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ABSTRACT: Self-assembly behaviors of a series of systems
(G1, G2, and G3) possessing same organic building blocks
based on a substituted anthracene have been investigated in
decalin. G2 and G3 are dominated by head-to-tail (ht) and
head-to-head (hh) type dimers of G1, respectively. G1 gives a
thermoresponsive gel that behaves ideally, showing frequency-
independent elastic and viscous moduli. Interestingly, G2
produces a thixotropic gel that shows the signature of
structural relaxation, signifying the dynamic nature of the
system. In contrast, G3 remains fluidlike. As investigated by
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scanning electron microscopy (SEM), in the assembly process of G2, first disklike nanoaggregates are formed, and in the second
step these aggregates interact to construct the densely packed secondary assembly. A transition from secondary assembly to
primary assembly under shear initiates the mechanoresponsive destruction of the gel. In the self-assembly process, G1 propagates
in a one-dimensional fashion, whereas G2 and G3 can propagate in a two-dimensionional fashion. The same side orientation of
the substituents in G3 facilitates the formation of a compact closed-shell-type structure, which results in the generation of
isolated nanocrystals. The long-range weak interaction together with the capability of propagating in two dimensions is found to
be essential for the construction of such a mechanoresponsive assembly. Cg, and C,, could be incorporated successfully in G2
assembly to develop mechanoresponsive fullerene assemblies. The presence of fullerenes not only enhances the elastic properties
of G2 but also intensifies the thixotropy. C,, appears to be a superior guest in terms of property enhancement due to its better

size fitting with the concave-shaped host.

B INTRODUCTION

Stimuli-responsive supramolecular assemblies represent a smart
class of materials that exhibit dramatic changes in their
molecular organization in response to the external stimuli
such as temperature, light, pH, chemicals, electricity, mecha-
nical stress, etc. The beauty of the supramolecular chemistry
lies in its unique reversibility between the integrated and
disintegrated phases driven by the collective contributions from
different kinds of noncovalent interactions including hydrogen
bonding, 7—7 stacking, van der Waals, metal—ligand inter-
actions, etc.' Organogels” are an important subclass in this field
and can be tailored to respond against different stimuli. 2
However, developing programmable supramolecular gel
materials still remains a matter of challenge.* From a chemistry
viewpoint, it appears to be feasible to develop photo-, chemo-,
or redox-responsive assemblies by introducing photoactive,
chemically active, or redox-active functional groups, respec-
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tively, into the building blocks.?® However, a mechanores-
ponsive functional group is still an undisclosed entity. On the
positive side of the frame, there are a few reports on the
mechanical activation of the covalent bonds,” which frequently
involves the use of so-called mechanophores or noncovalent
mechanochemistry composed of biological systems.’ In those
cases, the mechanical trigger enables changes to the molecules
individually or locally. However, stimulating a molecular
ensemble mechanically, maintaining the reversibility, and
especially the design of such a system still remains a matter
of serendipity. Therefore, it is not surprising that the reports on
small molecular thixotropic materials are rather limited.”
Revealing a believable mechanism correlating the molecular
building blocks with the macroscopic output would perhaps
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Scheme 1. Formation of Dimeric Systems G2 and G3 from
Fullerenes Used As Guest Molecules

Monomeric Gelator G1 by Photodimerization and Structures of
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Table 1. Gelation Behavior and Responsiveness of Samples

Prepared from G1 and G2 in Different Organic Solvents”

G1 G2
solvent observation (quenching temp, °C) responsiveness observation (quenching temp, °C) responsiveness
n-hexane gel (20) thermal only gel (20) thixotropic
cyclohexane weak gel (10) thermal only weak gel (20) not distinct
methylcyclohexane gel (5) thermal only gel (20) thixotropic
decalin (cis/trans) gel (5) thermal only gel (20) thixotropic

“The gelator concentration in each case was maintained at 2% (w/v).

improve this situation. To take this challenge, herein, we
developed a mechanoresponsive host assembly system (G2)
composed of dianthracene units prepared from the parent
anthracene-based gelator (G1) showing only thermorespon-
siveness. Moving a step forward to the next stage, such a unique
host assembly is utilized to immobilize and mobilize fullerene
molecules reversibly under mechanical stimuli. Extracting the
essence of these studies, here we propose, for the first time, a
clear structure—function correlation behind the construction of
a mechanoresponsive assembly.

Recently, we succeeded in performing supramolecular
photochirogenesis in gel media using a series of organogelators
having a 2-substituted anthracenecarboxylic acid moiety
(Scheme 1).* During the course of this investigation, we had
noticed that while the gel systems dominated by head-to-head
(hh) gelator orientation underwent photoinduced gel-to-sol
phase transition, the systems dominated by head-to-tail (ht)
gelator orientation experienced an increase in their gel melting
temperatures as the result of photodimerization. The second
point of interest was the structural and chemical modification of
the planar (or nearly planar) anthracene, which changes to a
bent dianthracene having isolated benzene rings. This would
modify and “soften” the intermolecular interactions signifi-
cantly, and the system is expected to offer some dynamic
phenomenon that may facilitate a response against mechanical
stimuli. As per our prediction, indeed the photodimers
dominated by the ht orientation form a thixotropic gel,
whereas the system composed of mostly hh photodimers
appears as fluid.

The importance of such a stimuli-responsive assembly can be
enhanced even further if it becomes capable of incorporating
and releasing the functional guest molecules reversibly under
stimuli. There are a few reports where molecular receptors for
fullerenes were designed on the basis of concave—convex
complementarity.” In those cases, the large surface to volume

ratio of fullerenes facilitates van der Waals interaction, which
plays the most prominent role in complex formation. We
envisioned that the self-assembled dianthracene-based gelator
might promote such a binding mode, with additional
supramolecular interactions available for the gelator organ-
ization, and at the same time the incorporated fullerenes might
act like a molecular adhesive, influencing the dynamic nature of
the assembly. Very interestingly, G2 assembly could incorpo-
rate both Cg; and Cy. It is worth noting that, in the presence of
added fullerenes, the thixotropic behavior of the assembly
becomes pronounced and C,, demonstrates superior inter-
action and responsiveness. To the best of our knowledge, this is
the first report of a fullerene-bearing mechanoresponsive
assembly.

In the present study, the mechanoresponsive behavior of G2
assembly in the presence and the absence of fullerenes has been
investigated with the help of rheological experiments. The
growth and destruction processes of such an assembly are
closely studied for the first time, with the aid of scanning
electron microscopy (SEM). The thermoresponsive G1 gel is
investigated simultaneously to draw a correlation and also to
differentiate between two systems. Binding of fullerenes to the
gelator assembly is estimated and discussed in a qualitative
manner. Finally, we have made a genuine attempt to shed light
on the mechanistic ground behind the growth of a
mechanoresponsive assembly with the help of molecular
modeling and illustrations based on the experimental results.

B RESULTS AND DISCUSSION

Sample Preparation and Self-Assembling Behaviors.
Dimeric systems have been prepared by the stereoselective
photodimerization of monomeric gelator G1 under specific
solvent and reaction conditions (Scheme 1). In the present
study, two types of dimer mixtures have been investigated,
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namely, G2 and G3. They differ in the relative proportions of
hh and ht dimers. While G2 prepared in tetrahydrofuran
(THF) at 40 °C involves 70% ht dimers, G3 prepared in
methylcyclohexane at 30 °C consists of 76% hh dimers
(Supporting Information, Table S1). In both cases the
monomer to dimer conversion was almost exclusive (more
than 90%) as confirmed from UV-vis and NMR spectra
(Supporting Information, Figures S1 and S2).

We have tested the gelation behaviors of G2 and G3 in
organic solvents by dissolving the solid samples at high
temperature (50—60 °C) and then quenching at 20 °C.
Interestingly, while G3 remained fluid in all solvents tested
here, G2 underwent gelation in a series of nonpolar solvents
like n-hexane, methylcyclohexane, and decalin, similar to what
we observed earlier for G1 (Table 1).5 Moreover, in contrast
to G1 gels, which show only thermoresponsiveness, the gels
prepared from G2 become fluid under shaking and recover to
the gel state upon resting (Supporting Information, Figure S3).
This is a unique phenomenon called thixotropy. We can repeat
this reversible phase transition many times without affecting the
overall appearance or the stability. These materials are also
stable for months without any phase separation. As expected,
G2 gels can also be disintegrated and integrated reversibly by
heating and quenching at room temperature, respectively. The
recovery time of the gel after destruction by thermal stimulation
is much longer (10—12 h) than it is after mechanical
stimulation [about 1 h for a 1.8% (w/v) gel in decalin]. It is
worth mentioning here that G2 gels can also be prepared by
mixing the gelator and the solvent at room temperature (20
°C) and they still show mechanoresponsiveness. However, to
avoid any artifact arising from inhomogeneity, we have carried
out all the experiments with samples homogenized by heating
only. Also, considering the higher boiling point and viscosity
(good for rheological measurements), we have chosen decalin
as the gelating solvent to prepare the samples for different
experiments. Thus, unless otherwise mentioned, decalin was
the solvent used to prepare the samples. Another striking
feature of G2 gels is that the gelation occurs only near room
temperature. Quenching the homogenized solution of G2 at
—20 to S °C did not result in any gel formation even after a
week. However, when we kept the same mixture at 20 °C, it
turned into a gel within an hour. This signifies the
indispensability of thermal motion in construction of the gel
structure. We shall highlight this point later.

Behaviors of Self-Assembled Systems under Mecha-
nical Stimuli, Studied by Rheology. The reversible phase
transition of an assembly under mechanical stimuli can be
followed best by rheological measurements. In our study, we
have monitored the storage modulus G, associated with energy
storage, and the loss modulus G”, associated with dissipation of
energy, of different assembled systems as functions of shear
stress, angular frequency, and time. We were interested to test,
first, whether the current system represents a “true gel”, and
second, whether our system is indeed dynamic. To reveal these,
the frequency dependency of G2 gel has been studied by
dynamic frequency sweep experiment (Figure 1). Very
interestingly, the elastic and viscous moduli show frequency
dependency. In the higher-frequency region (@ > 19.8 rad/s)
the sample behaves like a gel (G’ > G”), whereas in the low-
frequency region (@ < 19.8 rad/s), the sample shows fluidlike
behavior (G” > G’). This means, therefore, that at low
frequencies the assembly carries the signature of a structural
relaxation process'® where the viscous modulus approaches the

2163

_._G'
—o—g" 19.8 rad/sec o
o7 .
MO0
— o
© ,Q’
\
1 o)
20 e
z O'e
° O/o’o/o’
) oV o ®
o e
Vool
oY e
pog K
O,O ./0
0o e®
o-e®
T

10
Frequency (rad/sec)

100

Figure 1. Frequency dependence of storage modulus G’ and loss
modulus G” of G2 assembly in decalin (1.8% w/v) performed at 20 °C
under a constant 1% strain.

elastic modulus with decreasing frequency, and after the
crossing over (G” > G') it decreases along with G'. This
behavior more resembles the wormlike micelles that are known
to entangle at high concentration, giving rise to a characteristic
viscoelastic behavior similar to that found in transient polymer
networks.'" It signifies that when a deformation is applied, the
assembled phase will revert back to the equilibrium after some
time. Now, if the applied shear has a shorter time period
compared to the relaxation time of the system, it behaves like
an elastic gel. On the other hand, if the arrangement is
deformed slowly, it behaves like a viscous fluid. This finding
strongly supports the dynamic nature of G2 gel. Since the
present system does not satisfy the criteria for a “true gel”,
henceforth, G2 gel should be considered as a “gel-like” material.
Also, to carry out the viscoelastic measurements in the
assembled state, we shall perform all the rheological experi-
ments at a higher angular frequency domain where the sample
behaves more or less like a gel.

The next step of the experiment consists of determining the
so-called linear regime of G2 gel. This was done by measuring
G and G” as a function of applied stress (Supporting
Information, Figure S4). From this experiment, we determined
the yield stress value (i.e., stress at which G’ deviates from
linearity) as 1.61 Pa for the system. Another striking feature is
that the assembly appeared to be broken into a two-step
process, which is rather unusual in a rheological measurement.
Probably this feature is associated with the multiple growth
process of the assembly. A detailed discussion will be done
later. A small increase in G” value near this region probably
indicates the local rearrangement in the sample."

To study the most promising property of the sample, that is,
the thixotropic behavior, G2 gel was sheared at a constant shear
stress of 10 Pa for 1 min. At the beginning of the experiment,
the mechanical stress was released and the gel recovery was
monitored by measuring the time evolution of G’ and G”
(Figure 2). Here, a low strain (1%) was applied in order to
avoid a perturbation of the assembly. At the initial stage of the
recovery experiment, when the sample is destroyed mechan-
ically, it is more viscous than elastic (G" > G'). However, with
time the sample recovers its elastic property and behaves as a
gel-like material (G’ > G”). The storage modulus G’ increased
and leveled to a value of 28 Pa. This experiment can be
repeated many times (we have repeated three times) on the
same gel and each time the gel recovers its elastic properties
without being heated and cooled. Clearly, G2 assembly
demonstrates the mechanoresponsive behavior, where it breaks
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Figure 2. Evolution of storage modulus G’ and loss modulus G”" as a
function of time for G2 assembly in decalin (1.8% w/v) performed at
20 °C under 1% strain and at a frequency 100 rad/s.

under shear and heals once the stress is released. As expected,
G3 does not show any significant reversible changes in the
values of G’ or G” (which were too small to detect accurately)
under the application or release of the applied shear
(Supporting Information, Figure SS). Thus, it is clear that the
stereochemistry of the gelator plays the crucial role in forming
the gel-like assembly and also in demonstrating thixotropic
behavior."® So far, such a scenario has not been addressed well
for low molecular weight gelators (LMGs).

Previously, we examined the gelation properties of G1;*
however, a rheological study was not performed. Here it has
become indispensable for us to examine and compare a
thermoresponsive assembly (arising from G1) with a chemi-
cally similar but mechanoresponsive assembly prepared from
G2. Since G1 can form the gel at low temperature only, first we
introduced the hot homogeneous solution of G1 in the
rheometer plate maintained at 5 °C, and gel formation was
monitored by measuring G’ and G” as a function of time
(Supporting Information, Figure S7). After about 1 h, the
storage modulus reached a maximum and leveled at 909 Pa,
which is more than 30-fold higher than that of G2 gel recovered
after the release of mechanical stress. In the frequency sweep
experiment, G1 gel behaved rather ideally where the storage
and loss moduli were practically independent of frequency
(Supporting Information, Figure S8). The yield stress value
determined from the stress sweep experiment was found to be
38.8 Pa (Supporting Information, Figure S9), which is again
more than 20-fold higher than that of G2. It is very clear from
these findings that G1 assembly is mechanically robust
compared to G2 assembly. To confirm about the responsive-
ness, we have performed a recovery experiment with G1 gel
after its shear-induced destruction. As expected, even after a few
hours there was no significant recovery of the storage modulus
(Supporting Information, Figure S10). Unlike G2, therefore,
G1 assembly is not mechanoresponsive but shows only
thermoresponsiveness.

Thus, from the above rheological studies, one can clearly
distinguish between a thermoresponsive and a mechanores-
ponsive supramolecular assembly constructed by G1 and G2,
respectively.

Morphological Studies on the Self-Assembled Sys-
tems. Electron microscopy provides a visual image of the
aggregation behavior of a self-assembled system. Especially,
direct visualization of a mechanoresponsive assembled system
on the nanometer scale is very rare;”" visualization is mostly
limited to optical microscopy for the detection of crystal-
line superstructures or for large fibrous aggregates having

2164

. . . 7c,e14 1710
dimensions of several micrometers.”*®"" Using our systems

here, for the first time, we could observe such a
mechanoresponsive assembly closely with the help of SEM
under different situations. Figure 3 presents SEM images of G2

Figure 3. SEM micrographs of G2 gels in decalin (1.5% w/v) prepared
at 20 °C by homogenization at (a) 50 °C and (b) 20 °C (scale bar =
1 ym).

gels prepared from the mixture homogenized at 50 °C (Figure 3a)
as well as at 20 °C (Figure 3b). While both images demo-
nstrate the rodlike morphology, the latter has a smoother
surface and higher aspect ratio. Interestingly, we captured the
existence of mixed morphologies for the sample homogenized
at room temperature (Supporting Information, Figure S11).
Probably, this result is associated with the multiple nucleation
processes arising from the inhomogeneity that may exist in the
mixture.

We have followed the formation and breaking (by shear) of
G2 gel in decalin at 20 °C by SEM (Figure 4). At the initial
stage (after 2 h in Figure 4a), the morphology consists of
isolated disklike aggregates of irregular shapes with an average
diameter of 300 nm. With the progress of time, the isolated
aggregates gather to become more closely packed ones,
facilitating the interaction among them (see Figure 4b after
5 h). Up to this stage, the appearance of the sample is still sol-
like. After 10 h (Figure 4c), the isolated blocks are no longer
visible; instead they form one-dimensional aggregates. At this
stage, the sample starts to show gel-like behavior. Finally, after
formation of a stable gel (Figure 4d, after 24 h), the one-
dimensional structure becomes more prominent. It is worth
noticing that after application of shear to the gel (sample
collected from the rheometer plate), the morphology again
changes to the isolated disklike aggregates with similar
dimensions (~300 nm) as previous ones (Figure 4e). These
images indicate that, under the application and release of
mechanical stimuli, the small aggregates are dissociated and
associated reversibly to demonstrate sol-like and gel-like
behaviors. To the best of our knowledge, this is the first report
where one can clearly observe the interconversion among
different stages of a mechanoresponsive assembly during
growth at rest and destruction under shear.

To visualize the influence of temperature, we increased the
quenching temperature of G2 gels periodically, starting from
a very low temperature, and studied each stage by SEM
(Supporting Information, Figure S12). At very low temperature
where the sample behaves like a fluid, the morphology is
dominated by the platelike aggregate (the platelike assembly is
unable to result in gel formation even after being kept at a
constant low temperature for a month). Very interestingly, this
morphology changes to one-dimensional aggregates with the
increase in temperature to 20 °C and the sample starts to
behave like a gel. The above phenomenon scarcely occurs'®
considering the fact that low temperature generally favors gel
formation. This means that, in the present case, the substantial
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Figure 4. SEM micrographs of G2 in decalin (1.5% w/v) at 20 °C after different time intervals from mixing with the solvent and homogenizing at
S0 °C: (a) 2 b, (b) Sh, (c) 10 h, (d) 24 h, and (e) after application of shear (scale bar = 1 ym).

thermal motion is a crucial factor that facilitates the one-
dimensional aggregate formation. To investigate the effect of
higher temperature, we prepared G2 gels by quenching at 25
and 30 °C. Here again, the morphology changes to the
spherical aggregates (at 25 °C), which disappear at 30 °C to
build isolated domains, and simultaneously the gel becomes
weaker (Supporting Information, Figure S13).

In spite of the fact that G3 shows only fluidlike behavior, the
structural similarity with G2 prompted us to study the
morphology of G3. Surprisingly, G3 forms crystal-like
aggregates that have the more or less uniform octagonal
shape (~700 nm in dimension) (Figure S). Very interestingly,

Figure S. SEM micrograph of G3 in decalin (1.5% w/v) at 20 °C after
2 weeks of mixing with the solvent and homogenizing at S0 °C (scale
bar = 1 um).

these crystal-like aggregates do not tend to interact among
themselves to form any one-dimensional architecture like G2,
even after several weeks, and still they behave in a fluidlike
manner.

In the previous section, we have observed that although G1
gel is mechanically robust compared to G2 gel, the former
behaves rather ideally and does not show mechanoreponsive-
ness. Indeed, the morphology of G1 gel in decalin represents
the conventional network structure (Supporting Information,
Figure S14) justifying the finding. It is worth noting that the
morphological investigation emerges as a helpful tool to
monitor and also distinguish among the different types of
assemblies, reflecting the different bulk behaviors in terms of
gel- or sol-like appearance and responsiveness.

Mechanistic Aspects and Structures of Assemblies. Pre-
amble to Structural Consideration. Presently, we have three
different kinds of self-assembled systems, namely, G1, G2, and
G3, in hand. Among these, G2 behaves as a thixotropic gel-
like material while G1 acts as a “true gel” and G3 exhibits
a fluidlike appearance. The interesting point is that the con-
stituents of all these systems are the same and consequently the
primary interaction sites are similar. It is reasonable to con-
sider, therefore, that the difference in self-assembly behaviors
originates solely from two factors: first, the relative orientation
of the substituents (hh versus ht) attached to the dianthra-
cene units (in G2 and G3), and second, the struc-
tural modification induced by dimerization of the anthracene
units. All together, the present systems provide us a unique
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opportunity to envision how a mechanoresponsive supra-
molecular assembly grows, differentiating from a conventional
thermoresponsive assembly. The thixotropic phenomenon of
molecular gels in the literature has been interpreted more
commonly via reversible association and dissociation of micro-
or nanoscale aggregates, which are spherical,”*" cylindrical,”® or
fiberlike.”*" In all these cases, the construction of a primary
aggregate is indispensable. In the subsequent step, these
primary aggregates are capable of building secondary assemblies
via weak forces and thus are breakable under shear. However,
the driving forces for construction of such primary and
secondary assemblies are not specified in detail. Here, to
obtain further insights into the aggregation mode, first we shall
propose the structures of the different assembled systems based
on the primary experimental results and the molecular
modeling. Then, using such a model, we shall try to explore
the mechanistic detail by which one can reasonably justify other
experimental findings. It should also be noted that G2 and G3
actually consist of ensembles of stereochemically distinguished
molecules. Thus it is hard to propose an absolute molecular
model considering all kinds of stereochemistries which differ
only minutely from each other. Considering this situation, for
simplicity, we shall discuss the structures of the assemblies with
the help of anti-ht and syn-hh stereoisomers for G2 and G3,
respectively, as the representatives. We feel that the presence of
other stereoisomers (syn-ht for G2 and anti-hh for G3) would
not affect the overall assembly structures, especially for a system
that is inherently dynamic in nature. Since the models are not
strictly energy-minimized (although close to that), we shall not
emphasize the involved energies quantitatively, but we shall
discuss the nature of molecular arrangements and the direction
of their propagation.

One-Dimensional versus Two-Dimensional Buildup of
Assemblies Driven by Intermolecular Interactions. To look
into the assembly structure of G2 and G3 more closely, we
have performed a wide-angle X-ray diffraction study of dried
samples obtained from G2 gel and G3 (Figure 6a). Since it was
very difficult to prepare a good xerogel sample from decalin
(due to its high boiling point), this time we used
methylcyclohexane for sample preparation, because the overall
behaviors of the samples prepared from decalin and
methylcyclohexane are very similar, as confirmed from their
similar morphologies (Supporting Information, Figure S1S)
and close gel melting temperatures [Tgel values for decalin and
methyl cyclohexane gels of G2 are 45 and 46.5 °C, respectively,
for a concentration of 2% (w/v), prepared at 20 °C and
measured by the “test tube tilting” method]. Both G2 and G3
give similar diffraction patterns consisting of a principal
diffraction peak lying in the low-angle region and a diffuse
halo lying at a higher angle. While the latter is usually attributed
to the disordered alkyl chains,**'¢ the former sharp diffraction
should correspond to a specific repeating distance involved in
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the assemblies. The differences between G2 and G3 diffractions
come first in terms of peak positions and second in terms of the
associated sharpness. The diffraction peak of G2 corresponds to
a distance of 35.3 A, which can closely match the molecular
length of G2 (32.1 A, without consideration of the alkyl
chains). On the other hand, the diffraction peak of G3
corresponds to a distance of 30.4 A, which is shorter than that
of G2. Also, the optimized length of a single G3 molecule is
much shorter (16.5 A) than this distance. To satisfy this
spacing, here we have considered a pair of G3 molecules
maintaining the symmetry. This corresponds to an effective
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distance of 27.3 A, which closely matches with the diffraction
data. Thus it is now reasonable to consider assembly structures
where G2 and G3 are arranged in an ordered fashion. The
sharper appearance of the G3 diffraction peak probably
indicates its higher order of molecular arrangement. On the
basis of these primary results, in the next step, we can go into
the more detailed structure of G2 and G3 assemblies with the
help of other experimental results including NMR and
morphology, and also by drawing correlations with the
monomeric system GI1, whose assembly structure is fairly
straightforward and conventional.

dx.doi.org/10.1021/ja211032m | J. Am. Chem.Soc. 2012, 134, 2161-2171
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Since the thixotropic gel is a special class of supramolecular
gels, we have to realize well how a gel is formed and then we
can shed light upon the additional factors that promote the
thixotropy. It is well-established that the gelation phenomenon
has a close relationship with the process of crystallization. In
both cases, growth begins with nucleation. In neat crystal-
lization, molecules gather into two- or three-dimensional
objects, whereas in gel formation they grow according to a
one-dimensional fashion to construct fibers and eventually form
the network structure through entanglement of fibers.**”>"”
Thus, the prerequisite factors for gelation are first, the presence
of strong and directional intermolecular interactions; second,
the ability to form intertwined aggregates by comparatively
weaker interactions; and third, the presence of factors to inhibit
neat crystallization. Existence of strong intermolecular hydro-
gen-bonding sites is commonly favorable to impose the first
factor, whereas the presence of long alkyl chains fulfills other
two factors.

Keeping the above-mentioned points in our mind, we
previously designed gelator G1, which was capable of gelating
organic solvents. G1 possesses two primary interaction sites:
the amide linkage, capable of forming intermolecular hydrogen
bonding, and the anthracene moiety and the benzene ring (in
gallic acid), for 7—x stacking interactions. From HPLC analysis
of dimerized G1, it is clearly revealed that G1 selectively orients
in a hh manner in the decalin gel (Supporting Information,
Table S2). Also, the formation of intermolecular hydrogen
bonding and J-type aggregates is evident from NMR and the
red shift of absorption and emission maxima upon gelation
(Supporting Information, Figure S$16). Simply on the basis of
these experimental results, we can propose a molecular model
for G1 assembly (Figure 6b)."® It appears from the modeling
study that the driving forces for propagation of the assembly
into one dimension are very strong because of the cooperative
contributions from intermolecular hydrogen bonding and 7—7x
stacking interactions. Altogether this is a three-point
interaction, all of which facilitates the assembly to grow in
one direction. Undoubtedly, such a scenario satisfies the
prerequisite criteria for gelation and therefore the sample
exhibits a fibrous morphology (Supporting Information, Figure
S14) and acts as a “true” gel in terms of rheological behavior
(Supporting Information, Figure S8). Here, the presence of van
der Waals type interaction (rather weak compared to the strong
m—n stacking and intermolecular hydrogen-bonding interac-
tion) arising from the long alkyl chains would only facilitate the
interfibrillar interaction to build a network structure.

Upon dimerization, 7—n stacking interaction between two
anthracene units is eliminated due to the formation of covalent
bonds (cycloaddition). It seems unreasonable to consider the
stacking interaction among the dianthracenes (having separated
benzene rings) because of their bent structure. Hence, the
possible stacking interaction may arise only from the gallic acid
moieties, which again is not strong owing to the presence of the
single benzene ring. For G2 and G3, therefore, the
intermolecular hydrogen-bonding interaction is expected to
play the key role in the assembly process. The formation of
hydrogen bonds in G2 and G3 in decalin is evident from NMR
(Supporting Information, Figure $17).'" The significant
broadening of the NMR signals assigned to dianthracene
protons indicates some sort of interaction among them. The
striking difference in the NMR spectra of G2 and G3 in
decalin-d 4 is observed for the signals of the aromatic protons in
gallic acid. The signal at 6.78 ppm corresponds to unstacked
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(or free) gallic acid protons, whereas the signals between 6.55
and 6.74 ppm correspond to stacked gallic acid protons. Only
G2 executes a strong signal at 6.78 ppm. The corresponding
signal of G3 is very weak; instead, it gives broad and intense
signals between 6.55 and 6.74 ppm. This means that in G3
(though it is fluidlike) the molecular motion of gallic acid
moieties is substantially restricted, which signifies a fair amount
of interaction among them. These results prompted us to
propose the models for G3 and G2 as depicted in Figure 6¢ and
6e, respectively. In the case of G3, the assembled structure can
involve intra- as well as intermolecular hydrogen bonding
(Figure 6¢).2° However, the absence of efficient 7—7x stacking
among the dianthracenes would allow us to consider that
intermolecular hydrogen bonding should be weaker and also
less favored compared to intramolecular hydrogen bonding. On
the other hand, strong van der Waals interaction is probable
in the orthogonal direction via the alkyl chains oriented on
the same side of dianthracene. Thus, the driving forces for
propagation of assembly in two dimensions are comparable.
This situation differs significantly from that of G1, where the
driving force for propagation in one direction (via cooperative
contributions from 77— stacking and intermolecular hydrogen-
bonding interaction) was predominant compared to that in the
other direction (via much weaker van der Waals interaction).
According to earlier reports,> the presence of long alkyl chains
facilitates gelation, whereas the presence of short alkyl chains or
branching favors solubilization or crystallization. The hh
orientation, in which the alkyl chains are oriented in the
same direction, is closer to the second scenario. As a result, we
could obtain a crystalline aggregate of definite shape (nearly
octagonal block) having a dimension of ~700 nm (Figure S).
The presence of a very sharp diffraction peak in the XRD
diffractogram also supports the highly ordered assembly
structure of G3. It is interesting to note that these crystalline
aggregates do not interact further (even after several weeks) to
build any secondary assembly and remain fluidlike. Considering
the spacing assigned in Figure 6a and primary assembly
depicted in Figure 6c, we can propose another model for
subsequent ordering of G3 molecules (Figure 6d), which may
lead to the formation of crystalline aggregates of definite shape.

Finally, in the case of G2, the intermolecular hydrogen
bonding (intramolecular hydrogen bonding is not possible
here) is rather weak in the absence of the 77—z stacking
interactions among the dianthracenes or among the gallic acid
moieties (Supporting Information, Figure S17). Here, the
assembly tends to propagate in two dimensions with weak
driving forces (Figure 6e). We can thus consider the present
system as the intermediate between G1 and G3. In one way,
the lack of predominant unidirectional propagation does not
result in a true fibrous gel, and at the same time, the lack of
compactness and orderliness arising from the van der Waals
interaction (weaker than G3) composed of long akyl chains
oriented in opposite directions, inhibit the formation of regular
crystalline aggregate. As evident from the XRD data (Figure
6a), however, the intermolecular interactions are enough to
result in the formation of a fairly ordered (less than that of G3)
primary assembly. Thus, at the initial stage, discrete disklike
aggregates of irregular shapes (Figure 4a) with smaller
dimensions (~ 300 nm) are seen. In subsequent steps, this
primary assembly can build a secondary assembly (preferably
via van der Waals interaction) (Figure 4d), which is actually a
pseudo-one-dimensional arrangement, and ultimately we
obtained a thixotropic gel. Here, the specialty is the finding
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that the pseudo-one-dimensional arrangement can be broken
easily by shear to regenerate the primary assemblies (Figure
4e), and this process is reversible.

Factors Favoring Thixotropy. The essence of the above
observations and interpretations is summarized in Scheme 2,

Scheme 2. Cartoon Presentation of Self-Assembly Process of
G2 with Time and under Shear”
Rest

S
9=>

anary assembly
(sol-like)

IShear
Shear

Rest

Secondary assembly
(gel-like)

“For simplicity, the irregular-shaped primary assemblies are approxi-
mated as “disklike”.

where one can image the reversible interconversion between
primary and the secondary assemblies under mechanical
stimuli. This illustration corresponds perfectly to the SEM
observations as depicted in Figure 4. Probably, the destruction
of the secondary assembly is a sequential process, which is
reflected by the two-step breaking in the rheological experiment
(Supporting Information, Figure S4). From the present study, it
appears that, to qualify as a thixotropic gel, a few criteria are
essential for the LMGs: (i) the presence of long-range weak
interaction and (ii) capacity to propagate in more than one
dimension or, in other words, possessing comparable driving
forces for propagating in either direction. The LMG with low
crystallinity should facilitate the above situation. G1 gel
possessing the fibrous morphology, on the other hand,
undergoes disassembly of the network and irreversible cleavage
of the fibers under shear (Supporting Information, Scheme S1).
Therefore, the fragmented fibers (which resemble with the
primary assembly in thixotropic gels) are indefinite and
irregular and thus they cannot rebuild the network unless
they are heated to the homogenized phase again. In other
words, the presence of definite junction zones is indispensable
for reversible transition between primary and secondary
assemblies. Also, due to the presence of strong intermolecular
interaction, G1 gel is more resistant against the applied stress,
as evident from the higher storage modulus and yield stress
values than those of G2.

Temperature plays an important role in the growth of G2
assembly, as we observed from the morphological study. Low
quenching temperatures give only two-dimensional aggregates
that fail to immobilize the solvent. However, once we put the
same sample at room temperature (~20 °C), it forms a gel.
This means that, at room temperature, the presence of thermal
fluctuation actually facilitates the primary assemblies to interact,
forming the secondary assembly that ultimately promotes the
gelation. With further increase in temperature, the gel becomes
weaker due to destabilization of the secondary assembly (at 25
°C) or even the primary assembly (at 30 °C). Probably, the
presence of relatively weak interactions in G2 assembly induces
such sensitivity toward the thermal history. Thus, the shape and
stereochemistry of the dimeric gelators differentiate them from
the monomeric one by modifying the intermolecular
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interactions, and as a result we could obtain a variety of
supramolecular assemblies executing different responsiveness.

The above discussion has clearly explained, for the first time,
the relationship between gelator structure and mechanores-
ponsiveness, which is essential for the future study and design
of such “dynamic” assembly systems.

Mechanoresponsive Assembly in the Presence of
Fullerenes. Fullerenes as Guest. In the process of utilizing
our mechanoresponsive supramolecular assemblies for hosting
suitable functional guests, the first priority was to retain the
thixotropic behavior of the host. Presence of soft interaction
between host and guest would facilitate such a situation. In
other words, the added guest should not interrupt the primary
interactions among G2, however, complexation and decom-
plexation can still occur reversibly under the stimuli. In this
regard, we considered fullerenes as a most suitable class of guest
molecules for three reasons: first, the concave shape of
dianthracene moiety is expected to enjoy efficient van der
Waals contact with the convex surface of fullerenes; second,
since the van der Waals interaction would be the principal
driving force behind such a binding, it might be possible to
disintegrate the complex under shear; and finally, fullerene
might act like a molecular adhesive to create junction points
that would facilitate thixotropic behavior.

In our study, we used two types of fullerene, Cy, and C,.
The former has a spherical shape whereas the latter can be
considered as a diffuse sphere. First, we prepared saturated
solutions of fullerenes in decalin at 20 °C (diluted when
necessary) and then mixed them with G2 in a similar fashion as
we did without fullerenes. Very interestingly, the mixed systems
form gels that indeed exhibit thixotropy (Supporting
Information, Figure S18). As expected, these gels are also
thermoreversible. It should be noted that, even in the presence
of fullerenes, G2 forms the gel only near room temperature.
This signifies that probably the binding of fullerene does not
alter the basic supramolecular aggregation mode of G2.
Therefore, one of our prerequisite criteria is fulfilled.

Influence of Fullerenes on G2 Assembly. The next
important issue to address is the rheological behavior of G2
in the presence of fullerenes. The dynamic frequency sweep
experiment shows similar frequency dependency of the elastic
and viscous moduli (Supporting Information, Figure S19),
signifying structural relaxation. This means that even in the
presence of fullerenes, G2 assembly retains its dynamic
character. Actually, the dynamic character increases in the
order G2 < G2-C4, < G2-C; as evident from the shift of the
crossover point between G’ and G” toward higher frequencies.
The superior elastic behavior of G2-Cg4y and G2-C,, gels is well
reflected in their storage moduli and also in yield stress values,
which increase in the order G2 < G2-Cg, < G2-C, (Supporting
Information, Figure S20). Finally, the thixotropic behavior of
the samples was tested by time evolution of the storage
modulus after the gels were destroyed by shear. It is worth
noting that thixotropic behavior is also enhanced in the order
G2 < G2-Cy < G2-C, in terms of faster recovery of the
storage modulus (Figure 7). Thus, the presence of fullerenes
not only improves the mechanical property of G2 assembly but
also intensifies its thixotropic behavior. As expected, the
morphologies of G2-C4 and G2-C,, gels are somewhat
modified, however, the compound nature of the secondary
assemblies remains similar to that of G2 (Figure 8).

Binding of Fullerenes to G2. Since dianthracene is not an
efficient donor, van der Waals interaction is expected to take
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Figure 7. Evolution of storage modulus G’ as a function of time for
G2, G2-C4, and G2-C,, assemblies in decalin (1.8% w/v) performed
at 20 °C under 1% strain and at a frequency 100 rad/s (G2:fullerenes =
8:1 mol/mol).

Figure 8. SEM micrographs of (a) G2-Cgy and (b) G2-C, gels in
decalin (1.5% w/v) at 20 °C prepared by homogenization at S0 °C
(scale bar = 1 um) (G2:fullerenes = 8:1 mol/mol).

the leading role in complex formation. That is why we have not
found any signature charge-transfer band in UV—vis spectra of
G2-Cy solution in decalin. Since the UV—vis spectrum was not
so informative, we tried to determine the association constant
involved in binding of fullerenes with G2 qualitatively by using
a solvent extraction method, which is a classical approach for
investigating metal—ligand binding.22 Here, we used hexane,
which is a poor solvent of fullerenes, for the extraction (details
of the method and working equation are given in the
Supporting Information).® It is interesting to note that the
association constant of C,, with G2 is 2 times higher than that
of C4, (Supporting Information, Tables S3 and S4). This means
that G2 has greater affinity for C,, compared to Cgy. However,
since their binding constants are in the same range, G2 does
not exhibit a high degree of selectivity. Another important issue
is determination of the binding site of fullerenes with G2.
There are two probable binding sites available in G2: the
dianthracene moiety and the benzene ring in the gallic acid
moiety. From NMR spectroscopy, we can clearly observe a
change in the signals corresponding to a group of dianthracene
aromatic protons upon addition of fullerenes (Supporting
Information, Figure S21). On the other hand, in the presence
of C4 and C,, aromatic protons in gallic acid remain
practically unaltered. This is evidence that the fullerenes
preferably bind to the dianthracene moiety in G2. This is also
consistent with previous reports where the concave hosts favor
the fullerene binding arising from the concave—convex
complementarity.”

Proposed Structures of G2—Fullerene Assemblies. From
the above results, it is evident that the basic structure of G2
assembly remains practically unaltered even in the presence of
tullerenes, including the formation of intermolecular hydrogen
bonding (Supporting Information, Figure S22). Keeping the
above points in mind, we have proposed molecular models for
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G2-C4 and G2-C, assemblies (Supporting Information,
Figure S23), where each fullerene molecule is sandwiched
between two dianthracene units without affecting the overall
assembly. Incorporation of fullerene is expected to increase the
spacing between two dianthracene units, thereby inhibiting the
interaction among themselves, which is reflected in the NMR
spectra (Supporting Information, Figure S21). The fullerenes
act like “junction zones” in the G2 assembly, facilitating shear-
induced destruction and also faster recovery upon resting. This
situation is opposite to a recent report where an added guest
molecule inhibits the existing gel structure due to the formation
of capsulelike assembly via the strong host—guest interaction.”*
This justifies the indispensability of the soft-mode interaction
between host and guest in our study. Superiority of C,, in
binding with G2 and also in executing thixotropy probably
originates from its better fit with the concave dianthracenes.

In summary, the presence of fullerenes adds two important
contributions to the mechanoresponsive assembly of G2: first,
the elastic property of the assembly is enhanced, and second,
mechanoresponsiveness is also intensified. To the best of our
knowledge, this is the first report of mechanoresponsive
assembly of fullerenes.

B CONCLUSIONS

In conclusion, comparative supramolecular assemblies of a
substituted anthracene-based gelator G1 and its corresponding
dimers G2 and G3 have been investigated. Cooperative
contributions from intermolecular hydrogen bonding and
m—n stacking interactions facilitate the formation of one-
dimensional molecular arrangement of G1 and it gives an ideal
gel in decalin, exhibiting frequency-independent storage and
loss modulus in a frequency sweep experiment. Upon
dimerization, G1 produces hh- and ht-type dimers where the
m—nm stacking interaction among the dianthracene units has
been eliminated, first due to the cycloaddition process and
second because of the structural modification from planar
anthracene to concave dianthracene moiety. Then, the next
factor, that is, relative orientation of the substituent,
consequently emerges. G3, which is dominated by hh-type
orientation, behaves as fluidlike. Most interesting is the
behavior of G2, which is dominated by ht-type dimer
orientation. It forms a mechanoresponsive gel-like material as
well as demonstrating the signature of a structural relaxation
process as evident from its frequency-dependent elastic and
viscous moduli. In the growth of G2 assembly, two-dimensional
propagation leads to the formation of primary assembly,
composed of disklike nanoaggregates, which in the next step
interact to construct the densely packed secondary assembly
and exhibit gel-like behavior. The phenomenon of mechanor-
esponsiveness originates from the reversible transition between
the primary and secondary assemblies under shear and upon
resting. On the other hand, G3 forms crystal-like aggregates in
the primary assembly process and these nanocrystals cannot
form any secondary assembly, and the system behaves as
fluidlike. Presence of long-range weak interactions and the
driving forces capable of propagating in more than one
dimension thus emerged as the principal factors behind the
construction of such a mechanoresponsive assembly. Addition
of fullerenes acting as soft junction points enhances the
mechanical properties and responsiveness of G2 assembly
remarkably. Due to the better fit with the concave host, C,,
emerges as a superior additive over Cg, in terms of improving
mechanical properties and thixotropy.
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Therefore, the significance of the present work is three-fold:
first, we have succeeded in developing a mechanoresponsive
supramolecular assembly where the assembly phenomenon is
governed by the orientation of the substituents; second, we
could apply this system to act as the host for functional
materials like fullerenes to develop mechanoresponsive full-
erene assemblies for the first time; and finally, we have made a
genuine attempt to correlate as well as differentiate between
mechanoresponsive and thermoresponsive assemblies, simulta-
neously highlighting the underlying factors favoring growth of a
mechanoresponsive supramolecular assembly. We believe,
therefore, that the current work would offer a firm mechanistic
background for the design of thixotropic materials, by
eliminating the “serendipity” expected so far in developing
such materials.”®

B EXPERIMENTAL SECTION
Synthesis of G1, G2, and G3. Gl was synthesized

according to the method described earlier.** G2 and G3 were
synthesized by photodimerization of G1 in tetrahydrofuran
(THF) at 40 °C and in methylcyclohexane at 30 °C,
respectively (Supporting Information, Table S1). After the
photoreaction, the solvents were evaporated at room temper-
ature and the photodimers were used without further
purification. Matrix-assisted laser desorption ionization time-
of-flight mass spectroscopy (MALDI-TOF MS) (dithranol):
m/z caled for [M + Na], 1895.39; found, 1896.17 and 1895.69
for G2 and G3, respectively. The structures of G2 and G3 were
evaluated by HPLC analysis (see Supporting Information).***®
Dimerization was confirmed by NMR and UV—vis spectros-
copy (Supporting Information, Figures S1 and S2).
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