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ABSTRACT

In recent years there has been a considerable interest in developing new
types of low molecular mass organogelators because of their potential
technological applications. Several classes of low molecular weight
compounds form stable and efficient gels with various organic solvents at
low concentrations. One-component and two-component gelators are
grouped separately. Each group is self-assembled by various noncovalent
to form various structures with nanometer and micrometer dimension.

Key word : Supramolecular gel; one-component and two-component gelators; nanometer and
micrometer dimension; Entangled Fibrillar Gel-Phase Network.

1. Introduction

Gels are considered as viscoelastic solid-like or liquid-like material. When the
bulk solvents are entrapped within an appropriate three dimensional network under
suitable condition it form gel. Gels have been used in our everyday life in the form of
commercial products such as soaps, shampoo, toothpaste, hair gel and cosmetics, as well
as contact lenses and gel pens etc. These types of gels are derived from polymeric
compounds. Polymeric gels' have been known for centuries and applications in fields as
diverse as food, medicine, materials science, cosmetics, pharmacology etc. Gels can be
classified in different ways based upon their origin constitution, the type of cross-linking
and the medium (Figure ). Depending upon source, gel can be classified into natural
gel and artificial or synthetic gel. Gels derived from synthetic compounds can be
subdivided into macromolecular (polymer) and molecular gel based on their constitution.
Macromolecular gel can be formed either by chemical cross-linking or physical
interactions. When the gels are formed by strong chemical bonds, they cannot be re-
dissolved and are thermally irreversible whereas gels formed by weak noncovalent
interactions (physical interaction) are reversible. Depending upon the solvents, gel can be
classified into organogel and hydrogel. The compound form gel with organic solvents is
called organogel whereas gel with water is called hydrogel. Depending upon the drying
process, gels can be subdivided into aerogel, Cryogel and xerogel. Materials in which the
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typical pore structure and network are largely maintained when the pore liquid of a gel is
replaced by air are called aerogels. However, it is not always clear to what extent the
structure is maintained. Aerogels are highly porous solid materials with extremely low
densities, open pores, and high specific surface areas. These result in interesting physical
properties, such as extremely low thermal conductivity and low sound velocity, combined
with high optical transparency. Cryogels are obtained when the pore liquid is removed by
freeze drying. A xerogel is formed by conventional drying of the wet gels, that is, by
increasing the temperature or decreasing the pressure with concomitant large shrinkage
(and mostly destruction) of the initially uniform gel body. Shrinkage upon drying of a wet
gel body is showed in Figure 2.

Gels
|
Source Medium
Natural Artificial Organogel Hydrogel
Constitution
Supramolecular Macromolecular

Cross linking

l l

Physical Chemical

Figure 1. Classification of gels.
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Figure 2. Shrinkage upon drying of a wet gel body to give an aerogel (a) and xerogel (b, c)
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The organogels are in common with other gel systems that the gelling agent forms a
continuous three- dimensional entangled network in the solvent, thereby preventing the
flow of liquid. Gels derived from low molecular mass compounds are called
supramolecular gel. Although, the formation of organogels from small organic molecules
is an excellent example of supramolecular self-assembly process, most the organogelators
have been found by serendipity rather than design and many aspects of organogels are
still poorly understood. In recent year, low molecular mass gelators attracted
considerable interest due to molecules of a great structural diversity. Their discovery and
development are particularly important due to potential applications. Low molecular mass
organogelators are self-assembled to form fibers, strands, tapes, helix via one-
dimensional growth of the molecules. The aggregation of gelator molecules is driven by
multiple, weak interaction such as hydrogen bonding interaction, n- m stacking,® metal

%367 van der waals interaction.® A gel can be broken down into a primary,

coordination,
secondary, and tertiary structure like a protein to understand the mechanism of gel
formation.” The primary structure (angstrom to nanometer scale) is determined by the
molecular level recognition. As a result gelator molecules are aggregated in one
dimension. The secondary structure (nano- to micrometer scale) is defined as the
morphology of the aggregates like micelles, vesicles, fibers, ribbons or sheets. This
secondary structure is directly influenced by the molecular structure. Finally the tertiary
structure of a gel (micro- to millimeter scale) involves the interaction of individual
aggregates and ultimately determines whether a gel is formed or instead, fibers (or other
aggregates) precipitated from solution rather than trapped it.'” The aggregation of gelator
molecules occurred through the both branched fibers and entrangled fibers. The long,
thin, flexible fibers are better able than shorter fibers to trap the solvent molecules,
leading to gelation.!

The transition from molecular to primary and secondary structure has been
explained by several methods.” As for example, Boden and co-workers have modeled
the hierarchical self-assembly of rod-like chiral molecules, such as peptides in a B-strand
conformation, into ribbons and fibers.'* The transition from secondary to tertiary
structure is determined by the type of interactions that can occur among the fibers.

Gels derived from low molecular mass compound are usually prepared by heating
the compounds in appropriate solvent and cooling the resulting saturated solution at room
temperature. When the hot solution is cooled, the molecules start to condense and three
situations are possible i.e a highly ordered aggregation giving rise to crystals, a random
aggregation resulting in an amorphous precipitate and an aggregation process
intermediate between these two gives rise to a gel (Figure 3).
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Figure 3. Schematic representation of aggregation modes.

2. Gelation Test
The gelator is dissolved with appropriate amount of solvent (organic solvent or

water) by warming in capped test tube or vial. By this procedure the solvent boiling point
becomes higher than that under standard atmospheric pressure. Then the vial containing
the solution is allowed to cool in air at room temperature, left for 2-3 h at this
temperature. When a gel is formed, the homogeneous transparent substance did not flow
when the vial is inverted (Figure 4)." The gel is denoted by “G”. The inverted vial
approach'* is used as a general criterion for gel formation.

3. Gel Transition Temperature (Tg.)
The gel transition temperature is the required temperature below which flow of

the gel no longer is discernible over long periods. The gel transition temperature was
determined by the ball dropped method. A glass ball was carefully placed on top of the
gel and the temperature was slowly raised. The gel transition temperature was
determined'’ as the temperature at which gel was unable to bear the glass ball and it
dropped down. Gel transition temperature is denoted by ‘T . It is also fact that this type
of measurement is highly influenced by surface tension and liquid density. To determine
the thermal stability of the gels, T, is plotted against the gelator concentrations. The gel
transition temperature increases with increasing in the gelator concentration.
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Figure 4. Inverted vials containing colorless gel (a), colorful gel. (b).

4. Morphology of Gels

Molecular self-aggregation features can be observed by an electron microscope,
since the initial stage of physical gelation is the self-assembly of gelator monomers. The
morphology of the dried gels is studied by Scanning Electron Microscopy (SEM) or
Transmission Electron Microscopy (TEM) analysis. The scanning electron microscopic
studies of the gel is done using a thin slice of gel on microscopic slides and dried. Then
the dried sample is coated by platinum or gold and observed under the SEM apparatus.
The SEM images of dried gel indicates various structures like fibers network, tape,
ribbon, rod, sheets, hole, micelles, vesicles, helix etc. with micro or nano dimension. The
gel networks entrapped the solvent molecules and preventing the solvent molecules when
the vial containing gels was inverted (Figure 4).

5. One Component and two Component Organogelators
In one-component system, a compound can be present in solution and forms gel

with the solvents. Whereas in true two-component systems, an individual component can
be present in isotropic solution, and only on additions of the second component will a gel
actually form. In case of one-component, gelators molecules are stacked one after one to
form gel networks by non covalent interactions such as n- m stacking, hydrogen bonding,
van der waals interaction etc.. Whereas in the case of two-component gelators, one
compound form a complex with another compound through donor-acceptor interaction,
hydrogen bonding interaction etc.. Then the complexes are aggregated to form various
structures like Fibrillar Gel-Phase Network, helix, ribbons, sheets etc.. One or two-

component low molecular mass gelators are discussed separately.

5.1. One-Component Organogelators
5.1.1. Anthryl and anthraquinone derivatives
Compound 2,3-Bis(n-decyloxy)anthracene(DDOA) 1 is a good organogelator at

low concentration for a large number of solvents ranging from alkanes to alcohols, ethers,
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ketones or halogenated molecules.'®'” The molecules are self associated by dipolar force
and van der waals interactions." DDOA can also easily gelify various organic solvents
including propylene carbonate (PC) at low concentrations by forming a three-dimensional
network of fibers."® The electrochemical properties of organogel based on DDOA are
reported.® The related anthraquinone (2) is also an efficient gelator of organic solvents.”
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Scheme 1. Anthryl derivative-based gelators.

DDOA has recently been used to replicate non-functionalised silica fibres having
double-scale porosity.”' The organogelator DDOA has ability to grow organically
modified hybrid silica fibres.”> The modified derivative 2,3-dialkoxy phenazine gelate
various organic solvents such as, methanol, ethanol, DMF, and acetonitrile. The gel in
acetonitrile could be fine tuned by reversible protonation of the nitrogen on the gelator. A
further increase in the concentration of acid, T, value was decreased. The compounds
2,3-didecyloxytetracene (DDOT) and 2,3-dihexadecycloxytetracene (DHDOT), which are
the more efficient organogelator in various organic solvents like cyclohexane, DMSO,
acetone, dichloromethane solvent due to enhance n-stacking ability of tetracenes.”

5.1.2 Gelators containing steroidal and condensed aromatic rings
Another class of molecules (ALS) which are also efficient gelators of many

organic solvents. These molecules consist of an aromatic group (A) connected to steroidal
moiety (S) via a linking group (L). The organogelators based on cholesterol in which a
chromophore unit is attached.

5.1.2.1 Azobenzene steroid-based and crown ether steroid-based gelators
A cholesterol derivative with an azobenzyl group is an organogelator with

various organic solvents.***> The trans form of the compound aggregates readily to form
a gel and the cis form does not give the gelation properties. The irradiation of the butanol
gel of the cis form of the compound transformed into trans form. Cholesterol-based
gelator bearing a 4-pyridyl group was a very versatile gelator whereas cholesterol bearing
3- or 2-pyridyl group gelled very few number of solvents.** Compound 3 and 4 shows the
gelation properties in various organic solvents as well as the silanol compound TEOS
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(Scheme 2).*” The SEM studies of the compound 4 showed a network of fibers structure
with diameters ranging from 50 to 200 nm. The crown-appended cholesterol derivative
act as an amphiphilic gelator for organic solvents.”® Gel derived from azacrown
derivative of cholesterol 5 (Scheme 2) in a mixture of methylcyclohexane and benzene
solvent responded to added alkali metal or ammonium ions.’ It is found that Tgel increases
with increase in the concentration of various alkali metal cations (such as Li', Na’, K,
Rb" and NH4+). It is interesting to note that this increase was not continuous and after a
saturation point reached, the Ty was decreased. Compounds 6, 7 and 8 which consist of
cholesterol moieties linked to azacrown capable of forming gels with various organic

solvents.

Scheme 2: Cholesterol-based gelators containing crown ether and azobenzene moiety.
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5.1.2.2 Anthryl and anthraquinone appended steroid-based gelators
Cholesteryl 4-(2-anthryloxy) butyrate (CAB) could gelate a wide range of
solvents including alkanes, alkenes, alcohols, aldehyde, carboxylic acid esters, amines,
and aromatic solvents.” Three-dimensional self-assembled fibrillar networks (SAFINs)
was observed by the microscopy studies of CAB. The compound 10 gives gelation
properties with organic solvents. The replacement of 2-anthryl part of compound 10 by
phenanthryl, pyrenyl, or 9-anthryl did not give the gelation properties with organic
solvents. Compound 11 is an efficient gelator whereas the replacement of R- group by
NH group is not a successful gelator with organic solvents.”” Steroid containing napthyl
unit via a linking group (13) formed three-dimensional SAFINs through the gelation with
various solvents like I-propanal, 1-butanol, I-pentanol, n-decane, n-hexanedecane,
cyclohexane whereas compound 12 form three-dimensional SAFINs through gelation
with organic solvents like ethanol, 1-propanal, 1-butanol, 1-pentanol, n-octanol, n-
decane, n-hexanedecane, cyclohexane, benzyl alcohol, ethyl acetate.’’ The presence of
one extra double bond at Cs position of steroid unit (12) compared with 13, changes the
gelation properties. It is difficult to trace the specific reason(s) for these differences.
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Scheme 3: cholesterol containing chromophore unit based gelators.
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However, the range of liquids gelated by each suggests that the presence or
absence of a double bond at C5 has some influence on the overall solubility of these
LMOGs. Cholesterol containing azobenzene moiety linked via ester group (14) gelled
with various organic solvents.*

Anthraquinone-steroid based gelators 15-19 gives the gelation properties with
various organic solvents (Scheme 4).***The compounds 17, 19 were efficient gelator
among the other compounds. The driving force for the aggregation of the gelator
molecules was assigned by m- m stacking, van der waals interaction and other non
covalent interactions. The gel transition temperature values of gel obtained from 15 and
n-alkanes were considerably higher than those from 15 and alkan-1-ols. Various
examples include both structurally complicated (ALS molecules with aromatic, linking,
and steroidal groups) and simple LMOGs in a wide range of organic liquids were
reported.*’
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Scheme 4: Anthraquinone-steroid based gelators.

5.1.3 Gelator containing terpenoid and aromatic ring
Compound 20 is able to gel with various alcoholic and mixed solvents.** Highly

stable and efficient gels are obtained with aliphatic alcohols with <1 wt% of the gelators.
For instance, methanol O,N
could be gelated with only
0.5% of compound 20
indicating that one gelator

&7 s O,N 0O
molecule is capable of o
. e 0]
immobilizing more than @—% 20
3500 solvent molecules. To H
determine the thermal stability of the gels, T,y was plotted against the gelator
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concentration (% w/v). It is also found that T, increases with increase in the gelator
concentration. The increase in T, with increasing gelator concentration indicates that
self-assembly is driven by strong intermolecular interactions.

5.1.4 Sugar-based organogelators

Methyl 4,6-O-benzylidene monosaccharide (Scheme 5) can act as strong
organogelators for various organic solvents.”> For the same concentration the sol-gel
transition temperature (T, ) of the compounds (Scheme 5) always appears in the order of:
25 >23 >24 > 21 > 22. Methyl glycosides of 4,6-O-benzylidene derivative of
monosaccharides aggregate the solvent molecules through the formation of a hydrogen-
bonded-based gel network. The evidence of the hydrogen bond was given by FT-IR and
temperature dependent NMR spectroscopy. Sugar-based gelators such as 27, 29, 31 and
32 (Scheme 5) are capable of gelating various polar solvents.”® Organogelators derived
from different combinations of the gelators and solvent shows the fibrous or spherical
morphology on SEM study. Due to the presence of amino groups, the transcription of
these organogel result in the formation of hollow fibrous or hollow spherical silica after
calcinations. The transcription of the corresponding nitro analogues (26, 28, and 30) was
not successful. Whereas the silica resulting from the ethanol gel of the amine-bearing a-
glucose derivative 26 has a fibrous structure with a single, central channel, the silica
obtained from the ethanol gel of amine-bearing B-glucose derivative 31 possesses several
channels inside each silica fiber. The a-glucose-based gelator 32 could gelate a range of
organic solvents as well as water and can form fibers in two different ways. In organic
solvents, the polar sugar parts can form a chain of intermolecular hydrogen bonds upon
stacking and exposes the aromatic parts to the solvent. In water, the molecules are
presumed to form fibers through m- 7 stacking, thus exposing the sugar parts to the
solvent.”’
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Scheme 5. Sugar-based gelators

5.2 Two component organogelators
5.2.1 Steroid-based gelators

OB
O Ca R
HO . ,@'
28. (a-man): R = NO,

29. (a-man): R =NH,

O 0
%
ON O™ oHo--

32

Aromatic donor substituted bile acid derivatives such as 33, 34 and 35 gives the

gelation properties with various organic solvents in presence of electron deficient guest,
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trinitrofluorenone (TNF) as the accepter (Scheme 6).*® The major driving force is donor-
acceptor interaction for the gelation. The stoichiometric requirement of the two
components was established by measuring the T, as a function of the ratio of 36:33 at a
constant concentration of 33. The Ty values indicates that 1:1 stoichiometry are required
for the effective gelation. The temperature dependence UV-VIS spectroscopy indicates
the charge-transfer (CT) interaction between pyrene (donar) unit and trinitrofluorenone
(acceptor). The gel formed from colorless 33 and 34 ( and pale yellow 36) are colored
due to charge-transfer interaction. The intensity of this band changes substantially during
the gelation. SEM images of the dried gel derived from 35/36 in n-octanol shows fibrous
network.
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Scheme 6: Bile acid-based two-component gelators and TNF.

36

Cholesteryl [(3,5-dinitrobenzoyl)oxy]acetate 37 and cholesteryl 3,5-Dinitrobenzoate 38
(Scheme 7) gelify acetonitrile solvent in presence of polyaromatic hydrocarbons
(PAHs).” The gel formation of rigid ester 38 is favored when the concentration is
increased. In constrast gel formation of the less rigid ester 37 occurred at minimum
concentration. SEM images of dried gel of compound 37 and anthracene in acetonitrile
solution indicates the fibrous network.
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Scheme 7. Dinitrobenzoyl appended gelators.
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5.2.3 Terpenoid-based two-component gelator
The anthylidene derivative 39 of arjunolic acid form thermo reversible gel with

organic solvents in presence of electron deficent guest such as picric acid 40 or methyl-
3,5-dinitrobenzoate.”” The color change from yellow to deep red was observed during
gelation. The temperature dependent UV-VIS spectroscopy indicates the charge transfer
interaction between the anthylidene part of the triterpene derivative and picric acid. The
significance of large aromatic surface as well as lypophilic triterpene backbone was
discussed. To determine the stoichiometric requirement of the two components on
gelation, gel transition temperature was measured with increasing concentration of picric
acid at a constant concentration of anthylidene derivative. Scanning Electron

OH
OZN\©/NOZ
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Micrographs of gels reveal fibrous morphology.
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Scheme 8. Terpenoid-based gelator and picric acid.

5.2.4 Pyrene-based gelators

The pyrene derivatives 41-46 (Scheme 9) formed gel with different organic
solvents in presence of TNF due to tharge-transfer interaction between pyrine unit and
trinitrofluorenone.*’ . The most of the gels were stable at room temperature for several
days. Compounds 41 and 42 formed opque organogel with hydroxylic solvents whereas
compound 43, 44, 45 and 46 formed transparent color gels in hydrocarbon hydroxylic
solvents. The T, value was maximum at 1:1 molar ratio of acceptor and donor. At a 1:1
ratio of donor (42) to acceptor (36), the T, values increased with increasing gelator
concentration. The length of hydrocarbon chain did not affect the gelation ability and
thermal stability of the gels. The temperature dependence UV-VIS spectroscopy and
color change during gelation indicates the charge-transfer interaction between pyrene unit
and TNF.



Low molecular Mass Gelators of Organic Liquids 169

X
O e 41. X=C00, n=15 44. X=CH, n=10
O‘ 42. X=C00, n=17, 45. X=CH, n=0
0 43. X=CH,, n=14,46. X=0, n=13

Scheme 9. pyrene based gelators.

6. Conclusions
In this article, definition, classification, driving force and mechanism for the

formation of gel and gel transition temperature has discussed. As an aid to defining
strategies for the molecular design of new low molecular mass gelators, organogelators
have been grouped separately. Each group of low molecular mass compound forms gel
with various organic solvents. The first terpenoid-based one-component and two-
component gelators are reported here. The study of supramolecular gel phase materials
has led to a revolution in the ability of chemists to engineer nanoscale structures that have
macroscopic soft materials properties.
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