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Abstract: A new class of organogelators having a cyclohexane-
1a,3a-diol motif capable of congealing non-polar liquids was
developed. These gelators underwent crystallization at low
concentration and gelation above the critical gelation concen-
tration (CGC) in the same solvent. The crystals and gel fibers
were analyzed by single crystal XRD and PXRD respectively,
which revealed their different modes of assembly. The XRD
studies and thermogravimetric analysis (TGA) confirmed that
the crystals contain a water of crystallization whereas the gel
fibers do not. A systematic study revealed that when the
concentration of the gelator exceeds that of adventitious water
in the solvent, it congeals the solvent and when the concen-
tration of the gelator is less than water, it undergoes crystal-
lization. This unprecedented stoichiometric sensing behavior
in deciding the mode of self-assembly offers a handle to opt
between mutually competing gelation and crystallization. We
have confirmed that the system can be biased to congeal or
crystallize by varying the amount of water.

Low molecular weight organogelators (LMOGs) continue to
attract much scientific attention because of their ability to
congeal organic liquids into thermoreversible organogels that
find applications in many fields,"’ such as energy,” sensors,"!
sol-gel transcription,” medicine,” soft-optics, and oil-spill
recovery!” to name a few. In most cases, the gelator molecules
self-assemble through various non-covalent interactions to
form fibrils and these fibrils aggregate to form high aspect
ratio fibers that entangle into a 3D fibrous network. These
sponge-like fibrous networks arrest the fluidity of the solvent
through capillary force, resulting in the formation of a homo-
geneous gel.’! Thus the crucial process for gelation is the self-
assembly of solute (gelator) molecules to fibrils. The com-
peting process of crystallization, which can lead to phase
separation, also involves self-assembly of solute molecules.
The subtle difference between the two is in the dimensionality
of their growth. While gelation is favored when the assembly
(growth) is promoted in one dimension leading to fibrils of
high aspect ratio, crystallization is favored when the mole-
cules self-assemble in all three dimensions at more or less
comparable rates.”! The study of the factors that control the
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Figure 1. a) General structure of carbohydrate-based gelator. b) Consis-
tent mode of 1D-hydrogen bonded arrangement in gels and crystals of
carbohydrate-based gelators 1. c) Proposed ampbhiphiles 2 having

a cyclohexane-diaxial-1,3-diol motif. d) Proposed mode of assembly in
1,3-diols 2.

fate of self-assembly viz-a-viz gelation vs crystallization is of
utmost importance.’!”! Herein we report, for the first time,
a case wherein the relative amount of adventitious water
present in the solvent dictates the fate of an organogelator to
crystallize or to gel in the same solvent.

Among all gelators known so far, hydrogen-bond based
organogelators are the most common and carbohydrate-
based organogelators constitute an important class in this
category."!! Shinkai et al. reported a variety of carbohydrate
based amphiphiles having the general structure 1 (Figure 1a)
and correlated their gelation ability with crystal structure.'
This study revealed that a 4,6-O-arylidene unit, an alkyl group
at anomeric oxygen, and a vicinal diol motif are the essential
structural features of this class of gelators. The vicinal diol
motif allows molecules to self-assemble through two parallel
hydrogen bonds to one-dimensional zig-zag chain (Figure 1b)
and is implicated in the formation of gel fibers. Based on these
structural features, many carbohydrate-based gelators have
been synthesized.'” Though 1,3-diaxial diols in a six-mem-
bered ring can also form such a 1D hydrogen-bonded
assembly in principle (Figure 1¢ and Figure 1d), no such
efforts have been made so far to investigate the gelation
behavior of this group of molecules. Our interest in gels*>* !
prompted us to investigate this possibility and thus to provide
access to a novel class of gelators.
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Figure 2. a) SEM images of xerogel made from cyclohexane-gel of 2a.
b) Xerogel made from cyclohexane-gel of 2c. c) Dried petrol-gel of 2b.
d) Crystals of 2b obtained from wet-petrol (made by addition of water
drops to petrol).

We have synthesized several amphiphilic molecules
possessing two diaxially oriented hydroxy groups at 1,3-
positions by regioselective acylation of myo-inositol ortho-
pentanoate (Supporting Information). As anticipated, aro-
matic esters, such as benzoate (2a), toluate (2b) and
naphthoate (2¢), showed gelation in non-polar solvents and
oils. The critical gel concentration (CGC) and gel-sol
transition temperature (Tgel) values are given in the Sup-
porting Information (Table S1). Interestingly, these gelators
showed low CGC values in many solvents and their gels
showed high Tgel suggestive of their high stability (Support-
ing Information, Table S1). Additional evidence for their high
strength was obtained from rheological studies (Supporting
Information, Figures S1-S3). Scanning electron microscopy
(SEM) of the xerogels obtained from these gelators showed
spaghetti-like entangled fibrillar morphology (Figure 2 and
Supporting Information).

As per our design, it is expected that intermolecular
hydrogen bonding would be the major force for the self-
assembly of these molecules. FTIR spectroscopy of the
gelator at self-assembled state (xerogel) and dissociated
state (solution in a non-gelling solvent; chloroform) revealed
the role of intermolecular hydrogen bonding in the self-
assembly and thus in gelation (Supporting Information). The
appearance of O—H stretching frequency at relatively low
wavenumber (3417, 3221, and 3350 cm ™! for 2a, 2b, and 2¢
respectively) in their xerogel states, than in their chloroform
solution (3479, 3477, and 3500 cm™' for 2a, 2b, and 2c
respectively) supports the involvement of intermolecular
hydrogen bonding in their self-assembly. Furthermore, con-
centration-dependent "H NMR titration of compounds 2a, 2b
and 2¢ in benzene-d6 showed downfield shift of OH signals
with concentration confirming the involvement of intermo-
lecular hydrogen bonding in their self-assembly (Supporting
Information, Figures S7-S9).

Interestingly, compounds 2a and 2b formed thin crystals
in petrol (gasoline)at low concentrations and translucent gels
at high concentrations of the gelator. For instance, when two
hot solutions of different concentrations of 2a in the same
batch of petrol (5 mg in 1 mL and 35 mg in 1 mL) was cooled,
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the less concentrated solution underwent exclusive crystal-
lization and the more concentrated solution underwent
gelation solely. However, solutions having intermediate
concentrations of gelator (10-25 mgmL™") did not form gel
or crystals but they formed cloudy viscous solutions. When the
concentration was above 35 mgmL ", it formed a self-stand-
ing gel.

Single-crystal XRD analysis of the crystals of both 2a and
2b obtained from petrol at low concentrations revealed the
presence of a molecule of water of crystallization. To see
whether the presence or absence of water is the reason for
different behavior, we have compared the thermogravimetric
analysis (TGA) profiles of crystal and the xerogel of 2a, both
obtained from petrol (Figure 3b and Supporting Informa-
tion). As suspected, the xerogel did not show any weight loss
until 225°C, suggesting the absence of water in gel fibers,
whereas the crystals lost its water of crystallization at 90—
95°C. Gelator 2b also behaved in a similar manner as 2a,
suggesting that this class of gelators behave in a consistently
similar manner. This interesting observation throws light to
a plausible reason for the puzzling effect of concentration of
the gelator in deciding the fate of its solution between
gelation and crystallization; At low concentration of the
gelator, the adventitious water present in petrol may be
sufficient enough to make crystals with a water of crystal-
lization, and when the concentration of the gelator is more,
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Figure 3. a) Powder XRD profiles of xerogels and crystals of 2a
obtained from petrol. b) TGA profiles of crystals and xerogels of 2a
showing the loss of water from crystals alone.
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Figure 4. a) Two identical petrol-gels of 2a having same concentration
made in same batch of petrol. b) Water added to the gel in the black-
capped vial. ) Both gels are heated to solution. d) The watered-
solution formed crystals and the other one re-gelled.

the water may be insufficient to crystallize all the gelator
molecules.

To probe this, we altered the water content in the petrol
and the fate of gelator was observed. When the amount of
water content was increased by adding drops of water to the
petrol gel, and made a solution by heating and then cooled, it
formed very fine crystals (Figure 2d and Supporting Infor-
mation, Video S1). Also, when two hot solutions of gelator 2a
in petrol having same concentration but one with few drops of
added water and other without were cooled simultaneously,
the one with water crystallized and the other formed a free
standing gel (Figure 4; Supporting Information, Video S2).
These observations clearly support our argument that when
sufficient amount of water is present, the gelator prefers to
crystalize. However, when the water is insufficient, the gelator
will congeal the solvent to a homogeneous gel.

The water content in the petrol was determined by Karl-
Fischer titration and was found to be 0.03 % by volume. Thus,
at a gelator concentration of 5 mgmL ' of petrol, the water/
gelator ratio is 1.1:1, which led to crystallization. In contrast,
at a gelator concentration of 35 mgmL ™" of petrol, the water/
gelator ratio is 0.17:1, which led to gelation. To probe the role
of gelator: water ratio in deciding the fate of the solution
(gelation vs crystallization), we made a systematic study with
petrol samples containing different amount (%) of water.
Exactly 35 mg of 2a was dissolved in 1 mL of each of these
petrol samples containing different amount of water, and we
then studied their fate (Supporting Information, Table S2). It
is very clear from Table S2 that, in a sufficiently concentrated
solution, when the molar ratio of gelator to water is less than
or equal to 1 crystallization occurs, and when this ratio is more
than 1 gelation ensues. Though the effects of solvents™ and
other additives™™ on gel formation and stability have been
investigated, the role of stoichiometry of an additive (water)

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

in discriminating between gelation and crystallization is
novel.

The absence of water in gel fibers was evident from its
TGA profile. Also, a comparison of powder XRD of
crystalline compound 2a with powder XRD of its xerogels
reveals that they have different arrangement of molecules
(Figure 3a; Supporting Information, Figure S15). It is sur-
prising that not even traces of crystal phase was found when
the molecule congealed and no gel fiber was formed when the
gelator underwent crystallization as was evident from a com-
parison of their bulk PXRD profiles. The molecules undergo
one of the two competing modes of self-assembly depending
on the amount of water present. Though many gels will
transform into crystals if left unperturbed,! the gel formed
by 2a-c¢ did not transform to crystal even after several
months. From the foregoing discussions, it is evident that the
fate of the gelator-solution is directly dependent upon the
gelator concentration relative to the amount of water
molecules present.

To get an idea about how the water molecules dictate the
crystallization of an otherwise gelling molecule, we have
analyzed the single crystal XRD structures of 2a and 2b. In
both cases, along the c¢ direction gelator molecules are
arranged in a zig-zag manner, as anticipated from their 1D
H-bonded assembly (Figure 5a,b). It is most likely that this is
the direction of self-assembly in the case of gelation leading to

Figure 5. Zig-zag arrangement of molecules of 2a forming a fibril: a)
viewed along the b direction ; b) viewed along the ¢ direction; and

c) water molecules connecting adjacent fibrils along the a direction to
form a 3D crystal."
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the formation of fibrils. However in the crystal, these fibrils
are bridged in the a direction by the water molecules present,
making the molecules assemble in 3D (Figure 5c¢). Clearly,
water molecules connect several fibers in 3D transforming
them to crystal.

In cases where organogelation is due to the assembly of
gelator molecules through hydrogen bonding, water present
in the solvent competes for hydrogen bonds with gelator
molecules and thereby disrupts gelation.'”! There are a few
cases wherein water molecules are known to enhance gelation
by functioning as a connector between gelator molecules to
form fibrils." However, to the best of our knowledge, this is
the first case wherein water molecules present in the solvent
bias crystallization of an otherwise organogelator of the
solvent by bridging molecules in 3D.

In conclusion, we have successfully designed a new class of
organogelators based on cyclohexane-1,3-diols. Gelation and
crystallization are the end results of two competing modes of
self-assembly of solute molecules in a solution. Control over
these mutually competing processes, though desirable, is one
of the biggest challenges in the field of supramolecular
chemistry. In this study we have established the role of water
in opting between these two processes. When sufficient
amount of water is present in the system, the gelator
molecules undergo crystallization with a water of crystalliza-
tion. When the amount of water is insufficient, the gelator
molecules will instead congeal the solvent. This solute-
dependent outcome, determined through some kind of
molecular quorum sensing of the gelator-to-water ratio, is
interesting and unprecedented. Studies exploiting such
a switch between gelation and crystallization for applications
might provide functional materials.
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