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ABSTRACT: Herein, we investigate supramolecular gelation behavior of a dendronized triphenylamine bis-urea macrocycle
(1) in toluene in the presence and absence of sulfoxide chain stoppers. Macrocycle 1 assembles in the sol phase through
intermolecular hydrogen bonding interactions, spontaneously transitioning into a gel state when left undisturbed at room
temperature. In toluene, 1 displays a critical gelation concentration of 0.066 wt%, classifying it as a super-gelator. Further-
more, it exhibits a thermoreversible gel-sol phase transition as well as thixotropic behavior. Temperature-dependent 'H NMR
spectroscopy is employed to probe the sol phase assembly of 1 with the size variations at different temperatures assessed by
2D DOSY. Rheological experiments at 10 °C were used to measure gelation response to mechanical stimuli. An amplitude
sweep test highlights a linear viscoelastic region. Additionally, the self-healing behavior of gel 1 was verified through a series
of strain cycles, where it showed complete recovery. Addition of chain stoppers 10% versus 1 of dimethyl sulfoxide (DMSO)
and diphenyl sulfoxide (DPS) lead to weaker gels with smaller differences between the storage and the loss moduli. Rheolog-
ical analysis revealed slower/partial recovery for the gel containing chain stoppers. Gels assembled from macrocyclic build-
ing blocks may retain homogeneous binding cavity and channels offering novel functional properties.

INTRODUCTION

Supramolecular gels represent a distinctive category of
supramolecular polymers that combine the solid-like elas-
ticity with the fluid-like micro-viscosity.! These gels are col-
loidal systems characterized by the coexistence of two
phases: a liquid-like phase and a solid network, where the
solid structure hinders the bulk flow of the liquid compo-
nent.? The solid component frequently consists of fibers;
however, it can also take the form of ribbons, platelets, tub-
ular structures, or cylinders.3-¢ The self-assembly of supra-
molecular gels is guided by dynamic non-covalent interac-
tions, including hydrogen bonding, m-m interactions, and
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van der Waals forces.” As a supramolecular polymer, these
gels possess tunable physical characteristics and the ability
to respond to stimuli.8-1* The responsiveness to external
stimuli, including temperature, mechanical forces, pH, light,
and more, often grants supramolecular gels the ability to
undergo a gel-sol phase transition.!? The dynamic nature of
gels makes them promising candidates for a wide range of
future applications, including sensing, energy storage, drug
delivery, catalysis, gas storage, and waste clean-up.13

Gel formation typically begins with the one-dimensional
(1D) assembly of monomers through dynamic non-covalent
interactions, leading to the propagation of these assemblies

1D fibers

3D fibrillar network

Figure 1 Illustration depicting the dynamic 1D assembly process of macrocycle 1, leading to the creation of a 3D fibrillar network.
In toluene, these 3D fibrous networks culminate in the formation of a gel.



into a fibrillar morphology.'#1> These 1D fibrous struc-
tures subsequently interweave to form three-dimensional
(3D) fibrillar networks, effectively trapping a substantial
volume of liquid within them. For this purpose, various
macrocycles, such as crown ethers, cyclodextrins, ca-
lix[4]arene, calixpyrroles, cucurbit[8]uril, and more, have
been reported to exhibit one-dimensional (1D) assembly
into fibrous structures.16-20

The Shimizu group has reported bromo-triphenylamine
(TPA) bis-urea macrocycles 2 that form columnar crystals
with pores that can be employed for single-crystal-to-sin-
gle-crystal guest exchange, radical generation,?! polymeri-
zation of guest molecules,?? and separation of xylene iso-
mers.2? Recently, the two exterior bromides were replaced
with dodecycloxy benzenes affording 1 which retains a sim-
ilar size internal cavity. Macrocycle 1 assembled coopera-
tively in H20/THF solutions to give one-dimensional (1D)
fibers.2* This intriguing fibrous structure of 1 motivated fur-
ther investigation into its potential for gelation in other sol-
vents. Such gels may retain homogeneous binding channels,
which could offer novel functional properties. In this manu-
script, we study the formation of a supramolecular gel using
monomer 1 in toluene (Figure 1). The assembly in the sol
phase is investigated using 'H NMR, DOSY, and UV spectros-
copy. Additionally, rheology characterizes the gel and mon-
itors the impact of chain stoppers on the gelation of 1.

RESULTS AND DISCUSSION

TPA macrocycle 1 was synthesized through a Suzuki cou-
pling reaction between the triazinanone-protected macro-
cycle 2 and the boronate ester of tridodecycloxy benzene 3
(Scheme S1).24 The synthesis of compound 3 involved three
steps, starting with the readily available 5-bromo-1,2,3-tri-
methoxybenzene. Following the synthesis, the protective
group on macrocycle 2 was removed under acidic condi-
tions. The final purification was accomplished by reprecipi-
tation in methylene chloride, yielding the desired TPA mac-
rocycle 1. The purity of 1 was determined by 'H NMR, UV-
vis, and MALDI-TOF.

Gelation Studies. The preliminary gelation potential of
macrocycle 1 was discovered while investigating its solubil-
ity in organic solvents. In the case of toluene, at a concentra-
tion of 1 mM, macrocycle 1 proved to be insoluble at room
temperature. However, upon heating to 60 °C, it dissolved
completely, forming a clear solution (Figure 2a). Interest-
ingly, when left at room temperature (approximately 23 °C)
for 30 min it transformed into a turbid white gel (deter-
mined by tube inversion method). The critical gelation con-
centration (CGC) of macrocycle 1 at room temperature was
determined to be approximately 0.066 wt% (equivalent to
0.057% w/v or 0.3 mM) in toluene. This CGC value of <0.1
wt% categorizes it as a super-gelator.?> The CGC of com-
pound 1 is comparable to that of a crown ether macrocycle
(0.06 wt%)?> but significantly lower than that of a giant
macrocycle (1.3-1.9 wt%)?¢ and a diacetylene macrocycle
(0.51 wt%)?".

The supramolecular gel formed by 1 exhibits a ther-
moreversible gel-sol transition. When heated to 60 °C, the
gel reverts to the sol phase, and this transformation can be
reversed by allowing the sol phase to stand undisturbed at
room temperature for 30 min. Notably, the gelation prop-
erty remains stable even after undergoing multiple sol-gel

transitions. Furthermore, this gel also displays self-healing
characteristics. When vigorously shaken while in the gel
phase, it transforms into a mobile viscous liquid. And when
left undisturbed for an hour, it reverts to the gel phase, as
confirmed by the inverted tube test.

The structure of gel 1 was analyzed through fluorescence
microscopy. A small amount of gel was placed on a glass
slide and allowed to air dry, evaporating the solvent. The re-
sulting images captured fibrous structures within the dried
gel, with the fibers’ width measuring between 500-600 nm
in width (Figure 2b).

Figure 2 (a)Photographs showing gel formation of 1 in toluene
(tube inversion test). Macrocycle 1 was dissolved in toluene by
heating at 60 °C (on left). Leaving it at room temperature for 30
min results in gel formation (on right). By heating it again at 60
°C gel can be transitioned to sol phase. (b) Micrograph of the
dried gel 1 exhibiting fibrous formations under fluorescence.

Assembly in Sol Phase. Given the TPA chromophore in
1 (Amax =320 nm, 0.5 mM toluene), assembly in the sol phase
was examined by temperature dependent UV-vis spectros-
copy. As the sol was cooled from 70 to 14 °C, a decrease in
absorbance was observed with a shift to longer wavelength
(Amax =329 nm) and a new shoulder peak at 301 nm (Figure
3a). Extended equilibration at 14 °C also resulted in gel for-
mation. Absorbance at 320 nm vs. temperature (Figure S7a)
shows some thermal relaxation until 54 °C after that there
is a consistent decrease in absorbance, likely indicative of
the gelation process. In comparison, in H20/THF the 1-di-
mensional aggregated fibers of 1 (10 uM) exhibited a Amax =
370 nm,?2 highlighting the solvent effect.

The sol-gel transition for 1 was tracked with UV-vis spec-
troscopy at 22 °C with a concentration of 0.5 mM in toluene.
The sol was equilibrated at 22 °C, and absorbance readings
were taken every minute, as illustrated in Figure 3b. Over
time, the spectra indicated a consistent reduction in absorb-
ance, although the characteristic peaks were preserved. The
graph of absorbance at 329 nm against time (Figure S7b)
exhibited a sinusoidal decay. This decreasing absorbance
over time implies the formation of a gel.
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Figure 3 (a) Temperature-dependent UV-vis spectra of 1 in tol-
uene at a concentration of 0.5 mM. Arrow indicates the change
in spectra upon cooling from 70 °C to 14 °C. (b) Time-depend-
ent UV-vis spectra of 1 at 22 °C and 0.5 mM. The Arrow indi-
cates change in spectra with time.



a) b) |
5° D _..s- \.\
E N
a L ]
o J‘M‘ 2 N
30 °G, e R .
£ .
35°C, M AN g -
ke s ® Urea Protons *
L] E «
40 °C | _A A g ‘,.\
M__45°C, A M T e
M__s0°c, A J)\'k 30 40 50 60 70 80 90

}U[ 55°C .
M\ 60 °C

M 65 °C .

M 70 °C

M 80 °C

1:.'\}\ 90 °C

I

Temperature (°C)

ppm

C) 7.47] S
1‘ . 1'\\
/ -

- ] S

£ .

g S/ .
=7.44+ [}

& ;

= /

w L]

= ’ _—
© 7 ® Aromatic Protons {
S741 o

o = ’
* o 6
/
’
)
)
. 738 ——— T T T T T T
4 20 30 40 50 60 70O 80 90 100

Temperature {°C)

Figure 4 (a) Temperature-dependent 'H NMR spectra for macrocycle 1. Measurements were taken in toluene-ds at c = 1 mM and
400 MHz. The sample was methodically cooled from 90 °C to 25 °C, stabilizing for 5 min at every temperature. Inset: Structure of
macrocycle 1, highlighting the specific protons associated with the NMR peaks. Plot of chemical shift vs. temperature for (b) urea

protons* and (c) aromatic protons¥ (7.38-7.47 ppm).

Earlier assembly reports in THF showed fiber formation
but no gelation.?* In comparison, toluene is less polar 2.4
versus 4.28 Both solvents can fit inside the macrocycle cavity
as shown through crystal structures of model compound 2,
which possesses a similar internal cavity. The single-crystal
X-ray diffraction of 2etoluene (Figure S8), establishes a
host-to-guest ratio of 1:0.4, which is likely a lower estimate
given toluene vapor pressure. Toluene as a small aromatic
molecule may both fill interior cavities as well as have addi-
tional secondary interactions with TPAs that line the exte-
rior 1, contributing to its gelation. To test if both interior
templation and exterior aryl interactions are important, we
examine solutions of 1 in mesitylene, which is too large to
fit within the void of 1 (Figure S10). Our attempt to dissolve
1 in mesitylene followed a pattern like that of toluene, re-
quiring heating to 60 °C for dissolution at a 1 mM concen-
tration. However, prolonged equilibration at room temper-
ature gave only precipitation and not gelation. The differing
behavior of 1 in solvents like THF, toluene, and mesitylene
highlights the significance of the solvent molecules occupy-
ing the internal cavity of the assembled structure, as well as
the impact of external secondary interactions in the gelation
process.

NMR Studies of Sol Phase. Next, the self-assembly of
macrocycle 1 in the sol phase was studied using 'H NMR
spectroscopy in toluene-ds. At 25°C, the NMR spectra re-
vealed broad peaks in both the aromatic and aliphatic re-
gions (Figure S11), likely indicative of supramolecular
polymerization. Notably, the absence of signals correspond-
ing to methylene and urea protons can be attributed to sig-
nificant broadening, a phenomenon commonly associated
with self-assembly processes.

Temperature-dependent 'H NMR measurements of mac-
rocycle 1 were next used to probe the assembly behavior.

The sample (1 mM in toluene-ds) was methodically cooled
from 90 °C to 25 °C with a period of equilibration for 5
minutes at each temperature. At 90 °C, the 'H NMR spectra
exhibits well-defined peaks with distinct splitting patterns,
likely indicative of monomeric form (Figure 4a, bottom
spectra). However, as the temperature was lowered, the
urea NHs show a downfield shift of approximately 1.75 ppm
with substantial peak broadening. This downfield shift is in-
dicative of intermolecular hydrogen bonding, while the
broadening points to an increase in aggregation.??

Except for the aromatic protons adjacent to the meth-
ylene ureas, which are obscured by the toluene signals, all
other resonances display clear shifts with temperature. The
variation in chemical shift as a function of temperature for
the urea protons (Figure 4b), and aromatic protons (7.38-
7.47 ppm, Figure 4c) suggests two types of assembly pro-
cesses occur, with a change around 50-60 °C. For example,
between 50-60 °C the aromatic protons (8 = 7.38-7.47%, Fig-
ure 4c) transitioned from a downfield shift to a pronounced
upfield shift. Other protons displayed a trend change, shift-
ing significantly in the same direction (Figures 4b, S12b &
S12c). This is indicative of an alteration in aggregation be-
havior in this temperature range and is consistent observa-
tions in the UV-vis studies at these temperatures.

2D DOSY NMR studies were used to examine the varia-
tions in particle sizes at different temperatures. These stud-
ies were executed under similar conditions to those of 'H
NMR, with the toluene-ds sample at a concentration of 1.3
mM and a frequency of 500 MHz. It was noted that the dif-
fusion coefficient increased with temperature, showing a
range from D = 1.6 x 101 m?stat 25 °C to D = 5.11 x 10-1°
m?s-1 at 80 °C (Figure S13). As it is customary for the diffu-
sion coefficient to rise with temperature, the size of toluene-
ds at a specific temperature was employed as a benchmark
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Figure 5. Rheological measurements taken for gel 1 ata concentration of 2 mM and at 10 °C. (a) Moduli vs oscillation strain obtained
from an amplitude sweep test at a constant angular frequency (w) of 10.0 rads-1. (b) Thixotropic behavior of the gel shown by the
moduli vs time plot obtained by subjecting the gel to various strain cycle. (c) Plot of stress and viscosity as a function of shear rate..

against the size of the assembly at corresponding temper-
atures.

The Stokes-Einstein equation was used for radius approx-
imation. It is represented as:

kgT
D=—2
é6nnr

Here, ‘v’ signifies the particle’s radius, ‘' represents the
dynamic viscosity, ‘T" is the absolute temperature, and ‘ks’
is the Boltzmann constant. Based on this equation and as-
suming the radius of toluene (r:) is constant across all tem-
peratures, the relative radius of the aggregate at 25 °C, 40
°C, 65 °C, and 80 °C are calculated as 8.5rwi, 6.72rt01, 5.927 01,
and 5.32rw, respectively. This reveals a clear trend: as the
temperature rises, the aggregate's radius diminishes. Spe-
cifically, it decreases from being 8.5 times the radius of tol-
uene at 25 °C to just 5.32 times at 80 °C.

Rheological Study: Gelation under Mechanical Stim-
uli. The gelation behavior of 1 was probed by rheological
experiments. Freshly prepared gel from 1 was examined at
a fixed temperature of 10 °C. To achieve ideal gelation, a 2
mM concentration was utilized to ensure resilient rheologi-
cal properties. Initially, we assessed the viscoelastic prop-
erties of the gel using an amplitude sweep test at a constant
angular frequency (w) of 10.0 rads-! (Figure 5a). The results
indicated that gel 1 exhibited a linear viscoelastic region,
where both the storage modulus (G') and the loss modulus
(G") of the gel remained relatively constant up to a strain
value of 0.6%. Beyond this point, G' began to decrease indi-
cating the non-linear yielding of the gel-like structure. No-
tably, the substantial difference between G' and G" (G’>G")
within the linear viscoelastic region confirmed the elastic
nature of the sample. As the strain values increased, G' grad-
ually decreased, and G" started to dominate. For strain val-
ues exceeding 4.56%, G”>G’, signifying the yielding behavior
with the complete disruption of the gel network.

The self-healing properties of gel 1, as observed in our
preliminary experiment in earlier section, prompted us to
further investigate this thixotropic behavior using rheolog-
ical analysis. To accomplish this, the gel underwent a series
of controlled strain cycles at 10 °C. Initially, it was subjected
to a low strain of 0.1% within the linear viscoelastic region,
for 60 s. This was followed by a higher strain of 50.0% for
60 s, intended to yield the gel network. Finally, the gel was
allowed to recover by adjusting the strain back to 0.1% for

600 s, all at a constant angular frequency () of 10.0 rads-1.
Upon subjecting the gel to a high strain of 50%, the G' value
decreased significantly from 7.86 Pa to 0.19 Pa, while the G"
value exhibited a less pronounced decrease, reducing from
1.4 Pa to 0.9 Pa. This high strain level resulted in the com-
plete yielding of the gel, rendering it more viscous than elas-
tic, as evidenced by G">G'. However, when the strain was re-
duced back to 0.1%, the G' value showed rapid recovery.
Within the initial 3 s, it had already recovered by 67%, fol-
lowed by an 88% recovery in the next 15 s, ultimately
achieving complete recovery within the subsequent 30 s.
Over time, both G' and G" returned to their original values,
with G'>G", indicating the successful reformation of the gel.

In the rheological analysis, the viscosity of gel 1 was de-
termined by measuring stress as a function of shear rate. We
systematically applied shear rates ranging from 1000 st
down to 0.001 s'! at a temperature of 10 °C. Figure 5c illus-
trates the relationship between stress and viscosity in re-
sponse to shear rate variations. It is noteworthy that stress
exhibited an inverse proportionality to shear rate, while vis-
cosity displayed a direct relationship with shear rate. This
non-linear correlation between stress and shear rate is in-
dicative of a non-Newtonian fluid behavior. Additionally,
the decrease in viscosity with increasing shear rate classi-
fies gel 1 as a shear-thinning liquid. Moreover, the shear
stress plot indicates that the shear stress at low shear rates
(below 0.1 s'1) remains within the range of 0.04-0.05 Pa. The
upward trend in shear stress, observed at shear rates above
0.1 s, signifies the disruption of the gel-like network, indic-
ative of an approximate yield stress of 0.05 Pa.

Rheological Study: Impact of Chain Stoppers on Gel 1.
Based on our studies of the assembly process in the sol
phase, it was evident that 1 primarily aggregates through
intermolecular hydrogen bonding between the urea pro-
tons. The bifunctional urea groups play a crucial role in fa-
cilitating chain propagation during the assembly. Thus, ad-
dition of chain stoppers with competitive hydrogen bond
acceptors should bind to chain ends and interrupt propaga-
tion, reducing the chain length. Notably, sulfoxide (8 = 8.9),
being a superior hydrogen acceptor compared to urea (§ =
8.3), serves as an excellent candidate for a chain stopper.3°
Previous work found a decrease in the aggregate size of 1 in
H20/THF solution upon the addition of diphenyl sulfoxide
(DPS).2* Therefore, dimethyl sulfoxide (DMSO) and DPS
were investigated as chain stoppers and their effects on the
gel storage and loss modulus were tested.
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Figure 6 Rheological studies with 1+10% chain stoppers (DMSO and DPS) at concentration of 2 mM and 10 °C. (a) Moduli vs oscil-
lation strain obtained from an amplitude sweep test at a constant angular frequency (w) of 10.0 rads-L. (b) Thixotropic behavior of
the gel shown by the moduli vs time plot obtained by subjecting the gel to various strain cycle

Like prior measurements, gel samples were prepared by
maintaining a constant concentration of 1 at 2 mM in tolu-
ene, with 10% chain stoppers. The viscoelastic properties of
these samples were then assessed using an amplitude
sweep test, following the same procedures as before. Thix-
otropic behavior was subsequently explored by subjecting
the gels to a series of controlled strain cycles. These cycles
were all conducted at a fixed angular frequency (w) of 10.0
rads! and maintained at a consistent temperature of 10 °C
(Figure 6).

Figure 6a shows the amplitude sweep test, which re-
vealed linear viscoelastic regions for all three samples. At
strains below 1%, the storage modulus (G') for 1 was signif-
icantly higher than that of 1+10% DMSO and 1+10% DPS,
before all samples eventually collapsed. This indicates that
1 forms a more robust gel compared to those containing
chain stoppers. At the lower strain values, the difference be-
tween the storage modulus (G') and the loss modulus (G'')
for1,1+10% DMSO, and 1+10% DPS was around 4.2 Pa, 1.5
Pa, and 1 Pa, respectively, with 1 exhibiting the greatest val-
ues, thus underscoring its superior gelation behavior. For
all examined strain values, G" for the samples with chain
stoppers was consistently lower than for 1.

Figure 6b compares the thixotropic properties of the
three samples. At the lower strain of 0.1%, all samples
showed G' greater than G", indicative of gel formation.
Within this regime, the G' values ranked from highest to
lowest as follows: 1 >1+10% DMSO >1+10% DPS, indicat-
ing that 1 forms the most robust gel, while the gel with
1+10% DPS was the weakest. When the strain was in-
creased to 50%, gels in all samples were disrupted, with
similar G' values observed across the board. On reverting
the strain back to 0.1%, gel reformation was evident. G' for
1 almost completely recovered within 30 s, reaching 97% of
its initial value, while 1+10% DMSO and 1+10% DPS
showed lower recoveries at 67% and 76%, respectively.
The slower and incomplete recovery of the samples con-
taining chain stoppers, in contrast to pure 1, is attributable
to the impact of these chain stoppers on the intermolecular
hydrogen bonding and kinetics of the self-assembly. In sum-
mary, the presence of chain stoppers not only reduced the
strength of the gels but also led to a more protracted recov-
ery phase.

CONCLUSION

In conclusion, this study explores the gelation behavior of
dendronized triphenylamine bis-urea macrocycle 1 in tolu-
ene. Notably, 1 exhibited remarkable gel formation atan im-
pressively low critical gelation concentration (CGC) of 0.066
wt%, categorizing it as a super-gelator. Micrographs of the
dried gels highlighted their fibrillar networks. Furthermore,
1 displayed a thermoreversible gel-sol phase transition in
toluene, demonstrating the ability to switch between gel
and sol phases when heated to 60 °C and subsequently
cooled to room temperature. The self-healing behavior of 1
was also observed, emphasizing its robust gel properties.

Assembly processes in the sol state were investigated us-
ing UV-Vis and NMR spectroscopy to provide further evi-
dence of the assembly transition between 50-60 °C. Tem-
perature-dependent 'H NMR studies in toluene-ds, show the
urea protons shift downfield and become broader as the
temperature decreases, consistent with intermolecular hy-
drogen bonding. Interestingly, plots of the change in molec-
ular shifts of other resonances, show consistent changes be-
tween 90 to ~60 °C, suggesting hydrogen bonding and m-1t
stacking of the monomers. Moreover, a transition observed
between 50-60°C likely indicates the formation of a net-
work. The 2D DOSY NMR revealed an inverse relationship
between aggregate size and temperature in the sol phase,
further supporting the assembly dynamics of compound 1.

Rheological experiments provided deeper insight into
the gel behavior of 1 at 10 °C. The amplitude sweep test un-
veiled a linear viscoelastic region at strain values below
0.6%, with a marked disparity between G' and G", affirming
the formation of a gel-like material. A series of strain cycles
highlighted the thixotropic behavior of gel 1 and its rapid
recovery within 30 s. Intriguingly, sulfoxides, DMSO and
DPS with their competitive hydrogen bond acceptors (ff =
8.9 versus urea § = 8.3) exhibited a marked impact on the
gelation properties with chain stoppers leading to a weaker
gel formation. In addition, the 1+10% chain stopper sam-
ples displayed only partial recovery relative to the pure 1
gel, underscoring the notable impact of chain stoppers on
both gel strength and recovery properties. Our next goal is
to probe the accessibility of these gels to guests and addi-
tives and investigate their application as confined environ-
ments for reaction.
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