembly, the LCST behavior and the gelation process. Dur-
ing the gelation process, the LCST behavior of MF is crucial in
realizing the gelation process because the backbones of hydrogels
are comprised of LCST-induced aggregation of v-MF. In this MF
hydrogel system, these NMR undetectable v-MF aggregates be-
come the turbid phase and the solid-type backbones of supramolec-
ular hydrogels. m-MF molecules are entrapped in hydrogels as the
sol part. Compared with some reported supramolecular polymer
gels, MF hydrogels are non-viscous (because no polymerization
process occurred) but with good mechanical strengths (G’ up to 3
% 10° Pa was observed). MF hydrogels at low temperature have a
good light transmittance (Table S1).

CONCLUSIONS

In conclusion, we report the LCST-induced supramolecular ge-
lation process of a low-molecular-weight gelator MF. The reversi-
ble transparent-turbid transitions occurred in both sol and gel states.
Different types of MF aggregates were observed during the LCST-
induced gelation process. The LCST behavior of this hydrogel sys-
tem plays a key role in the supramolecular gelation by forming
macroscopic backbones of hydrogels, which is rarely observed in
polymeric or supramolecular hydrogel systems. The macroscopic
aggregates induced by the LCST phase separation behavior trans-
form into the three-dimensional structures of hydrogels. This re-
search not only proves the feasibility of LMWGs in realizing the
LCST-type thermo-responsiveness besides acrylamide-containing
thermo-responsive polymers, but also provides a clear view of the
LCST-type gelation process. Furthermore, this new class of
thermo-responsive LMWGs provides different insights into the ge-
lation mechanism of supramoelcular hydrogels and represents a
new choice of the design of thermo-sensitive supramolecular sys-
tem.
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Figure 1. LCST and gelation behavior of MF: (a) macroscopic LCST-induced gelation of MF sol and gel; (b)
concentration-dependent turbid-ity curves of MF with heating rate of 1.0 °C/min; (c) heating—cooling cycles
of MF (8.0 mg/mL) at sol and gel states, with heating/cooling rate of 1.0 °C/min; (d) temperature-
dependent rheology tests of MF gel (8.0 mg/mL); (e) temperature-dependent DLS of MF at a concentration
of 8.0 mg/mL. Here m-MF, a-MF, and v-MF represent the monomer-type MF, aggregated MF, and visible

MF, respectively.
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32 mg/mL, (c) 4.0 mg/mL, (d) 5.0 mg/mL, (e) 6.0 mg/mL, and (f) 8.0 mg/mL. Here peaks A and B are in blue
33 and red, respectively.
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Figure 3. DOSY spectra (D20, 400 MHz, 25 °C) of MF: (a) 3.0 mg/mL, (b) 8.0 mg/mL. The same diffusion
coefficients are obtained for residual water molecules.
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31 Figure 4. (a) Partial time-dependent 1H NMR spectra (D20, 400 MHz, 25 °C) of MF; (b) Partial temperature-
32 dependent 1H NMR spectra (D20, 400 MHz) of MF. The concentrations of MF for (a) and (b) are 8.0 mg/mL.
33 Here peaks A and B (m-MF) are in blue and red, respec-tively. (c) Normalized intensity of m-MF (peaks A
and B in Figure 4a).

35 253x190mm (300 x 300 DPI)

60 ACS Paragon Plus Environment



oNOYTULT D WN =

Journal of the American Chemical Society Page 14 of 14

>Titoud
%0 -
o9 o0 w LCST in
®é e solution
IoId
Clear solution Turbid solution
) >Tcloud
\
>T, cloud
' - LCST in
— gel
<T, cloud
Transparent gel Opaque gel
TOC

65x46mm (300 x 300 DPI)

ACS Paragon Plus Environment



