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Following the supramolecular synthon approach, a combinatorial library comprising 35 organic salts derived
from 7 dicarboxylic acids (malonic-, succinic-, adipic-, L-tartaric-, maleic-, phthalic-, and isophthalicacid) and 5
primaryalkyl amines Me-(CH»),-NH, (n = 11—15) was prepared and scanned for gelation. About 66% of the
salts in the combinatorial library were found to show moderate to good gelling ability in various polar and
nonpolar solvents including commercial fuels such as petrol. The majority of the salts having a rigid, unsaturated
anionic backbone (maleate, phthalate, and isophthalate) did not show gelation; only the corresponding
hexadecylammonium salts showed gelation. Some of the representative gels were characterized by rheology,
small-angle neutron scattering (SANS), optical microscopy (OM), and scanning electron microscopy (SEM).
Single-crystal structures of two gelator and two nongelator salts were also discussed in the context of

supramolecular synthon and structure—property correlation.

Introduction

Gels are ubiquitous in nature and in everyday life. Starting
from protoplasm to shaving cream, all are gels. Immobiliza-
tion of the solvent molecules within the supramolecular 3D
network of the gelling agent is responsible for the solidlike
appearance of the gel. Depending on the chemical structure of
the gelling agents and its network formation, gels can be
classified into two broad categories — polymeric and supra-
molecular or a physical gel, wherein the gel network is formed
as a result of covalent bond formation and noncovalent
interactions, respectively. Among the supramolecular gelling
agents, low-molecular-mass organic gelators (LMOGs)—
small organic compounds typically having a molecular mass
of <3000—are amazingly powerful in immobilizing organic
solvents (organogel) and pure water and/or aqueous solvents
(hydrogel) at very low gelator concentration. In recent
years, we have witnessed a surge of research dedicated to
LMOGs because of their potential applications in sensors,”
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electrooptics/photonics,® structure-directing agents,* cos-

metics,” art conservation,® drug delivery and biomedical
applications,” and so forth. However, designing a gelling
agent still remains a major challenge mainly because of
the wide structural diversity of compounds known to impart
gelation, lack of molecular-level information on the gel-
formation mechanism, and unavailability of details on the
gel-network/solvent interactions. Because self-assembled
fibrilar networks (SAFINs) are the key to gel formation,
it is important to determine the supramolecular structure
(crystal structure) of the meta-stable gel fiber, which is the
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Table 1. Combinatorial Library
Amine A, = Me-(CH,),-NH,
Dodecylamine | Tridecylamine | Tetradecylamine | Pentadecylamine | Hexadecylamine
Aci Ay Ap Ass A Ass
o o MA2A MA2A, MA2A; MA.2A MA.2As
HOMOH Gelator Gelator Gelator Gelator Gelator
Malonic acid
(MA)
0 SA2Ay, SA2A, SA2A; SA2A, SA2A ;s
HO.
\J‘)/\J\OH Gelator Gelator Gelator Gelator Gelator
Succinic acid
(SA)
AA2A, AA2A, AA2A; AA2A, AA2A;
HO OH
o Gelator Gelator Gelator Gelator Gelator
Adipic acid
(AA)
OH O TA2A, TA2A, TA2A; TA2A, TA2A s
HOL A A on
5 0 H Gelator Gelator Gelator Gelator Gelator
L-tartaric acid
(TA)
MAA2A, MAA2A MAA2A; MAA2A MAA2As
OHOQ
0=<_>~0H Nongelator Nongelator Nongelator Nongelator Gelator
Maleic acid
(MAA)
o OH PA2A, PA2A PA2A; PA2A, PA2As
HO
y Nongelator Nongelator Nongelator Nongelator Gelator
Phthalic acid
(PA)
1A2A [A2A; 1A2A; 1A2A, IA2A 5
e ) Nongelator Nongelator Nongelator Nongelator Gelator
Isophthalic acid
dA)

sole ingredient of SAFINs. It is not possible to use
the standard single-crystal X-ray diffraction technique
because of the fiber’s submicrometer size; only an indirect
method wherein the structure of the gel fiber is determined
by comparing the X-ray powder diffraction (XRPD) patterns
of the gel fibers and the simulated XRPD pattern of
the gelator derived from its single-crystal data exists.®
However, recording a good XRPD pattern of the gel fiber
in its native (gel) form is difficult because of the scatter-
ing contribution of the solvent molecules and the less crystal-
line nature of the gel fibers. Ab initio crystal structure

(8) (a) Ostuni, E.; Kamaras, P.; Weiss, R. G. Angew. Chem., Int. Ed. 1996,
35, 1324. (b) Anderson, K. M.; Day, G. M.; Paterson, M. J.; Byrne, P.;
Clarke, N.; Steed, J. W. Angew. Chem., Int. Ed. 2008, 47, 1058.
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determination of the gel fiber in its native (gel) form using
high-quality XRPD data may be an alternative;” however,
such a method of structure determination is not yet routine
and requires high-intensity synchrotron beams, which are not
readily accessible.

It is reasonable to believe that there must be some aniso-
tropic interactions of the gelator molecules that allow growth
in one direction and lack such interactions in the other two
dimensions, preventing lateral growth and resulting in 1D
fibers. The tendency for the molecules to grow as a 1D
fiber may favor SAFIN formation, resulting in a gel. Thus,
it is logical to correlate supramolecular self-assembly patterns

(9) Martinetto, P.; Terech, P.; Grand, A.; Ramasscul, R.; Dooryhée, E.;
Anne, M. J. Phys. Chem. B. 2006, 110, 15127.
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Table 2. Gelation Data“
solvents
methyl 1,2-dichloro

salts DMSO DMF  salicylate Ph-NO,  Ph-Cl benzene Ph-Me o-xylene m-xylene p-xylene petrol MeOH water
MA.2A WG 4 (45) VL VL VL VL VL VL VL VL P VL VL
MA2A;; WG 4 (45) S S S S P P P P S S VL
MA.2A;;  4(49) 2 (48) VL VL S WG 4 (34) VL VL VL WG S P
MA2A,  4(53) 2.66 (49) WG WG S S WG VL VL VL S S S
MA2As 4 (55) 2.6 (60) 4(58) 2.6% S S WG VL 4(35) VL 4(33) S S
SA2A VL WG 4(79) 4(79) 4(57) WG WG 4(69) P P S S S
SA2A; 2.66(70)  2.66 (70) 2.66 (70) 2.66(73) WG WG WG WG WG WG WG S 4(50)
SA2A3 4(78) 4 (74) S S VL 4 (60) P 4(75) 4 (60) 4(63) 4% GP WG
SA2A 4 2.66 (80) 2.66(58) 2.66(77) 2.66(77) 4(54) 4 (60) WG 4(53) 4 (64) 4(42) 4 (60) GP GP
SA2A;5 4(82) 2.66 (73) 1.33(55) 2.08(80) 1.33(51) 1.33(65) 1.33((56) 2 (55) 2(59) 2(72) 235 P P
AA2A 4 (65) 4(57) VL VL VL VL VL VL VL VL S S S
AA2A,, 4 (64) 4(62) S S S S P P P P S S S
AA2A 3 2.66 (76) 2.66 (70) 2.66 (63) 2.66(69) WG WG 4(43) 4(58) 4(50) WG WG S S
AA2A 2.66 (76) 2.66 (62) 4 (58) 4(55) VL VL P WG WG WG WG S S
AA2A5 2.66 (73) 2.66 (65) 2.66(60) 2.66(78) 4(55) S 4 (65) 4 (58) 4 (59) 4(67) S S P
TA2Aq; 3.2(68) VL WG WG S WG WG P WG WG WG GP P
TA.2A,, 4 (65) WG P WG WG S WG WG WG C WG GP P
TA2A 3 4(71) P S S WG S WG WG WG WG 4(33) 4(52) P
TA2A 14 4 (76) 4(77) WG C C WG 4 (60) WG WG 4(65) P WG P
TA.2A;5 4(79) 4(73) P P 2.66 (67) 2.66(58) 2.66 (56) 2.66 (70) 2.66 (68) 4(59) 2% 459 P
MAA.2A,; P P P P P P P P P P P P P
MAA.2A; P P P P P P P P P P P P P
MAA.2A;; WG S WG WG WG WG 4 (35) WG S S S S VL
MAA2A4 WG WG WG S S S S S S S S S P
MAA2A;5 WG WG WG WG WG WG WG 4(45) WG P P S P
PA2A GP GP GP GP GP VL GP GP GP GP P S S
PA2A,, P P S S S S S WG WG WG S S P
PA2A,; WG WG WG WG VL VL WG WG WG WG S S S
PA2A 4 GP P GP WG WG WG WG WG WG WG S S S
PA2A;s 4 (58) 4(62) 4(57) 4(52) S WG VL WG WG WG S S S
1A2A; S S S S S S S S VL
T1A2A S S VL VL S VL S S S S S S VL
T1A.2A3 VL VL S S S S S S S S S S VL
T1A2A 4 WG VL S S S S P P S P P S P
T1A.2A45 4% VL 4% WG P P P P P P P S P

“Numerical values indicate minimum gelator concentration in wt % (w/v); numerical values within parenthesis are the gel-to-sol dissociation
temperature in °C; WG, weak gel; S, solution; VL, viscous liquid, GP, gelatenous precipitate; P, precipitate; C, crystals; *, gel only in the refrigerator, with

phase separation occuring upon standing at room temperature.

of a molecule obtained from its single-crystal data with its
gelling/nongelling behavior. The Shinkai group,'® the van
Esch and Feringa groups,'' and the Hanabusa group'? have
all emphasized the importance of being 1D in gel formation.
However, the fact that all the molecules having such aniso-
tropic interactions do not display gelation ability and a gelator
cannot gel all possible solvents clearly indicates the importance
of other factors (such as gel-network/solvent interactions).
Thus, the requirement for a molecule to self-assemble in one
direction in order to be a gelator is an indispensable rather than
sufficient condition. Thus, a working hypothesis that a 1D
hydrogen-bonded network favors SAFIN and thus gel forma-
tion (under suitable conditions) can become quite handy in
designing LMOGs. Direct correlation between single-crystal
structures of molecules and their gelling/nongelling properties
must be established in as many examples as possible before it
can be accepted as a reasonable basis for designing new
gelators. Our group remains the major contributor toward

(10) Laboradzki, R.; Gronwald, O.; Ikeda, M.; Shinaki, S.; Reinhoudt, D.
N. Tetrahedron 2000, 56, 9595.

(11) van Esch, J. H.; Ferringa, B. L. Angew. Chem., Int. Ed. 2000, 39, 2263.

(12) Hanabusa, K.; Yamada, M.; Kimura, M.; Shirai, H. Angew. Chem.,
Int. Ed. 1996, 35, 1949.

(13) (a) Trivedi, D. R.; Ballabh, A.; Dastidar, P. Chem. Mater. 2003, 15,
3971. (b) Trivedi, D. R.; Ballabh, A.; Dastidar, P.; Ganguly, B. Chem.—Eur.
J. 2004, 10, 5311. (¢) Sahoo, P. Tet. Lett. 2008, 49, 3052.
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Figure 1. Dynamic rheology at 25 °C of a gel of 4 wt% MA.2A5in
deuterated DMSO. The elastic modulus G’ and the viscous modulus
G"" are shown as functions of the angular frequency w. The strain used
was 0.5%.

this goal and established this working hypothesis most expli-
citly in organic and organometallic salt-based gelators.'®!"?
Following this, we explored the supramolecular synthon'
concept to design intriguing gelling agents.'® Recently,

4

(14) Desiraju, G. R. Angew. Chem., Int. Ed. 1995, 34,2311. Desiraju, G. R.
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