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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-(CH2)n-NH2 (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. Themajority 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.1 In recent
years, we have witnessed a surge of research dedicated to
LMOGs because of their potential applications in sensors,2

electrooptics/photonics,3 structure-directing agents,4 cos-
metics,5 art conservation,6 drug delivery and biomedical
applications,7 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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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.8

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

determination of the gel fiber in its native (gel) form using
high-quality XRPD data may be an alternative;9 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

Table 1. Combinatorial Library

(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.

(9) Martinetto, P.; Terech, P.; Grand, A.; Ramasscul, R.; Dooryh�ee, E.;
Anne, M. J. Phys. Chem. B. 2006, 110, 15127.
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of a molecule obtained from its single-crystal data with its
gelling/nongelling behavior. The Shinkai group,10 the van
Esch and Feringa groups,11 and the Hanabusa group12 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 inorder 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

this goal and established this working hypothesis most expli-
citly in organic and organometallic salt-based gelators.1a,13

Following this, we explored the supramolecular synthon14

concept to design intriguing gelling agents.1a Recently,

Table 2. Gelation Dataa

solvents

salts DMSO DMF
methyl
salicylate Ph-NO2 Ph-Cl

1,2-dichloro
benzene Ph-Me o-xylene m-xylene p-xylene petrol MeOH water

MA.2A11 WG 4 (45) VL VL VL VL VL VL VL VL P VL VL
MA.2A12 WG 4 (45) S S S S P P P P S S VL
MA.2A13 4 (49) 2 (48) VL VL S WG 4 (34) VL VL VL WG S P
MA.2A14 4 (53) 2.66 (49) WG WG S S WG VL VL VL S S S
MA.2A15 4 (55) 2.6 (60) 4 (58) 2.6* S S WG VL 4 (35) VL 4 (33) S S
SA.2A11 VL WG 4 (79) 4 (79) 4 (57) WG WG 4 (69) P P S S S
SA.2A12 2.66(70) 2.66 (70) 2.66 (70) 2.66 (73) WG WG WG WG WG WG WG S 4 (50)
SA.2A13 4 (78) 4 (74) S S VL 4 (60) P 4 (75) 4 (60) 4 (63) 4* GP WG
SA.2A14 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
SA.2A15 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) 2 (35) P P
AA.2A11 4 (65) 4 (57) VL VL VL VL VL VL VL VL S S S
AA.2A12 4 (64) 4 (62) S S S S P P P P S S S
AA.2A13 2.66 (76) 2.66 (70) 2.66 (63) 2.66 (69) WG WG 4 (43) 4 (58) 4 (50) WG WG S S
AA.2A14 2.66 (76) 2.66 (62) 4 (58) 4 (55) VL VL P WG WG WG WG S S
AA.2A15 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
TA.2A11 3.2 (68) VL WG WG S WG WG P WG WG WG GP P
TA.2A12 4 (65) WG P WG WG S WG WG WG C WG GP P
TA.2A13 4 (71) P S S WG S WG WG WG WG 4 (33) 4 (52) P
TA.2A14 4 (76) 4 (77) WG C C WG 4 (60) WG WG 4 (65) P WG P
TA.2A15 4 (79) 4 (73) P P 2.66 (67) 2.66 (58) 2.66 (56) 2.66 (70) 2.66 (68) 4 (59) 2* 4 (59) P
MAA.2A11 P P P P P P P P P P P P P
MAA.2A12 P P P P P P P P P P P P P
MAA.2A13 WG S WG WG WG WG 4 (35) WG S S S S VL
MAA.2A14 WG WG WG S S S S S S S S S P
MAA.2A15 WG WG WG WG WG WG WG 4 (45) WG P P S P
PA.2A11 GP GP GP GP GP VL GP GP GP GP P S S
PA.2A12 P P S S S S S WG WG WG S S P
PA.2A13 WG WG WG WG VL VL WG WG WG WG S S S
PA.2A14 GP P GP WG WG WG WG WG WG WG S S S
PA.2A15 4 (58) 4 (62) 4 (57) 4 (52) S WG VL WG WG WG S S S
IA.2A11 S S S S S S S S S S S S VL
IA.2A12 S S VL VL S VL S S S S S S VL
IA.2A13 VL VL S S S S S S S S S S VL
IA.2A14 WG VL S S S S P P S P P S P
IA.2A15 4* VL 4* WG P P P P P P P S P

aNumerical 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.

Figure 1. Dynamic rheology at 25 �C of a gel of 4 wt%MA.2A15 in
deuterated DMSO. The elastic modulus G0 and the viscous modulus
G0 0 are shownas functions of the angular frequencyω. The strainused
was 0.5%.

(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. (c) Sahoo, P. Tet. Lett. 2008, 49, 3052.
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Angew. Chem., Int. Ed. 2007, 46, 8342.
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we showed how long-chain alkyl-alkyl interactions induced
hydrogen bond isomerism in the primary ammonium
dicarboxylate (PAD) synthon to generate a 1D nanotubular
construct displaying gelling ability (Scheme 1).15 Inspired
by these results, we decided to explore this new 1D nano-
tubular synthon in searching for intriguing gelling agents
in a series of PAD salts using a combinatorial library
approach.16 For this purpose, we synthesized a library of
35 PAD salts using 7 dicarboxylic acids and 5 alkyl amines
R(CH2)n-NH2 (n = 11-15) (Table 1); we deliberately
restricted the chain length of the alkyl group to n = 11-15
because in our past experience with PAD salts15 the

salts having n > 10 showed gelation. About 66% of the
salts of the combinatorial library were found to show moder-
ate to good gelling ability in various polar and nonpolar
solvents, including commercial fuels such as petrol. 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 (SA.2A15 and AA.2A14) and
two nongelator (PA.2A14 and IA.2A14) salts were also
discussed in the context of supramolecular synthon and
structure-property correlation.

Results and Discussion

Gelation. All the 35 salts of the combinatorial library
(Table 1) were scanned for gelation properties with 13
different solvents. Out of 35 salts, 23 were found to form
moderate to good gels (Table 2).

Figure 2. OM (230�, scale bar 20 μm) and SEM (scale bar 1 μm) of various dried gels of hexadecyammonium salts.

(15) Ballabh, A.; Trivedi, D. R.; Dastidar, P. Org. Lett. 2006, 8, 1271.
(16) (a) Dastidar, P.; Okabe, S.; Nakano, K.; Iida, K.; Miyata, M.;

Tohnai, N.; Shibayama, M. Chem. Mater. 2005, 17, 741. (b) Ballabh, A.;
Trivedi, D. R.; Dastidar, P. Chem. Mater. 2006, 18, 3795. (c) Nakano, K.;
Hishikawa, Y.; Sada, K.;Miyata,M.; Hanabusa, K.Chem. Lett. 2000, 1170.
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It may be noted from Table 1 that all of the salts derived
from dicarboxylic acids having saturated backbones (malo-
nic to tartaric acid) irrespective of the alkyl chain length of
the ammonium moiety showed gelation. However, salts
derived from dicarboxylic acids having rigid, unsaturated
backbones (maleic to isophthalic acid) did not show gelation
except for the ones having an ammonium moiety with n =
15. These results clearly indicated the importance of the acid
backbone on gelation. An examination of the gelation data
(Table 2) indicated that most of the gelators were able to gel
polar solvents such as DMSO, DMF, methylsalicylate, and
nitrobenzene but were not as efficient at gelling nonpolar
solvents such as halobenzenes and xylenes. Some of the
gelators were also capable of gelling commercial fuels such
as petrol. It is interesting that salt SA.2A12 was found to be
an ambidextrous gelator capable of gelling both organic and
aqueous solvents. The minimum gelator concentration
(MGC) and gel-sol dissociation temperature (Tgel) were
within the range of 1.33-4 wt% and 33-82 �C, respectively,
indicating a moderate to good gelation ability of these salts.

Rheology. Selected gels were also studied using dynamic
rheology. The characteristic gel-like response was typically
found, and this is illustrated in Figure 1 for a gel of 4 wt %
MA.2A15 in deuterated DMSO. Here, the elastic modulus G0

and the viscous modulus G00 are plotted as functions of
the angular frequency ω. Note that G0 is independent of
frequency and considerably higher than G00 over the range
of frequencies. The gel modulus (value of G0) is a measure of
the gel stiffness. For the above 4%MA.2A15 sample, its value
is 35 kPa, which is very high and shows that the sample is a
stiff gel. For comparison, a 4% gel of SA.2A15 in the same
solvent has amodulus of 2 kPa, and a 4%gel ofAA.2A15has a
modulus of only 120 Pa. Thus, it appears that with the
increase in the number of the backbone >CH2 moieties of
the anionic counterpart in these salts, gel stiffness seems to be
decreasing.

Optical and Scanning Electron Microscopy. Optical and
scanning electronmicroscopy (OMand SEM)were recorded

for dried thin layers of DMSO gels (0.5 wt%, w/v inDMSO)
smeared over a glass slide andDMSO xerogels (2 wt%, w/v)
of the hexadecylammonium gelators salts (column 6,
Table 1), respectively (Figure 2); the appearance of scattered
colonies of small crystallites displaying microthin plate-type
morphology in some cases (e.g., MA.2A15 and SA.2A15), a
highly entangled gel network along with microthin platelike
crystallites inMAA.2A15 inOM, and a fibrous network in the
corresponding SEM micrographs are clear indications of
the metastable nature of the gels. The kinetically slow,
concentration-dependent process of hierarchical self-assem-
bly of primary gel fibers into a larger assembly to sustain a
gel-forming network is revealed here. The gel-forming net-
work collapsed under fast evaporation conditions of
the highly diluted solutions on the glass slides giving rise
to thermodynamically more stable neat crystallites having
microthin platelike morphology. OM and SEM of other

Table 3. Crystallographic Data

crystal parameters IA.2A14 SA.2A15 PA.2A14 AA.2A14

empirical formula C38H74N2O5 C18H38NO2 C76H144N4O10 C36H76N2O4

formula weight 638.99 300.49 1273.95 600.99
crystal size/mm3 0.24 � 0.18 � 0.08 0.32 � 0.24 � 0.18 0.26 � 0.12 � 0.02 0.28 � 0.15 � 0.05
crystal system triclinic triclinic triclinic triclinic
space group P1 P1 P1 P1
a/Å 9.3702(4) 5.0630(11) 11.012(2) 5.7422(17)
b/Å 9.6182(4) 5.6437(12) 13.036(3) 10.188(3)
c/Å 23.4102(10) 35.086(7) 28.999(6) 33.233(10)
R/deg 80.173(2) 88.678(4) 84.282(3) 96.423(4)
β/deg 83.684(2) 87.339(4) 88.588(3) 94.766(4)
γ/deg 69.123(2) 81.574(4) 82.560(3) 101.674(4)
volume/Å3 1939.62(14) 990.5(4) 4107.0(15) 1880.8(10)
Z 2 2 2 2
Dcalc/g cm-3 1.094 1.008 1.030 1.061
F(000) 712 338 1416 676
μ Mo KR/mm-1 0.071 0.064 0.067 0.067
temperature/K 100(2) 100(2) 100(2) 100(2)
Rint 0.0340 0.0605 0.0360 0.0465
range of h, k, l -10/12, -12/12, -24/30 -6/6, -6/6, -41/41 -11/11, -14/14, -28/31 -6/6, -11/11, -38/39
Θ min/max/deg 0.88/27.99 1.75/25.00 0.71/22.50 0.62/24.80
reflns collected/unique/obsd
[I > 2σ(I)]

20321/8292/5853 10399/3461/2432 23672/10681/6969 13270/6388/3759

data/restraints/ parameters 8292/0/418 3461/0/192 10681/0/808 6388/0/383
goodness of fit on F2 1.024 1.173 1.084 0.939
final R indices [I > 2σ(I)] R1 = 0.0473 wR2 = 0.1311 R1 = 0.1114 wR2 = 0.2372 R1 = 0.0882 wR2 = 0.2734 R1 = 0.0566 wR2 = 0.1446
R indices (all data) R1 = 0.0737 wR2 = 0.1494 R1 = 0.1538 wR2 = 0.2555 R1 = 0.1194 wR2 = 0.3058 R1 = 0.1056 wR2 = 0.1847

Figure 3. SANS data (I vs q) at 25 �C for 4 wt % gels of various
gelators in deuteratedDMSO. Successive curves are offset by factors
of 10 for clarity.
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hexadecylammonium salt gelators showed similar results
(Figure S1, Supporting Information). It is worth mentioning
here that the formation of microcrystals directly from gel
samples has recently been observed by us17 and others.18 It is
also noted here that in the SEM micrographs the salts
derived from saturated acids displayed 1D fibrous morphol-
ogy whereas salts derived from unsaturated acids showed
platetype morphology.

Small-Angle Neutron Scattering (SANS). SANS experi-
ments were also conducted on selected samples of the
gelators in deuteratedDMSO.The deuteration of the solvent
ensured good contrast between the gelator aggregates
and the continuous phase. In all cases, the intensity I follows
the Porod law (i.e., I ≈ q-4, which is indicative of sharp
interfaces in the sample (Figure 3)). On the basis of the
SEM micrographs above, we can conclude that these struc-
tures are crystallites of the gelatormolecules, arranged either
as thin plates or as rods. Similar SANS data were also
reported by us for gels of secondary ammonium salts of
various bile acids.16a

Single-Crystal X-ray Diffraction. To correlate the single-
crystal structures with the gelling/nongelling properties of
the salts, we tried to crystallize as many salts as possible.
Despite our best efforts, we have been successful in crystal-
lizing two gelator salts, namely, AA.2A14 and SA.2A15,
and two nongelator salts, namely, PA.2A14 and IA.2A14

(Table 3). Single-crystal structures of these salts revealed
intriguing results.

Gelator salt AA.2A14 crystallized in the centrosymmetric
triclinic space group P1. The asymmetric unit contains one
dicarboxylate moiety and two ammonium moieties. In the
crystal structure, the dicarboxylate moiety is involved
in hydrogen bonding with two ammonium moieties
via N-H 3 3 3O interactions (N 3 3 3O = 2.684(2)-2.729(2)
Å;—N-H 3 3 3O= 162.7-164.5�). This 1:2 (acid/amine) salt
unit is further self-assembled with the crystallographically
equivalent salt unit via N-H 3 3 3O hydrogen bonding inter-
actions (N 3 3 3O = 2.723(2)-2.732(3) Å;—N-H 3 3 3O =
160.1-170.6�), resulting in a 1D network. Two such 1D
networks are further assembled centrosymmetrically via N-
H 3 3 3O interactions (N 3 3 3O = 2.803(2)-2.897(2) Å; —N-
H 3 3 3O = 156.0-158.4�), giving rise to a 1D columnar
network. Thus, in this structure, the generally expected 2D
PAD synthon (Scheme 1) is absent; instead, a hydrogen
bonding isomerism has taken place, resulting in the forma-
tion of a 1D columnar network similar to what is depicted in
Scheme 1. The 1D networks displayed noninterdigited par-
allel packing (Figure 4).

Gelator salt SA.2A15 also crystallized in the centrosym-
metric triclinic space group P1. In the asymmetric unit, a full
molecule of the hexadecylammonium cation and half a
molecule of the succinate anion were located. The anionic
moiety was found be located on a center of symmetry at 0,
1/2, 1/2. The cationic moiety was found to be hydrogen
bonded to the carboxylate O atoms of two neighboring
anionic moieties (N-H 3 3 3O = 2.756(4)-2.990(4) Å;—N-
H 3 3 3O = 129.7-171.4�). In the crystal structure, each
anionic moiety is hydrogen bonded to six cationic moieties.
The overall hydrogen bonding network can be best described
as 2D sheet-type architecture wherein the long chains of the

ammonium cations are protruding out of the sheet in a
manner similar to that expected in PAD salts (Scheme 1).
The sheets are further packed in a noninterdigited fashion
(Figure 5).

However, nongelator salt PA.2A14 also crystallized
in the same space group (P1). The asymmetric unit is
composed of two salt units and some disordered water
molecules. An alkyl chain of one of the ammonium moieties
and one oxygen atom of one of the carboxylate moieties
are also found to be disordered. In the crystal structure,
the salt moieties are hydrogen bonded via N-H 3 3 3O
interactions involving carboxylate, ammonium, and
disordered water molecules (N 3 3 3O = 2.737(5)-3.024(4)
Å; —N-H 3 3 3O = 128.4-170.5�), resulting in a 2D sheet
type of hydrogen-bonded network (similar to what is
expected in the PAD salt, Scheme 1), wherein the long alkyl
chains are protruding out of the sheet structure. Parallel
packing of the sheets maximizes the alkyl-alkyl interactions
via a high degree of interdigitation of the alkyl chains
(Figure 6).

Nongelator salt IA.2A14 crystallized in the centrosym-
metric triclinic space group P1. The asymmetric unit

Figure 4. Illustration of the single-crystal structure of gelator salt
AA.2A14. (Top) Hydrogen bonding interactions involving anionic
and cationic moieties. (Middle) One-dimensional columnar hydro-
gen-bonded network in a space-fillingmodel displaying intranetwork
alkyl-alkyl interactions. (Bottom) Noninterdigited parallel packing
of the 1D network.

(17) Ballabh, A.; Adalder, T. K.; Dastidar, P. Cryst. Growth Des. 2008, 8,
4144.

(18) Moffat, J. R.; Smith, D. K. Chem. Commun. 2008, 2248–2250.
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contains one isophthalate dianion, two pentadecylammo-
nium cations, and one water molecule of solvation, all
located in general positions. In the crystal structure, the
anionic moiety is hydrogen bonded to six cationic moieties
via N-H 3 3 3O interactions (N 3 3 3O = 2.7819(15)-2.8754
(15) Å;—N-H 3 3 3O = 162.9-177.7�) and two water mole-
cule of solvation via O-H 3 3 3O interactions (O 3 3 3O =
2.7804(15)-2.8437(14) Å; —O-H 3 3 3O = 146(2)-167.0
(19)�). The overall hydrogen-bonded network may be best
described as 2D sheet architecture, similar to what is ex-
pected in the PAD salt (Scheme 1) except that the water
molecules of solvation are also part of the network. The 2D
sheets are packed parallel, maximizing alkyl-alkyl interac-
tions via interdigitation (Figure 7).

To determine if the single-crystal structures truly represent
the bulk solid and xerogel of these gelators, namely,AA.2A14

and SA.2A15, various X-ray powder diffraction patterns
obtained from the bulk and the xerogel were compared
with the simulated pattern obtained from the corresponding
single-crystal data (Figure 8). Figure 8a clearly showed
that the major peaks of the simulated pattern and bulk
solid of salt AA.2A14 matched well whereas the cor-
responding pattern obtained from the DMSO xerogel
did not match these patterns. These results indicated the
formation of a new crystalline phase or a mixture of crystal-
line phases in the xerogel. However, in the case of salt
SA.2A15, all of the corresponding patterns were found
to be in good agreement, meaning that the single-crystal

Figure 5. Illustration of the single-crystal structure of gelator salt
SA.2A15. (Top) Hydrogen bonding interactions involving anionic
and cationic moieties. (Middle) Two-dimensional hydrogen-bonded
sheet structure. (Bottom) Noninterdigited packing of the sheet
structures.

Figure 6. Illustration of single-crystal structure of nongelator salt
PA.2A14. (Top) Two-dimensional hydrogen-bonded network (dis-
ordered solventsnot shown). (Bottom) Interdigitedpackingof the 2D
network displaying a high degree of alkyl-alkyl interactions (inter-
acting 2D networks are shown in purple and orange).

Figure 7. Illustration of the single-crystal structure of nongelator
salt IA.2A14. (Top)Hydrogen bonding interactions involving anionic
and cationic moieties. (Middle) Two-dimensional hydrogen-bonded
network involving the cationic and anionic species and water mole-
cules of solvation (red ball). (Bottom) Interdigited packing of the 2D
network displaying a high degree of alkyl-alkyl interactions.
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structure of this salt truly represents the bulk solid as well
as the xerogel.

Thus, the 1D columnar supramolecular PAD synthon is
observed in gelator salt AA.2A14, whereas the generally
expected 2D supramolecular PAD synthon is found in
gelator salt SA.2A15 (Scheme 1). Interestingly, both nonge-
lator salts (PA.2A14 and IA.2A14) displayed a 2D hydrogen-
bonded network similar to that generally obtained in PAD
salts (Scheme 1) except that occluded water molecules are
also part of the network in these cases. Because the alkyl
chain length of the cationic moieties is nearly the same in all
of these crystal structures, the anionic backbone may be
attributed to the different supramolecular synthons (1D in
AA.2A14 and 2D in SA.2A15, PA.2A14, and IA.2A14) ob-
served in these salts. The fact that AA.2A14, which displayed
a 1D columnar network, showed gelation and PA.2A14 and
IA.2A14 having 2D sheet architecture failed to show gelation
is quite intriguing and agrees well with the earlier reported
results (i.e., a 1D network is important for gelation).1a,10

However, SA.2A15 showed a 2D hydrogen-bonded network
despite being a gelator. This observation is also in good
agreement with the earlier reported results.10 It may be noted
that direct correlation with the network dimensionality as
seen in the neat crystal structure and the morphology of the
gel fiber may not be possible because gel fiber formation is a
complicated crystallization process that leads to the forma-
tion of a meta-stable network of gel fibers (i.e., SAFIN). For
example, we have reported that the imidazolium hydrogen
cyclobutane-1,1-dicarboxylate salt displayed a 1D fibrous
network in both SEM (in xerogel) and OM (in gel) and a 3D
hydrogen-bonded network structure in its single crystals.19

Thus, the fact thatSA.2A15displayed a 2Dnetwork structure
in its single-crystal form and a 1D fibrous network in SEM is
not surprising.

Conclusions. On the basis of the supramolecular
synthon rationale, a new class of LMOGs derived from a
combinatorial library of 35 organic salts generated by react-
ing various dicarboxylic acids and n-alkylprimary amines
was synthesized. About 66% of the salts (i.e., 23 out of 35
salts prepared) were found to be moderate to good gelling
agents of various polar and nonpolar organic solvents
including commercial fuel such as petrol. Interestingly, salts
derived from dicarboxylic acids having saturated backbones
were all gelators whereas the corresponding salts derived
from rigid and unsaturated dicarboxylic acids were found to
be nongelators except for the one containing the ammonium
moiety with n = 15. Interestingly, one gelator salt, namely,
SA.2A12displayed ambidextrous behavior. The formation of
platelike crystallites in the gel samples as revealed byOMand
SEM indicated the metastable nature of the gel fibers. SANS
data on some of the hexadecylammonium salts followed
Porod’s law (i.e., I ≈ q-4), which indicated the presence of
sharp interfaces in the sample. The 1D network observed in
gelator salt AA.2A14 and the 2D network observed in non-
gelator salts PA.2A14 and IA.2A14 emphasized the impor-
tance of the 1D network in gelaton. Although the 1D
network was found to be important in gelation, the 2D
network as observed in gelator salt SA.2A15 occasionally
induced gelation. In the absence of the crystal structures of
the rest of the salts, it is not possible to make general
comments on the plausible supramolecular synthons of the
gelator and nongelator salts in the combinatorial library.
However, a reasonably good success rate of about 66% salts
being gelators and the presence of 1D and 2D hydrogen-
bonded networks in the gelator and nongelator salts, respec-
tively, highlighted the merit of the supramolecular synthon
approach in designing a new class of gelators.

Experimental Section

Materials and Methods. All of the chemicals (Aldrich)
and solvents are (A.R. grade, SD, Fine Chemicals, India)
commercially available and used without any further purifica-
tion. Petrol used in the gelation experiments have been
purchased from the local market. Microanalyses are performed
on a Perkin-Elmer elemental analyzer 2400, series II. FT-IR
spectra are recorded using a Perkin-Elmer spectrum GX. Pow-
der X-ray patterns are recorded on an XPERT Philips (Cu KR
radiation, λ = 1.5418Å) diffractometer. Scanning electron
microscopy (FT-SEM) is performed on a JEOL (JSM-6700F).
Single-crystal X-ray spectra were recorded on a Bruker AXS,
Smart Apex II.

Preparation of Salts. Salts were prepared by mixing several
dicarboxylic acids with the corresponding amines according to
Table 1 in a 1:2 molar ratio acid:amine in MeOH in a beaker.
The resultant mixture was subjected to sonication for a few
minutes to ensure the homogeneous mixing of the two compo-
nents. A white precipitate was obtained after complete dryness
of MeOH at room temperature, which was subjected to various
physicochemical analyses (Supporting Information) and a gela-
tion test (Table 2).

Rheological Studies. Dynamic rheological experiments
were performed on an AR2000 stress-controlled rheometer
(TA Instruments). Samples were run at 25 �C on cone-and-plate
geometry (40 mm diameter, 2� cone angle). Frequency sweeps
were conducted in the linear viscoelastic regime of each sample,
as determined previously by stress-sweep experiments.

Small-Angle Neutron Scattering (SANS). SANS experiments
were carried out on the NG-7 (30 m) beamline at NIST in
Gaithersburg, MD. Neutrons with a wavelength of 6 Å were
selected. Three sample-detector distances were used to obtain

Figure 8. XRPD patterns under various conditions for salts
(a) AA.2A14 and (b) SA.2A15.

(19) Ballabh, A.; Trivedi, D. R.; Dastidar, P.Chem.Mater. 2003, 15, 2136.
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data over a range of wave vectors from 0.004 to 0.4 Å-1.
Samples were studied in 2 mm quartz cells at 25 �C. Scattering
spectra were corrected and placed on an absolute scale using
NIST calibration standards. The data are shown as plots of the
absolute intensity I versus the wave vector q= (4π sin(θ /2))/λ,
where λ is the wavelength of incident neutrons and θ is the
scattering angle.

Acknowledgment. P.S. and N.N.A. thank CSIR and IACS
for SRF fellowships, respectively.

Supporting Information Available: Physicochemical data
for the salts. OM and SEM of the gelator salts. CIF files. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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