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Supramolecular Gels and Functional
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Abstract: Supramolecular gels are a class of soft materials made up of small molecules held together through
non-covalent interactions. They have reversible properties and a wide range of applications. Chromophore-
based gels are of particular interest due to their inherent electronic properties such as emission and charge
transport useful for organic electronic device fabrication. Significant contributions have been made by Indian
researchers in this area, which are highlighted in this mini review.
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1. Introduction

Gel chemistry has been at center stage
of soft materials research for the past three
decades. Most of the early reports on the
ability of certain molecules to gelate sol-
vents came as the result of serendipity.
Gel chemistry has its strong affiliation to
supramolecular chemistry, and in particu-
lar to molecular self-assembly. Certain
classes of molecules self-assemble in ap-
propriate solvents to form soft non-flowing
solid masses called gels. Over the years,
a significant amount of research has gone
into the in-depth understanding of the phe-
nomenon of gelation. These studies have
resulted in the development of a wide va-
riety of molecules that are capable of gel-
ating organic as well as aqueous solvents.
Gels have a wide range of applications in
food, cosmetics, catalysis, tissue engineer-
ing, sensing and in organic electronic de-
vices. One-dimensional (1D) formation of
fibrillar assemblies of molecules as a result
of weak interactions such as H-bonding,
n-stacking and van der Waals forces are
responsible for the gelation of solvents. By
the incorporation of chromophoric systems
to gelator molecules, functional soft mate-
rials with electronic and photonic proper-
ties can be designed. Since gels are formed
through weak interactions, gelation and
associated properties are reversible. Such
materials are expected to have applications
as sensors for biologically and environ-
mentally relevant analytes, security labels
for documents and in bulk heterojunction
solar cells. This mini review highlights the
important developments in gel chemistry
and functional materials research in India
during the past three decades.

2. Early Developments

Indian chemists entered in the domain

of gel chemistry during the late 1990s.
At the Indian Institute Science (IISc.)
Bangalore, Maitra and coworkers and
Bhatacharya and coworkers independently
started working with organogelators. A
few years later Ajayaghosh and coworkers
at CSIR — NIIST (formerly CSIR - RRL)
started working in the area of organogela-
tors based on m-systems. These studies
have encouraged much research in the
country to venture into the exciting area
of gel chemistry and functional materi-
als. Currently, a large number of research
groups at various institutions in India are
actively engaged in molecular assemblies,
gel chemistry and functional materials re-
search. These studies have resulted in a
large number of publications in leading
chemistry and materials journals and have
also resulted in a large number of patents.
The following sections cover the important
contributions of the early stages.

2.1 Bile Acid-based Gelators

Maitra and coworkers have reported a
number of gelators based on the bile acid
platform.[!] For example, the donor-substi-
tuted bile acids derivatives (1-3) were able
to gelate organic solvents in the presence
of trinitrofluorenone (TNF) as the acceptor
(Fig. 1a).[2 Compounds without hydrogen
bonding linker form gels only in the pres-
ence of TNF. However, compounds with
hydrogen bonding linkers formed gels in a
variety of solvents through intermolecular
hydrogen bonding and m-m stacking even
in the absence of TNFE.[3I Bile acid de-
rivatives show similar packing patterns in
bulk solid, xerogel and the gel in its native
state. A supramolecular helical aggregate
constructed from the pyrene gelator 4 (Fig.
1a) appended with a chiral alkyl chain pro-
vides a good balance between solubility
and crystallization.[*] Aggregation behav-
ior as well as the stimuli-responsive prop-
erties of bile acid derivatives depend on the
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nature of the side chain appendages.[1b-1£.5]
The mechanism of a tripodal cholic acid
derivative to form an aqueous gel has been
probed using a dye having two forms which
can differentially bind to the hydrophobic
pockets with a significant color change up-
on sol to gel transition.[®! The dynamics of
the bound fluorescent dyes in a constrained
environment depends on the chemical na-
ture of the dye as well as the local polarity
of the binding sites.[1¢7]

2.2 Amino Acid-derivative-based
Gelators

Bhattacharya and coworkers have re-
ported a simple amino acid-based deriva-
tive (N-lauroyl-L-alanine), which was able
to gelate the oil phase selectively from an
oil-water mixture.[®] The amide H-bonding
and the long alkyl chain help the molecules
to form a self-assembled fibrous structure
which immobilizes the solvents (Fig. 1b).
The large-scale synthesis of the gelator
would have helped containment of oil
spills, however, the requirement of heat-
ing and cooling to form the gel prevents
the application. This problem was clearly
identified by the authors and pointed out as
a major challenge.

2.3 n-Gelators Based on
Oligo(p-phenylenevinylene)s (OPVs)
and Oligo(p-phenyleneethynylene)s
(OPEs)

OPVs are fluorescent n-systems used
for a variety of applications. Ajayaghosh
and coworkers have reported the self-as-
sembly and gelation of OPV1 in 2001.1
The hydroxymethyl groups and the C, -
C,, side chains were found crucial for the
gelation of OPV1 in various aliphatic hy-
drocarbon solvents. Incorporation of chiral
handles in OPV1 resulted in the formation
of a relatively weak gel comprising heli-
cal fibers (Fig. 2a).[19 Helicity could also
be induced in the achiral OPV1 gelator by
co-assembling with the chiral OPV gelator.
In this case, the exciton coupled CD signal
of the co-assembly was found to be stron-
ger than that of the chiral gelator alone
indicating a ‘sergeant—soldier’ effect on
the chirality amplification. Symmetrical
and unsymmetrical functionalization of
OPVs with cholesterol moieties (Fig. 2b)
allows a controlled supramolecular organi-
zation which results in helical nanoscopic
architectures that display remarkable dif-
ferences in optical, chiroptical, and mor-
phological properties.['!] A pseudo H-type
aggregation of the symmetrical deriva-
tive resulted in a twisted helix whereas a
pseudo J-type aggregation of the unsym-
metrical derivative gave a coiled helix.[!2]
Weak dipolar interactions are also capable
of facilitating gelation as noted in the case
of the ester functionalized OPVs. Boc-D-
and Boc-L-alanine linked OPV gelators in
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Fig. 1. (@) Chemical
structures of bile acid
derivatives and TNF.
(b, top) N-lauroyl-L-
alanine based gelator.
(b, bottom) SEM im-
ages of N-lauroyl-L-
alanine derived gel.
Reproduced from ref.
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chloroform and toluene exhibited a mor-
phology change from macroporous honey-
comb to aligned fiber bundles.!'3! The ori-
gin of this morphology variation is attrib-
uted to the difference in the self-assembly
pathways of these molecules in chloroform
and toluene.

Interestingly, self-assembly of the
oligo(p-phenyleneethynylene) derivative
OPE1 (Fig. 2c) having the same kind of
end functional group and alkyl side chains
as that of OPV1, displayed vesicular as-
sembly at lower concentrations and blue
emitting gels at higher concentrations.[!4]
Morphological study of the xerogels
showed the formation of super bundled fi-
bers. The chiral analogue (OPE2) of OPE1
did not form gels due to its high solubil-
ity and weak m—m interaction. However,
upon co-assembly of OPE2 with OPEL,
gels were formed in nonpolar hydrocar-
bon solvents. The chirality of OPE2 was
expressed in the co-assembly as supramo-
lecular helicity, in the form of helical tubu-
lar assemblies (Fig. 2d).[13]

[8] by permission of
the Royal Society of
Chemistry © 2001.

3. Later Developments

The early success with the design of
new gelator molecules and the progress
made elsewhere in gel chemistry have
prompted many research groups in India
to develop organo- and hydrogelators of a
variety of molecules. These include chro-
mophore-based gelators, amino acid- and
peptide-based gelators, organic salt-based
gelators and hybrid gelators. Among these,
linear m-system based gelators have at-
tracted much attention due to their revers-
ible optical and electronic properties. This
section will cover important contributions
during the period of 2005-2010.

3.1 Gels Based on Complementary
H-Bonding

Multiple H-bonding moieties such as
melamines and cyanurates help molecules
self-assemble through strong complemen-
tary interactions providing different archi-
tectures.!'®l Incorporation of chromophoric
moieties with complementary synthons
facilitates linear and circular organiza-
tion of chromophores. For example, the
melamine-linked OPE derivative (M-OPE)
(Fig. 3a) and the cyanurate (CU) (Fig. 3a)
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Fig. 2. (@) Chemical structure of OPV1, photograph and SEM image of the OPV1-decane gel. (b)
Chemical structures of the cholesterol-based OPV gelators. (c) Chemical structures of the OPE-
based gelators. (d) Schematic representation of homo- and co-assembly of the OPE gelators,
OPE1 and OPE2. Reprinted with permission from ref. [15]. Copyright (2006) Wiley-VCH Verlag
GmbH & Co. KGaA, Weinheim.
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co-assemble to form a rosette assembly at
lower concentration, which further self-
assemble to form donut-shaped circular
objects.[171 At higher concentration they
were able to gelate organic solvents. An
OPYV derivative of a barbituric acid (BAR)
with a hydrogen-bonding headgroup, and a
wedge-shaped tridodecyloxybenzyl (TDB)
tail, self-assemble to form closed ring-
shaped nanostructures (nanorings) with
uniform dimensions.!!8! The OPV-dimer
with multiple H-bonding interaction sites
exhibits a guest-induced transformation of
well-defined nanostructures. A chiroptical
input into the nanoassembly could be pos-
sible by incorporating chiral guest mole-
cules.['] The role of a cyanurate in the self-
assembly of a melamine-linked TPE was
studied thereby modifying the physical
properties and morphological features of
the resultant supramolecular gels.?? The
self-assembly of TPE in the absence and
presence of a complementary cyanurate
(dCA) was demonstrated, in which a 1:1
complex TPE:dCA, formed a transparent
gel (Fig. 3b). On the other hand, hierar-
chical self-assembly of TPE under higher
concentrations resulted in blue emitting
gels in aliphatic solvents such as hexane
and methylcyclohexane (MCH).

Nandi et al. have extensively investi-
gated a series of two-component systems
such as melamine-riboflavine, melamine-
gallic acid and melamine-lumichrome
which form thermo-reversible hydrogels
through complementary hydrogen bond-
ing.2ll The melamine-riboflavin system
(Fig. 3c) showed enhanced luminescent
properties in the gel state, particularly at
1:3 molar ratio. The gelation mechanism
has been explained using optical, electron
and atomic force microscopy together with
circular dichroism and photoluminescence
spectroscopy.[21221bl By changing the com-
position of the gelator molecules, macro
morphology of the gels could be changed
from helical fibers to rods and finally to
hollow tubes. The hollow tubes exhibited a
higher PL intensity than that of the helical
fibers, thus modulating the 1D macro-mor-
phology and the luminescent properties of
the assemblies.

Nandi et al. have also reported a ther-
mo-reversible gel of melamine-coordinat-
ed silver(1) in water with low minimum ge-
lation concentration of 0.6%w/v at 30 °C.
Mixing silver nitrate with melamine at high
temperature in water followed by cooling
resulted in the formation of hydrogels hav-
ing 1:1 and 1:2 molar compositions of sil-
ver and melamine (AgM11 and AgM12).
Interestingly, the 1:2 compositions of Ag
and melamine formed a stable gel, but the
1:1 composition formed a metastable gel
that crystallizes upon aging. The gelation
ability of AgM12 was highly dependent on
counter anions of Ag(1), and the hydrogel
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Fig. 3. (a) Schematic representation of rosette assembly formations from the melamine-linked
OPE derivative and cyanurate (inset: AFM image of donuts). Reprinted with permission from ref.
[17]. Copyright (2008) Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (b) Gel photographs and
schematic representation of TPE and TPE:dCA self-assembly. Reproduced from ref. [20] with per-

mission of the Royal Society of Chemistry © 2009.
riboflavine complex.

was stable at neutral pH. The sol-gel tran-
sition of AgM12 hydrogel could be tuned
by the addition of equivalent amounts of
halogen anions and thereby the gel is dis-
rupted to a sol with the precipitation of
AgX. Further addition of one equivalent
Ag(1) followed by heating the solution led
to a homogeneous solution. On subsequent
cooling the gel reappeared.(22!

(c) Schematic representation of a melamine-

3.2 Organic Salt-based Gels
Understanding the molecular interac-
tions present in a crystal helps in the iden-
tification of supramolecular synthons, in
which the special interactions are robust
enough to predict the structure of the result-
ing crystalline solid. Dastidar and cowork-
ers have significantly contributed to the de-
velopment of organic salt-based gelators.[23]
Attempts at crystallizing the salt G33 from
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nitrobenzene resulted in a gel.[2* This ser-
endipitous observation led to a number
of reports from the same group exploring
the secondary ammonium monocarboxyl-
ate (SAM) synthon, which displays either
1D (synthon A) or OD (synthon B) like
supramolecular arrangement (Fig. 4a).[25]
Recently, the same group reported a li-
brary of simple organic salts derived from
t-butoxycarbonyl (Boc)-protected L-amino
acids and two secondary amines (dicyclo-
hexyl- and dibenzyl amine). A nitroben-
zene gel of one of the salts of dicyclo-
hexyl amine (GLY.1) revealed remarkable
load-bearing, moldable and self-healing
properties, where its dibenzyl ammonium
counterpart (GLY.2) failed to display such
properties (Fig. 4b, c).[20]

Secondary ammonium dicarboxyl-
ate (SAD) salts give rise to 1D hydrogen
bonding networks (HBNs), where propa-
gation of synthon B in one dimension is
possible, virtually due to the presence of
two COO™ moieties (Fig. 5a). The same
concept was put to use in gaining access
to low molecular weight organometal-
lic gelators, derived from a salt of ferro-
cene-1,1’-dicarboxylic acid (FDCA) and
dicyclohexyl amine (DCHA). Scanning
electron microscopic investigation of the
xerogel revealed an entangled fibrillar net-
work consisting of twisted fibers of both
handedness.?”1 A clever exploitation of the
SAD synthon gave access to a few chiral
gels derived from secondary ammonium
salts of (1R,3S5)-(+)-camphoric acid.[28]

The primary ammonium monocarbox-
ylate (PAM) synthon forms 1D HBNs in
most cases and a 2D hydrogen-bonded
sheetlike structure in rare cases. Sound-
induced instant gelation of petrol and
other solvents was observed for one of the
PAM salts.[291 Various dicarboxylate salts
derived from cyclobutane 1,1- dicarboxyl-
ic acids and primary alkyl amines (CH,-
(CH,) -*NH,, n = 3-15) were further stud—
ied and it Was seen that salts with n >10
were excellent gelators for petrol, diesel
and kerosene.[30] The primary ammonium
dicarboxylate (PAD) synthon has also been
used to generate a few ferrocene dicarbox-
ylic acid-based metallogels.[3!1 The PAD
synthon was further explored to obtain
a new series of gelators which revealed
reverse-thermal  gelation  behavior.[32]
A combinatorial library approach for the
screening and identification of potential
organic salt-based gelators was adopted
making use of the SAD,!33 PAMDB4 as
well as the PAD synthons.[35] A new series
of diprimary ammonium monocarboxyate
(DPAM) salts was reported to form gels in
various solvents.[36]

3.3 Peptide-based Gelators
Amino acids and peptides are a good
platform for the design of molecular
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Fig. 6. (@) Chemical structures of tetrapeptide-based hydrogelators (1 and 2), (b) Drug release
profile of 1 and 2 at pH 7.46, photographs and AFM image (background) of hydrogel 1. Reprinted
with permission from ref. [37]. Copyright (2009) American Chemical Society. Photograph of hydro-
gel obtained from gelator peptide: (c) before adsorption of dye molecules and (d) after complete
adsorption of dye molecules (A: Rhodamine B, B: Reactive blue 4, C: Direct red 80). Reproduced
from ref. [39] with permission of the Royal Society of Chemistry © 2009

gelators. Banerjee et al. have developed
synthetic tetrapeptide (NH,-Gly-X-Ile-
Leu-COOH, X= Ala/Phe, Fig. 6) based
supramolecular hydrogels at physiologi-
cal pH.P7 Replacement of the Ala residue
by aromatic as well as hydrophobic phe-
nylalanine (Phe) residues has been found
to enhance the gelation efficiency. These
gelator molecules were assembled through
hydrogen bonding, aromatic—aromatic in-
teractions and other non-covalent interac-
tions to form an anti-parallel B-sheet struc-
ture. The potent anticancer drug doxorubi-
cin could be encapsulated within the hy-
drogel matrix for sustained release of the
drug at physiological pH. The proteolytic
stability of a bioactive molecule-releasing
peptide hydrogel could be significantly in-
creased by the judicious incorporation of
a non-protein, naturally occurring amino
acid (B-alanine) in place of «-alanine
amino acid residue in a dipeptide-based
hydrogelator.[38! These proteolytically sta-
ble hydrogel materials have been used for
the encapsulation and sustained release of
water-soluble vitamins B, and B , at physi-
ological pH. Some of the tripeptide-based
hydrogel materials have been found useful
for the treatment of waste water.[3]

3.4 Thiophene-derived Gelators
Recently, the first example for thienyl-

enevinylene-based gels that form aligned

supramolecular wires on freshly cleaved

mica surfaces through epitaxial assembly
has been reported (Fig. 7).[401 Microscopic
analysis showed that the OTV1 gel was
comprised of entangled micrometer-sized
fibers. For more insight into the elec-
tronic properties of the self-assembled
OTV1 aggregates, charge carriers were
generated photolytically by adding N,N'-
bis(2,5-di-tert-butylphenyl)-3,4,9,10-
perylenedicarboximide (PDI) as anelectron
acceptor. Flash photolysis time-resolved
microwave conductivity (FP-TRMC) and
transient absorption spectral (TAS) studies
proved the high charge carrier mobility in
the self-assembled state when compared
to the monomeric state, highlighting the
importance of self-assembly and gela-
tion on the electronic properties (Fig. 7c).
This study highlights the role of hydrogen
bonded and n-stacked molecular assem-
blies in improving the electronic properties
of thiophene-based systems. An increase in
the conjugation length of the OTV molec-
ular wires has a remarkable influence on
the gelation and the conducting properties.
Electrical conductivity of these new p-type
semiconduting gels could be improved to
the metallic range by increasing the con-
jugation length and by doping with iodine
(Fig. 7d). The absorption spectra exhibited
significant changes in presence of iodine
vapors which are predominant in the case
of OTV2 and OTV3. The intensity of the
polaron bands increases with the iodine ex-
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Fig. 7. Chemical structures (a) and photographs of sol-gel transition of OTV1-3 (b) (c) FP-TRMC
transient conductivity profiles (A = 355 nm) of OTV1 with different weight fraction of PDI pre-
pared from n-decane/chloroform (1:1 v/v) solutions. (d) C-AFM measurements of OTV2 and OTV3
xerogels from decane solution drop cast on HOPG (c = 1 x 10 M). |-V curves of undoped (i) and
doped (ji) xerogels of OTV2 (i) and OTV3 (ji). Reprinted with permission from ref. [40] and ref. [41].

Copyright (2010) American Chemical Society.
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posure time and are saturated within 1 h of
exposure. The bulk electrical conductivi-
ties of OTV1-3 xerogels on glass substrate
before and after doping with iodine vapors
were measured by four-probe dc resistiv-
ity method. The electrical conductivity of
4.8 S/cm observed for the iodine-doped
OTV3 xerogel is one of the highest values
reported for a molecular gelator.[41]

3.5 Liquid Crystal-based Gels

The construction of supramolecular ar-
chitectures by the spontaneous self-assem-
bly of butadiene molecule was reported by
Das et al. These derivatives formed trans-
parent gels in polar solvents, such as alco-
hols, acetonitrile, and dimethyl sulfoxide
(DMSO). The mechanism of gel forma-
tion involves a spontaneous hierarchical
self-assembly of such derivatives, which
leads to the formation of smaller vesicles at
the initial stages, that merge to form larg-
er ones until they finally link together to
form gels consisting of globular aggregates
with solvent entrapped within them.[*2]
A striking difference in the nature of the
self-assembly process between molecules

consisting of diphenyl butadiene deriva-
tives linked via flexible alkyl chains to one
or two cholesterol units was also reported
(Fig. 8).131 These differences may be at-
tributed to the nature of the molecular ag-
gregates formed that consisted of J-type
aggregates in case of the mono-cholesterol
derivatives and H-type aggregates for the
bis-cholesterol derivatives.

A novel class of octupolar oxadiazole
derivatives has been synthesized and their
mesophase properties and ability to self-
assemble in nonpolar solvents were ex-
amined. Unlike conventional organogela-
tors, disk-shaped molecules have to self-
organize in a manner so as to maximize
the m—m interactions which can result in
the formation of columnar superstructures
leading to the formation of fibers and even-
tually entangled network of fibers wherein
the solvent molecules are immobilized. 44
Star-shaped molecules consisting of a
1,3,4-oxadiazole core derivatized with
alkoxy-substituted phenyl ethynylenes,
FD12 (dodecyl) and FD16 (hexadecyl)
were reported (Fig. 8).1451 The length of
the alkyl substituent was observed to have

a significant effect on the absorption and
fluorescence properties of the gels, which
was attributable to the role of the alkyl
substituents in controlling the nature of the
molecular packing within the self-assem-
bled fibers of the gels.

3.6 Hybrid Gelators

One of the main drawbacks of supra-
molecular gels is their poor stability above
ambient conditions. For example, many
of the self-assembled gels are thixotropic
in nature. One of the solutions to improve
the stability of the gels is to reinforce them
with suitable and compatible materials
such as carbon nanotubes, nanoparticles
or with covalent polymers. In this way
hybrid materials having properties differ-
ent from the individual components can be
designed. -Systems are ideal materials to
prepare hybrid gelators.

3.6.1 Carbon Nanotube-based Gels
Ajayaghosh et al. have reported that the
stability of OPV gels could be improved
by the addition of single-walled or multi-
walled carbon nanotubes. Interestingly,
gelation of OPV occurred below the criti-
cal gelator concentration upon addition
of the carbon nanotubes (CNT).[461 CNTs
are entrapped in the self-assembly thereby
reinforcing the gel fibers (Fig. 9a). The
self-assembly facilitates the creation of a
hydrophobic coating of OPVs on CNTs
with a surface topography consisting of
micrometer-sized hills and valleys with a
nanoscale coating of hairy hydrocarbon
chains akin to lotus leaves. The fact that
superhydrophobicity was exhibited by the
relatively cheaper MWNTSs, when com-
pared to SWNTs, broadens the scope for
potential applications of the composite.[47]
Bhattacharya er al. have studied the
supramolecular interactions of organo-
gelators with various carbon nanoma-
terials (CNMs), such as functionalized
graphenes, single-walled carbon nano-
tube (SWNT) and fullerene (C,).[4I
Rheological and electrical conductivity
studies revealed that the nanocomposite
gels have improved properties compared to
the native gels. This study revealed that the
molecular level interaction between CNMs
and fibrous network of gelator molecules
is responsible for the improved properties.

3.6.2 Metal Nanoparticle-based Gels
Hybrid materials based on inorganic
nanoparticles and m-conjugated oligomers
have received significant attention due to
their optoelectronic properties. Hybrid
OPV1/OPV6-Au supramolecular tapes
have been prepared by mixing OPV1 with
OPV6-Au derivative in toluene followed
by heating the mixture above the gelation
temperature of OPV1 followed by cool-
ing.*91 The key feature of the hybrid self-
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Fig. 9. (@) Chemical structures of OPVs (i and iii), HR-TEM image of OPV-CNT hybrid (ii) and a
schematic representation of OPV-CNT gel formation. Reprinted with permission from ref. [46].
Copyright (2008) Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. Photographs of OPV1, CNT
and OPV-CNT solutions (iv), a water droplet on CNT, OPV1, and OPV1-CNT nanocomposite coat-
ings (v). vi) Image showing the self-cleaning ability of a dusted composite surface. Reprinted with
permission from ref. [47]. Copyright (2008) Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (b)
Chemical structure OPVs (j). Fluorescence spectra of OPV1 gel and 100:1 OPV1 and OPV6-Au
hybrid gel (inset: respective photographs) (ii). TEM images at different magnifications of the OPV1/
OPV6-Au (100:1) tapes deposited from toluene (jii and iv). Reprinted with permission from ref.
[49]. Copyright (2007) Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

assembly was the functionalization of the
nanoparticles with ligands which can inter-
act with the OPV1 tapes through non-cova-
lent interactions similar to those that hold
the tape together (Fig. 9b). Pradeep et al.
have reported the detailed transformation
on the hybrid assembly of gold nanopar-
ticles and OPV gelators. 50!

The interaction of low molecular weight
organogelators (LMOGs), end capped
with nanoparticles and gold nanoparticles
(AuNP) capped with n-alkanethiols, cho-
lesterol-based thiol and p-thiocresol has
been studied. Hybrid gels comprising of
capped AuNP and gelator (Fig. 10) in 1:1
(w/w) ratio exhibited improved viscoelas-
tic behavior when compared to the native
gel in toluene. The interdigitation of alkyl
chains of capped AuNP with the gelator
molecules was responsible for the en-
hanced mechanical strength of the hybrid
gel. The salt-bridging interactions between
carboxylates of various fatty acids and am-
monium ions of a variety of amines have

evolved as a medium to grow nanoparti-
cles over the fibers of the two component
gels.B11 These gels possessed hydrophilic
pockets over the gel fibers which led to
the controlled growth of the nanoparticle
assembly. Investigation of keto—enol tau-
tomerism in gels was possible with an
organogelator.521  Further, self-assembly
of this gelator by H-bonding, m-nt stack-
ing and van der Waals interactions led to
J-aggregation which resulted in aggrega-
tion-induced emission in the gel state.
The self-assembly and gelation of the
tripodal cholamide (Fig. 11a) was further
exploited for the synthesis of 1D inorganic
nanostructures.33 Nanotubes of inorganic
oxides and sulphates have been reported
using the tripodal cholamide-based hydro-
gel (Fig. 11b) as a template.[5%) Organic
inorganic composite materials were ob-
tained by the self-assembly of 2,3-didec-
yloxy-anthracene with AuNPB4 and ZnO
NP.[531 Syntheses of various nanotubes and
nanorods such as CdS (Fig. llc), ZnS,

and CuS have been established by using
this hydrogel template approach. Steroid-
capped NPs were stabilized by bile acid-
based gelators due to the supramolecular
interaction between the steroid units pres-
ent both on the NP as well as on the gela-
tor.[56]

Bannerjee et al. have reported synthetic
tripeptide (with redox active chemical enti-
ties) based smart organogels for the in situ
formation and stabilization of gold and
silver nanoparticles within the supramo-
lecular organogel networks (Fig. 12).057]
These tripeptides contain redox active ty-
rosine residues, which have been utilized
to reduce Ag(1) and Au(1) salts to generate
Ag and Au nanoparticles in the gel phase
without the presence of any external reduc-
ing and stabilizing agents. The TEM image
of the hybrid gel in Fig. 12d indicates the
formation of gold nanoparticles along the
gel nanofibers. Peptide- and amino acid-
based hydrogels have been used for the in
situ generation of fluorescent silver nano-
clusters at room temperature in presence
of sunlight by using a ‘green chemical’
approach.®81 Fmoc-protected L-phenylala-
nine and the dipeptide Fmoc-Val-Asp-OH,
individually form a transparent, stable
hydrogel with a minimum gelation con-
centration of 0.1% w/v and 0.2% w/v, re-
spectively. The silver-ion-encapsulation of
the hydrogels can spontaneously produce
fluorescent silver nanoclusters under sun-
light at physiological pH (7.46). Tripeptide
hydrogel based nanofibers for the immobi-
lization of luminescent CdS nanoparticles
(NPs) within the gel matrix and a definite
array of CdS nanoparticles on the gel-
nanofibers has been reported.l"! Stiffness
of the oligopeptide-based hydrogel has
been modulated by the incorporation of
different sized Ag nanoparticles stabilized
by various capping ligands.[®0] Recently,
the Fmoc-Phe-OH hydrogel has been used
to disperse functionalized single-walled
carbon nanotubes (f~-SWCNTs) within the
gel phase to make a hybrid hydrogel at
physiological pH and temperature.!] One
of these peptide-based hydrogels (Fmoc-
Tyr-Asp-OH) has been utilized for the suc-

a) b)

1 AuCmay

] = 3
I o__l i 5 ] AuCnal

L Qe
i ]

a)owj

OH HO

b)

B! Os-O-

AuPhMe

X=0H Ho

Fig. 10. (a) Chemical structure of the gelator molecule 1. (b) Capped
AuNPs with various end groups. (c) Schematic representation of interac-
tion of gelator 1 with capped AuNP’s in gel state. Reprinted with permis-
sion from ref. [51a]. Copyright (2006) Wiley-VCH Verlag GmbH & Co.
KGaA, Weinheim.

Fig. 11. () Chemical structure of tripodal cholic acid. (b) Photograph of
transparent hydrogel of tripodal cholamide. Reprinted with permission
from ref. [7]. Copyright (2004) American Chemical Society. (c) TEM im-
age of CdS nanotubes obtained after the removal of hydrogel template.
Reprinted from ref. [53b]. Copyright (2006) with permission from Elsevier.



CHEMISTRY IN INDIA PART I

57

CHIMIA 20183, 67, No. 1/2

cessful incorporation of reduced graphene
oxide (RGO) into the hydrogel to make a
well-dispersed RGO-containing stable hy-
brid hydrogel.[92] This study demonstrates
that RGO is stabilized within the peptide-
based hydrogel system without the help of
any external stabilizing agent. Rheological
studies suggest the formation of a more
rigid and ‘solid-like’ hybrid hydrogel after
the incorporation of reduced graphene ox-
ide into the peptide hydrogel.[¢2] Banerjee
and coworkers have also made amino acid-
based functional gels which have been uti-
lized for photo-switching material(®!l and
oil spill recovery.[63]

3.7 Metallogels

Subsequent to the success with or-
ganic salt-based gelators, Dastidar et al.
reported ligand-based Cu"/Co" coordina-
tion polymers which formed gels as well
as crystals under different reaction condi-
tions. These coordination polymers were
derived from two bis-pyridyl-bis-amide
ligands and various dicarboxylates.[%4! In
addition, a series of Zn"-based coordina-
tion polymeric gels were also reported.[®3]
Very recently, a strategy to separate SO,*
anion from a mixture of anions (SO,*,
NO,, CIO,, CF,;SO,) using Cu"-based
coordination polymers gels has been pro-
posed.[61 A C,-symmetric tris-amide-tris-
carboxylate ligand was used to obtain a
set of four metallogels using various salts
such as Cd(NO,),, Cu(NO,), Co(NO,),
and Zn(NO,),. (671 A series of b1s amldes
derived frorn L-(+)-tartaric acid resulted in
metallogels upon treatment with Cu"/Zn"
salts under suitable conditions.[68]

Biradha er al. have reported metal-
organic gels based on bis(benzimidazole)-
based ligands with Cd(1r) and Cu(ir) halide
salts.[99 These gels exhibited dye and gas
sorption properties. Bannerjee et al. have
reported the first Ca-based metallogels and
3D MOFs by using 5-(1,2,4-triazoleyl)
isophthalic acid (TIA).[70 Ca-based xero-
gels showed 20% higher CO, uptake than
the crystalline Ca-based MOF (Fig. 13).
These metal organic materials have been
used as catalysts for the hydrosilylation of
benzaldehyde with diphenylsilane, where
the gel phase showed higher catalytic ac-
tivity in comparison to the crystalline or
xerogel materials.

3.8 Liquid Crystals and Polymer
Composites

Gelation-assisted trapping of fluo-
rescent supramolecular architectures in a
polystyrene (PS) film and its application
in erasable thermal imaging has been re-
ported.[7'1 OPV gelators are known to have
thermally reversible fluorescence (blue to
green upon sol—gel transition and vice ver-
sa). The gelator forms a gel in styrene with
green emission which upon photopoly-
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Fig. 12. Chemical structures of tripeptides (a) and pyrene-conjugated gelator peptide (b). TEM im-
ages of the gel nanofiber before (c) and after (d) the in situ formation of nanoparticle, black dots
indicate the Au nanoparticles. Reproduced with permission from ref. [57] with permission from the
Royal Society of Chemistry © 2007. (e) Photographs of organogels i) under exposure to daylight,
i) under exposure to UV light (excitation at 365 nm), and iii) graphene-containing hybrid organogel

under exposure to daylight. (f) TEM image of the hybrid organogel. Reprinted with permission
from ref. [62b]. Copyright (2011) Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

a) Crystalline Molecular Solids

Co-ligand

Ligand
Metal ®

-—
Solvent

—r
[
w

w
(=}

L3
w
s

[
o
1

-
w
L

-
o
L

w

Amount of CO, Adsorbed (cc/gm])

=]

0.4 0.6

0.0 0.2 0.8 1.0
b) Pressure (bar)
e WL R L T .
|| J | \H || | (1:1 DMF:WATER)
\..% 5 & 0 S CH(N03)2
-)>—<(- 4 minutes
o o sonication .
Water/EtOH/MeOH

Fig. 13. (a) Schematic representation of 1D and 2D coordination polymeric networks. (b)
Sonication induced gelation of ligand with dicarboxylates and metal ion. Reprinted with permis-
sion from ref. [63]. Copyright (2010) American Chemical Society. (c) CO, adsorption isotherms
below 1.0 bar for Ca-5TIA-xerogel (blue) and Ca-5TIA-MOF (red) at 298 K. Reproduced with per-
mission from ref. [70] with permission from the Royal Society of Chemistry; © 2012.

merization resulted in the formation of the
gelator entrapped polymer. A film of the
OPV-PS polymer composite was prepared
by dropcasting a chloroform solution of
the same. By heating above T, the OPV-PS
blend became soft and the thermal energy
induced breakage of the initially formed
OPV self-assembly (responsible for the
green emission) into individual molecules
with strong blue emission. Upon exposure
to chloroform vapors, the film is softened
thereby allowing the reassembly of the
OPV molecules, regenerating the green
emission. Thus, the mechanism of the re-
writable imaging has been explained as a

reversible self-assembly of the OPVs in the
PS film. Since the fluorescence of the un-
imaged area was weak and that of the im-
aged area was strong, high-contrast imag-
ing could be achieved. Aligned photolumi-
nescent LC physical gels were obtained by
the simple mixing of an OPV-based gelator
with nematic and smectic liquid crystals.[72]
When self-assembly of OPV occurs in
the LC phase, aligned fibers were formed
through the template effects of the liquid
crystals. The alignment of m-conjugated
OPV gelators in nematic liquid crystals
was found to be different from normal
gelators.
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3.9 Donor-Acceptor-based Gels

Ghosh and coworkers have reported
structure—property relationships in the
gelation of electron-rich dialkoxy-naph-
thalene (DAN) and naphthalene-diimide
(NDI) building blocks.[73l They have also
studied self-assembly and gelation of elec-
tron-rich, dialkoxynaphthalene (DAN).
Unlike NDI-chromophores, long range-
ordered arrangement of DAN is difficult
due to the strong electronic repulsion be-
tween the adjacent donor chromophores.
The bis-urea (DAN-U) and the bis-amide
(DAN-A) functionalized DAN-derivatives
(Fig. 14), which differ only in the nature of
the self-complementary H-bonding func-
tionality, showed similar spectral behavior
in a good solvent like THF in which they
were molecularly dissolved. However, in a
non-polar solvent like MCH, the nature of
chromophoric arrangement of DAN-U and
DAN-A was different as observed from
the absorption and the emission spectra of
the two chromophores. The J-aggregating
DAN-U formed gels in various organic
solvents, both polar as well as non-polar
with very low critical gelator concentra-
tion (CGC) values. Contrastingly, the
H-aggregating DAN-A formed gel in a
limited number of non-polar solvents with
comparatively higher CGC values. DAN-A
formed highly entangled flexible fibers
owing to the weaker H-bonding between
the amide groups and was more effective
in solvent trapping to produce better gels.
On the other hand, stronger H-bonding
among the urea functionalities led to more
rigid rodlike fibers which could not form a
network structure required for the efficient
gelation. Interestingly, the H-bond medi-
ated gelation of the donor (DAN-2) and the
acceptor (NDI-2) chromophores exhibited
self-sorted assembly.[74!

3.10 Fluorescence Modulation and
Energy Transfer in Gel Scaffolds
OPV gelators exhibit significant red
shift of the emission during the gelation.
This property has been shown to be due
to the efficient energy migration between
aggregates of different energy levels.[5]
Therefore, OPV gels are very good energy
donor scaffolds for energy transfer to a suit-
able acceptor. This hypothesis was proved
by energy transfer from OPV gels to en-
trapped Rhodamine B as the acceptor.[76]
Fluorescence resonance energy transfer
(FRET) was found to be more efficient in
a xerogel film when compared to the self-
assembled gels obtained from dodecane
or cyclohexane. Thus, xerogels of OPVs
are unique examples for nanostructured
m-conjugated self-assemblies, which are
efficient energy donor scaffolds for ther-
mally gated FRET processes and hence be-
came an entry to a novel class of functional
supramolecular materials.[”7]  However,
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Fig. 14. Chemical
structures of DAN-U
and DAN-A.

DAN-U

Fig. 15. (a) Chemical
structures of

OPV2 and PYPV

(b) Temperature-
dependence of the
energy transfer.
Fluorescence mi-
croscopy images of
... | thedrop-cast OPV2
S === before (c) and af-

1.53 mol %
PYPV

L

s " | ter (d) addition of
PYPV cyclohexane
gel. Reprinted with
permission from ref.
[80]. Copyright (2007)
Wiley-VCH Verlag
GmbH & Co. KGaA,
Weinheim.

the poor compatibility of Rhodamine B
and OPV resulted in poor overall energy
transfer efficiency. This problem could be
solved by choosing compatible energy ac-
ceptors.[781 By choosing suitable acceptors,
the emission color could be continuously
shifted towards the longer wavelengths.[78]

The energy transfer efficiency of OPV
gels was found to be high when a short con-
jugated oligomer PYPV was used as the
acceptor in small quantities (Fig. 15).180]
Such efficient energy transfer at the gel
state of the donor molecules with a small
percentage of the acceptor molecule in-
dicates efficient energy funneling from a
distance beyond the normal Foster radius,
indicating cascade energy migration be-
tween the aggregated gelator molecules.
The energy transfer properties could also
be controlled by the structural modifica-
tion of OPV gelators as demonstrated with
the mono- and bis-cholesterol functional-
ized OPV gelators.[1?] In the case of the
mono-cholesterol derived OPV gelator, a
red emission was obtained whereas in the
case of the bis-cholesterol derived OPV
gelator, a white emission was observed,
when PYPV was used as the acceptor in
the gel state.

Maitra et al. have reported a lumines-
cent hydrogel, which can be used as an ef-
ficient matrix for photosensitized energy
transfer between Eu(ur) and pyrene.[81]
Inexpensive and simple sensors for en-
zymes as well as metal ions were also con-
structed from lanthanide-based supramo-
lecular systems.[821 Self-assembly of a new
class of amphiphilic phenylenevinylene
bis-N-alkyl pyridinium salts (PPV) with
end aliphatic hydrocarbon chains of vari-

ous lengths was reported.[83] Temperature-
dependent emission of these PPVs led to
white light emission between 25-30 °C in
solution. It was found that viscoelastic and
electrical conductivity behavior are relat-
ed to the terminal aliphatic chain length.
Bhattacharya and coworkers have reported
energy transfer in a self-assembled OPV
derivative which acts as donor (D), with
various acceptor molecules, such as a dif-
ferent OPV derivative (A), anthracene (N),
and rhodamine (R) 6G.[84 Self-assembly
of all four chromophores (D, A, N, and
R) in a particular fashion was the key pro-
cess in this cascade of energy transfer as-
semblies containing different luminescent
compounds. The light harvesting behavior
was based on the individual chromophores
as removal of any one of the molecule from
the assembly led to the absence of energy
transfer process.

George et al. have reported the de-
sign of the noncovalent self-assembly of
chromophores in an organo-clay template
resulting in the formation of fluorescent
hybrid hydrogels and films.[851 These
clay—dye hybrids act as novel supramo-
lecular scaffolds for light-harvesting due
to the spatial organization of donor and ac-
ceptor molecules to promote Forster reso-
nance energy transfer. The authors used
tetracarboxylates of coronene (CS, blue
emission) and perylene (PS, green emis-
sion) as the donor—acceptor molecules,
because of their high solubility in water.
The negatively charged carboxylate groups
of these dyes interact electrostatically with
the positively charged amino clay. The bi-
functional nature of both organic and inor-
ganic building blocks further facilitated a
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three-dimensional self-assembly in aque-
ous solution, thus resulting in non-covalent
hybrid materials. Efficient energy transfer
from CS to PS was observed in highly
crosslinked hybrids in solution when the
former was excited at 350 nm, resulting in
an intense green emission from perylene
chromophores. Energy transfer studies re-
vealed complete quenching (100% FRET
efficiency) of donor emission (CS) even
with small amount of PS (<10 mol%), ow-
ing to very efficient energy transfer. These
light-harvesting soft materials could be
successfully processed onto solid sub-
strates by spin/drop casting and the resul-
tant transparent films showed significant
donor quenching, even with less than 1%
acceptor loading. Furthermore, the energy
transfer by co-assembly increases the fluo-
rescence quantum yield of the hybrid gels
and films, as the individually assembled
dye/clay hybrids were virtually non-flu-
orescent. In addition, the emission of the
hybrid gels was tuned from green to yellow
by increasing the acceptor dye concentra-
tion, which resulted in the energy transfer
from CS to PS aggregates (Fig. 16).186]

4. Recent Developments

During the period 2011-2012, sev-
eral interesting studies with new gelators
were reported from the groups of young
researchers. These studies include sugar-
based gelators, C-T based gelators efc. In
addition, more insights on the gelation of
n-systems and their application in sensing
have been reported; some of which are
highlighted below.

4.1 Insight into the Gelation of
n-Systems

Guenet and coworkers carried out a se-
ries of experiments to understand the role
of functional groups in OPVs and the role
of solvents in the gelation process.[87 Such
experiments detailed the dramatic effect of
the solvent on the molecular structure and
on the morphology of the organogels.[87b-cl
These investigations revealed that the self-
assembly of OPV-based gelators can be ex-
tremely sensitive to the chemical structure
of the end groups located on the backbone.
These end groups also play a decisive role
in the morphology and the molecular level
structure of OPV-based organogelators.
The gel thermodynamics (T-C phase dia-
gram), morphologies, molecular order, and
optical properties differ considerably with
the solvent type.[87dl These observations
were explained by considering the interac-
tion of the solvent with the different moi-
eties of the OPV molecule. Govindaraju et
al. demonstrated intermolecular hydrogen
bond-directed self-assembly of cyclic di-
peptide derivatives into nanofibers, na-
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Fig. 16. (a) Chemical
structures of a single
layer of aminoclay
(AC) and anionic dyes
(CS and PS) (b) pho-
tographs and sche-
matic representation
of the energy transfer
from CS to isolated (1
mol%) and aggregat-
ed (50 mol%) PS in
clay-dye hybrid gels
and films. (Pictures
received from original
author.)
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noribbons and their subsequent gelation.[88]
These gels can be used as entrapping
agents, drug delivery systems and also as
thermoresponsive soft materials. Pramanik
et al. reported the self-assembly of modi-
fied tripeptides into various micro- and
nanostructured materials such as nanoves-
icles, nanotubes, giant microvesicles, mac-
roporous vesicular structures including
macroporous films, macro- and mesopo-
rous materials, and organogels by means
of fine-tuning of the solvent polarity.[8%
Ajayaghosh et al. demonstrated the influ-
ence of the length of the oligomer in a linear
T-system on molecule-molecule and mol-
ecule—substrate interactions, which could
influence the morphological features of
the self-assembly. More importantly, this
study provides an insight into the surface
and ‘ambient-adaptable’ self-assembly of
extended m-systems, thereby allowing ac-
cess to a variety of aesthetically appealing
super-structures.[°0!

4.2 Gels as Sensors

Fluorescence is one of the most sensitive
properties of m-gels. The reversible modu-
lation of fluorescence has been exploited
for the sensing of explosives. For example,
attogram level detection of TNT is possible
with an OPV gelator (OPVPF), conjugated
with pentafluoroarene end groups.l°!! The
arene-perfluoroarene interaction facilitates

a brick-wall type assembly of the gelator
in which the electron-deficient TNT could
be entrapped resulting in the quenching of
the fluorescence. Filter papers coated with
OPVPF gels are found useful for the con-
tact mode sensing of TNT as low as ~12
ag/cm? (Fig. 17). Interestingly, the gelator
molecules in solution could not efficiently
detect TNT, revealing the role of the molec-
ular assembly in the sensing ability. Bhalla
et al. have synthesized triphenylene-based
discotic liquid crystal derivatives bearing
1,2,3-triazole groups which resulted in
the stabilization of columnar mesophases
down to room temperature, leading to the
formation of organogels in cyclohexane
and mixed solvents such as hexane and di-
chloromethane. The strong emission of the
gelator in its nonaggregated form makes it
a promising fluorescence sensory material
for nitroaromatic compounds.[®2!

4.3 Oil Spill Recovery and Soft
Optical Device Development
Sureshan ez al. have synthesized or-
ganogelators based on D-mannitol, which
can gelate nonpolar solvents and oils.[%3]
Mannitol-based phase selective supergela-
tors have been used to solidify oil from a
mixture of oil and water at low concentra-
tions of the gelator. Particularly, gelation of
oil in a biphasic mixture with fresh water,
3.5% NaCl solution and seawater revealed
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that the gelation efficacy was the same in
all these biphasic systems. The isolated oil
could be recovered by melting the gel by
heating and distilling.[93b] Gelation experi-
ments of the two mannitol-based gelators
(Fig. 18a) with solvents and oils resulted in
gels with alkane solvents at very low con-
centrations with CGCs as low as 0.2 wt%,
moving them to the category of supergela-
tors. These gels are sufficiently strong and
are stable for months without losing their
transparency, volume, and shape. Also
these gels have shown self-healing and
shape molding properties. Since these oil-
based gels were strong, highly transparent,
self-healing, and have glass-like refractive
indices, it could be exploited for making
soft optical devices. Gels of these deriva-
tives in hydrocarbon solvents or oils show
a high transmittance to visible region and
weak to UV region, resulted as a soft UV
filter.[93]

4.4 Recent Developments in Self-
sorting Gels

Self-sorting is a phenomenon ob-
served in the case of certain donor—accep-
tor combinations. When such molecules
are allowed to self-assemble, they form
self-sorted assemblies of the individual
molecules. Ghosh ef al. have reported a
series of bis-amide functionalized NDI-
based building blocks (Fig. 19) with vary-
ing numbers of methylene groups between
the chromophore and amide functional
groups and studied the effect of the spacer
length on self-assembly and gelation.[¥
Spectroscopic studies revealed formation
of self-assembled structure in relatively
non-polar solvents due to the synergistic
effect of m-m stacking, hydrogen bonding
and hydrophobic interactions. Propensity
towards self-assembly was found to fol-
low the order NDI-0 >> NDI-2 ~ NDI-3
> NDI-4 from solvent and temperature-
variable UV/Vis spectroscopic studies.

NDI-2 and DAN-2, in which the dis-
tance between the two amide groups was
different, when mixed in a non-polar sol-
vent (MCH) formed a segregated assembly
leading to yellow gels.[51 In aggregated as-
sembly, all the amide groups could be in-
volved in H-bonding interaction which was
not possible in the alternate D-A stack due
to geometrical constraint. Interestingly,
DAN-4 and NDI-2 in which the amide
group distances are comparable upon
mixing gave a red gel due to the CT-inter-
action.%01 Surprisingly, the red gel switched
to a yellow one within a few hours due to
the rearrangement of the donor and the ac-
ceptor molecules from the CT-state to the
self-sorted state. As H-bonding is known
to be stronger than mw-stacking or CT-
interaction, the initially formed kinetically
controlled CT-gel was changed to a ther-
modynamically more stable self-sorted gel

Fig. 18. Chemical
structures of b-
mannitol derivatives.
(a) A gel prism made
from pump oil gel of
2. (b) The diffraction
pattern observed us-
ing the gel prism. (c)
The double convex
gel lens made from
the pump oil gel of 2
supported on a me-
tallic ring. Reprinted
with permission from
ref. [93a]. Copyright
(2011) Wiley-VCH

Verlag GmbH & Co.
KGaA, Weinheim.
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by overcoming the weaker CT-interaction
and the constrained H-bonding in the al-
ternate D-A stacking by the geometrically
favored H-bonding in the homoaggregates.
To gain further insight into this unique
supramolecular switching phenomenon
in D-A mixed systems, co-assembly of
various structurally related D and A chro-
mophores were prepared by varying their
spacer length.[971 Gelation of NDI-2 with
another structurally related donor mole-
cule DAN-3 in tetrachloroethylene (TCE)
revealed more stable alternate D-A type
stacking than NDI-2 + DAN-4 due to the
presence of a lesser number of methylene
units. Surprisingly in this case switching
was also observed in TCE as the gelation
ability of DAN-3 was found to be stron-
ger than that of DAN-4. Aiming towards a
more generalized strategy for self-sorting
donor and acceptor gels, co-assembly of
the unsymmetrical bis-amide functional-
ized building block NDI-2u with various
symmetrical bis-amide substituted DAN-
gelators was investigated.[8] In all cases,
self-sorted gelation was noted. It has been
found that breaking the symmetry did not
have any adverse effect on the self-assem-
bly by comparing the gelation properties
of NDI-2u and NDI-2 which showed even
better thermal stability for the unsym-
metrical gelator.®1 Very recently a novel
supramolecular strategy for externally
induced gelation of NDI derivative using
orthogonal H-bonding interaction has been

reported.l'% /-V measurements showed su-
perior conducting property for the fibrillar
gels when compared to spherical assembly.

4.5 Gels Based on Poly(aryl ether)
Dendrons

Prasad et al. have reported the synthe-
sis, gelation and photophysical properties
of luminescent AB, type poly(aryl ether)
dendrons without conventional gelation
motifs such as peptides, long alkyl chains,
steroidal groups efc.l1% m-w Interaction
is the major noncovalent force involved
in the self-assembly and gelation, which
was controlled by the polarity of the me-
dium. The close packing of the poly(aryl
ether) units enhances the feasibility of the
excimer formation upon photo-excitation
of the gel. These are examples of excimer-
based fluorescent low molecular mass or-
ganogelators (LMOG) by poly(aryl ether)
dendrons, in the absence of usual gelating
motifs. These compounds prefer to form
gels in solvent mixtures, rather than in pure
solvents. Anthracene substituted poly(aryl
ether) dendron derivatives, which have no
hydrogen bonding sites, readily form en-
tangled nano-fibrils in chloroform-meth-
anol mixtures (1:3 % v/v). An important
finding from Prasad and coworkers in-
cludes the design, synthesis and the pho-
tophysical properties of an acylhydrazone-
linked anthracene derivative of AB, and
AB, type poly(aryl ether) and its ut111ty for
the ‘naked eye’ detection of fluoride ions
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(as low as 0.1 equivalent with respect to the
gelator concentration) through a reversible
sol—gel transition which is associated with
a color change from deep yellow to bright
red (Fig. 20).1102]1 This could be, presum-
ably, through proton abstraction from the
gel by the fluoride ion. Subsequently, the
H-bonding in the gel is weakened, leading
to the gel—sol conversion. Another interest-
ing observation is the solvent-controlled
self-assembly of pyrene-cored poly(aryl
ether) dendron derivatives that form in na-
no-sized vesicles, which further aggregate
to micro-sized vesicles and finally turn to
entangled fibrillar type arrangement in the
gel phase.l'93] This gelator also has been
demonstrated as an efficient system for
the detection of fluoride ions by the sol-
gel transition with an intense color change
from yellow to red.

4.6 Photoresponsive Gels and
Nanostructures

Organic supramolecular nanorods of
an azobenzene-derived molecular (Fig.
21a) assembly were prepared without us-
ing templates, which can be assembled
and disassembled by irradiation under
light of appropriate wavelengths.[194 This
study illustrates the use of light as a tool to
control the ripening of amorphous organic
nanodots to micrometer-sized supramolec-
ularrods. The low photoisomerization yield
(cis-13%) has become advantageous for
the observed morphology transition. The
nanodots could be regenerated by heating
the nanorods to 60 °C followed by cooling
at arate of 1 °C/min under irradiation with
visible light. Recently, a phase-selective
low-molecular weight photoswitchable
sugar hybrid gelator has been reported that
selectively gelates aromatic solvents.[105] The
trans form of the molecule which favors
the long-range self-assembly leads to an
entangled network structure that can form
a gel in aromatic solvents. After UV ir-
radiation the bundled fibers disintegrates
to give short globular aggregates due to
the frans-cis isomerization of the gelator
molecules (Fig. 21b). The partial trans-cis
isomerization occurs randomly at different
parts of the fibers which allows the chop-
ping of the fibers. In a recent report photo-
responsive OPE gelators (Fig. 21c¢), func-
tionalized with photochromic azo moieties
are shown to undergo helicity inversion
when irradiated at the aggregate melting
temperature. This system is an example to
demonstrate that the handedness of a pho-
toresponsive supramolecular object can be
biased with the action of light and heat,
without changing the inherent molecular
chirality of the individual building blocks.
This study strengthens the general percep-
tion that in combination with other forces,
light may help to determine parity viola-
tion in the symmetry of natural objects.[106]

-

CCC

oo

Fig. 20. Chemical
structure of a tris-
benzylether for
fluoride ion detec-
tion. Reprinted with
permission from
ref. [102]. Copyright
(2011) American
Chemical Society.
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4.7 Non-covalent Charge-transfer
Amphiphilic Gelators

George et al. have designed a do-
nor—acceptor pair in such a way that the
resultant CT-complex of these molecules
resembles an amphiphile and facilitates
1D self-assembly in water through hydro-
phobic interactions (Fig. 22).[1071 This so-
called ‘non-covalent amphiphilic design’
strategy was successfully demonstrated
with structurally different donor—acceptor
molecules.l198] The first D-A pair that was
investigated in this context was composed
of coronene salt (CS) and methyl viologen
(MYV) as electron donor and acceptor re-
spectively (Fig. 22a). This pair forms 1:1
CT-complex in water and the obtained
CT-crystal was composed of 1D columns
of alternatively arranged CS and MV mol-
ecules. As expected, this pair failed to form
nanofibers in solution due to the absence
of any flexible self-assembling groups and
the rigid planar nature of both donor and

acceptor molecules which led to the for-
mation of crystals. However, after replac-
ing one of the methyl group of MV with
a dodecyl chain (DMV), the resultant CT-
complex in water showed the formation of
high aspect ratio nano fibers. A deep red
colored hydrogel was formed at a high
concentration (7.96 mM) of the CS-DMV
complex which showed strong CT-band
absorption at 500 nm with completely
quenched donor fluorescence (Fig. 23a).
A field effect transistor (FET) was fabri-
cated by drop casting the aqueous solution
of CS-DMV nanofibers across the source-
drain electrodes on SiO,/Si substrate (Fig
23b,c).191 The observed field effect mobil-
ity was as high as 4.4 cm*Vs which is the
highest among organic polymers and small
molecule-based self-assembled nanowires
reported so far. Interestingly, these nanofi-
bers displayed self-repairing FET charac-
teristics. For example, the as-made device
consisting of 12 CS-DMYV fibers with a
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Fig. 23. (a) TEM images of cylindrical micelle formed from CS-DMV (1:1) CT-complex and the
photograph of CS-DMV hydrogel (7.96 mM) is shown in the inset. (b) A SEM image of CT-
nanofibers between gold electrodes adapted in the schematic of the FET. (c) Output character-
istics of the FET with five CS-DMV nanofibers (the measured diameters of the nanofibers are
~200, 230, 330, 120 and 185 nm). (d) Storage (G') and loss (G'') modulus of the T-OPV:C-PBI gel
measured as function of angular frequency (w) at a constant strain of 1% (Photographs of the gel
exhibiting self-standing behavior in inset). (€) TEM image and schematic representation (inset) of
double walled nanotube formed from the T-OPV:C-PBI non-covalent amphiphile. (f) C-AFM |-V
curves of nanotubes (0.1 mm) drop-cast on to the gold-coated glass substrate. The black circle
in the inset image shows the nanotube on which the I-V measurements were performed. (Figures

received from original author).

channel width of 2.4 pm showed a mobil-
ity of 1.33 cm* Vs which decreased to 0.77
cm?/Vs after seven days. The original mo-
bility was regained by treating the nano fi-
bers on the device with a drop of water. The
self-repairing ability of the present system
could be attributed to the regeneration of
the tight D-A packing and stands out when
compared to conventional polymer FETSs
which fail to regain their electrical proper-
ties once the device loses its function.

George and coworkers have further
extended this non-covalent amphiphilic
design principle to make extended supra-
molecular alternate co-polymers of well-
known p-type and n-type semiconductors
such as oligo(phenylenevinylene) (OPV)
and perylenebisimide (PBI) respectively
in water (Fig. 22).11081 At higher concentra-
tions (3.3 mM), these complexes form dark
wine colored hydrogels with excellent me-
chanical (elastic) properties. The value of
storage modulus G’ was ~1000 Pa and the
ratio of G'to G" (~8) remain unaffected up
to an angular frequency of 70 rads™ owing
to good mechanical stability and the elastic
nature of these gels (Fig. 23d).

Detailed microscopic analysis of these
systems at 0.1 mM concentration in water
showed that T-OPV forms cylindrical mi-
celles of 3.5 nm and C-PBI forms micro
rods whereas their 1:1 complex forms dou-
ble-walled nanotubes which was distinct
from the individual donor and acceptor
morphologies (Fig. 23e). The formation
of the tubular morphology for this CT-pair
was mainly due to the wedge shape of the
resultant CT-amphiphile which was dif-
ferent from the linear rod-coil amphiphile
formed from CS-DMV pair. The observed

conductivity for fibers having an average
height of 35 nm was found to be 0.02 Scm™,
and it falls in the highest values reported so
far for a small molecule-based self-assem-
bled nanostructure without external doping
(Fig. 23f).

5. Conclusions

Even though a large number of hydro-
gelators have found various applications,
organogelators have not found a break-
through application as yet. Fluorescent
n-gelators are expected to find application
as sensors and security labels. It is worth
trying to use some of the fluorescent gela-
tors for the detection of volatile organic
compounds (VOCs) which are formed in
the human body as a consequence of cer-
tain diseases, which will help the early
diagnosis of diseases. Another potential
application of m-gelators is in organic
electronic devices, particularly in organic
bulk heterojunction photovoltaic devices.
However, there is long way to go in terms
of efficiency and stability of these materi-
als for a real application. The future direc-
tions in this area of research should address
some of these challenging issues.
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