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Introduction

The term “supramolecular synthon” proposed by Desiraju is
a well studied and accepted tool in crystal engineering for

designing desired supramolecular structures.[1] The concept
of a supramolecular synthon is derived from the term “syn-
thon”, as defined by Corey,[2] which applies to covalent or-
ganic synthesis. The term supramolecular synthon plays the
same pivotal role in supramolecular synthesis that synthon
does in covalent synthesis. Supramolecular synthons are spa-
tial arrangements of intermolecular non-covalent interac-
tions that frequently occur in supramolecular structures.
They can, therefore, be relied upon to generate supramolec-
ular functional materials. To use supramolecular synthons
successfully in designing supramolecular structures, it is im-
portant that they are robust enough to ensure generality
and predictability. Numerous examples of supramolecular
structures, wherein supramolecular synthons have been ex-
ploited, testify to the power of supramolecular synthons.[3]

Among the various supramolecular functional materials,
the low molecular mass weight gelators (LMWGs)[4] are an
attractive supramolecular target. LMWGs are able to form
gels with various organic (organogel) and aqueous (hydro-
gel) solvents. In a typical experiment, when a hot solution
containing a small amount of LMWG (usually on or slightly
above the minimum gelator concentration: MGC) is allowed
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to cool below a critical temperature (the sol–gel tempera-
ture), a solid like mass, which is able to hold its own weight
upon turning the vial upside down, is formed. This is a
visco-elastic material called a gel. Research on LMWGs has
witnessed an upsurge because of their various potential ap-
plications, such as in structure-directing agents,[5] cosmet-
ics,[6] conservation of artwork,[7] sensors,[8] electro-optics/pho-
tonics,[9] catalysis,[10] drug delivery,[11] and biomedical appli-
cations.[12] However, designing a gelling agent is challenging.
It is believed that gelation is an aborted crystallization pro-
cess wherein the gelator molecules form self-assembled fi-
brillar networks (SAFINs)[13] that, furthermore, form hier-
archical three-dimensional networks, which self assemble
through junction zones.[14] The solvent molecules are then
immobilized, owing to the capillary force within such 3D
networks of SAFINs, resulting in gel formation. The lack of
molecular level understanding of SAFIN and its self-assem-
bled 3D-hierarchical network formation, the interactions in-
volving the targeted solvent with the SAFINs and the wide
structural diversity of the known LMWG molecules, make it
difficult to plan a strategy to achieve a rational design of ge-
lators.

It was proposed a decade ago that 1D-hydrogen-bonding
networks promoted gelation whereas 2D and 3D networks
either produced weak gels or no gelation at all.[15] This ra-
tionale was based on the various microscopic observations
of SAFINs that revealed the morphological features of
highly branched and/or entangled 1D fibers. It was, there-
fore, reasoned that anisotropic interactions, such as hydro-
gen bonding of the gelator molecules that allowed growth in

one direction and the lack of such interactions in the other
two dimensions, prevented lateral growth resulting in 1D
fibers, which may favour SAFIN formation and a resultant
gel. The fact that this hypothesis was indeed based on a logi-
cal foundation was most explicitly demonstrated by us.[16] It
is, therefore, worth looking for a 1D-network forming supra-
molecular synthon that would allow SAFIN formation,
which might eventually promote gelation. The gel-forming
supramolecular synthons that we have identified and ex-
ploited thus far are secondary ammonium monocarboxylate
(SAM),[17] secondary ammonium dicarboxylate (SAD),[18]

primary ammonium monocarboxylate (PAM),[19] and pri-
mary ammonium dicarboxylate (PAD)[20] (Scheme 1). Par-
ticularly interesting among them is the PAM synthon, which
frequently displays 1D-hydrogen-bonding networks (HBN,
synthons W and X, Scheme 1) along with occasional 2D
HBNs (synthons Y and Z, Scheme 1). As both 1D and 2D
HBNs are important in gelation, we have been able to ex-
ploit the PAM synthon to discover a large number of gelling
agents.[19]

Herein, we demonstrate how the PAM synthon is exploit-
ed to reveal easy access to a class of chiral gelators by scan-
ning a combinatorial library of organic salts derived from
natural l-amino acid methyl esters and cinnamic acids
(Table 1). Synthesis, characterization, and gelation studies of
this new class of gelling agent are reported and a structure–
property correlation, based on single crystal X-ray diffrac-
tion, scanning electron microscopy (SEM), X-ray powder
diffraction (XRPD), and small-angle neutron scattering
(SANS) data, has been attempted. Interestingly most of the

Scheme 1. Gel-forming supramolecular synthons.
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gels could also be formed by anti-solvent induced precipita-
tion techniques at room temperature.

Results and Discussion

Synthesis and Gelation

Organic-salt formation is probably the easiest reaction to
perform in chemistry. Within a short period, a large number
of organic salts can be prepared with quantitative or near-
quantitative yield, which can then be scanned for their gela-
tion behavior. A virtually infinite combination of commer-
cially available acids and amines allows one to prepare a
combinatorial library for discovering new classes of gela-
tors.[17d,19a, 20b, 21] Moreover, charge assisted hydrogen bonding
in organic salts is stronger (40–190 kJ mol�1) than normal hy-
drogen bonding (10–65 kJ mol�1) making them more robust,
which is often a requirement for real-life applications.

Thus, we have been focussing our attention on salt-based
compounds as potential LMWGs, as this supramolecular ap-
proach is definitely advantageous over the time-consuming
covalent synthetic approach, which might often lead to frus-
tration in the quest for new gelators. Supramolecular chirali-
ty is an important aspect for its role in developing chiral cat-
alysts,[22] chiro-optical switches,[23] helical crystallization of
proteins and inorganic replicas,[24] chiral resolution,[25] and so
forth, and chiral LMWGs offer such supramolecular sys-
tems. To get an easy access to chiral supramolecular systems
such as chiral LMWGs, we have decided to exploit the
PAM synthon in a combinatorial library of organic salts de-
rived from naturally occurring l-amino acid esters and cin-

namic acids as potential LMWGs. The salts listed in Table 1
were prepared by reacting free l-amino acid esters with the
corresponding cinnamic acids (see the Experimental Sec-
tion). We have deliberately chosen l-amino acid methyl
esters, which have non-functional side chains, and 4-substi-
tuted cinnamic acids and cinnamic acid itself as reactants;
although l-amino acid methyl esters without functional side
chains were chosen to avoid any other strong and directional
intermolecular interactions that might interfere and disrupt
the formation of PAM synthon, 4-substituted cinnamic acids
and cinnamic acid itself were selected as they are important
moieties in other LMWGs reported by our group.[4a] More-
over, a Cambridge structural database (CSD) search con-
taining cinnamate (without any H attached to the aromatic
ring) and C�NH3

+ as search fragments, resulted in 47 princi-
pal hits, of which included 1D PAM synthons W (18 hits)
and X (14 hits).[26] Out of 20 combinations involving 5
amino acid methyl esters and 4 cinnamic acids (Table 1),
only 16 salts could be formed. These were classified by
using FT-IR spectroscopy analysis, the spectra revealed the
band for COO�, ñ=1638–1644 cm�1. Gelation tests per-
formed with 15 different prototype solvents, which included
both polar and non-polar solvents, as well as commercial
fuels, such as petrol, revealed that 87.5 % of the salts tend to
form a gel. Notably, we have limited the gelation study
within 4 wt% (w/v) and out of 14 gelator salts, 8 of them
showed a minimum gelator concentration within 4 wt %; the
rest produced either a gelatinous precipitate or a weak gel.
The amino acid side chains and anionic counter parts of the
salts seem to have a profound effect on the gelation ability
of the gelator salts studied herein, as all the gelator salts in-

Table 1. Salts formed in the combinatorial library of amino acid methyl esters and cinnamic acid derivatives.

Cinnamic acid derivatives

Amino acid methyl esters

not reacted not reacted
Ala.4MeCin
gelator

Ala.Cin
gelator

Phe.4CLCin
gelator

Phe.4BrCin
gelator

Phe.4MeCin
gelator

Phe.Cin
gelator

not reacted not reacted
Val.4MeCin
gelator

Val.Cin
gelator

Leu.4CLCin
gelator

Leu.4BrCin
gelator

Leu.4MeCin
gelator

Leu.Cin
gelator

Ile.4CLCin
nongelator

Ile.4BrCin
nongelator

Ile.4MeCin
gelator

Ile.Cin
gelator
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volve phenylalanine and leucine-methyl ester, and 4-methyl
cinnamic- and cinnamic acid itself are gelators (Table 2).
Both cinnamate and 4-methylcinnamate salts of l-leucine
are the most versatile gelling agents, as they are able to
form stable gels in 9 out of the 15 solvents studied herein;
the corresponding salts of l-isoleucine, interestingly, form a
gel with commercial fuels, such as petrol. All the gels report-
ed herein display thermo-reversible properties (Table 2).

Table-top rheology[27] was used to assess the thermal sta-
bility of the gels in a given solvent. p-Xylene was the most
frequently gelled solvent used in the present study, the gel–
sol dissociation temperatures (Tgel) at various concentrations
of the gelators were measured by using the dropped-ball
method (see the Experimental Section) and the Tgel versus
[gelator] plot was also examined (see Figure 1 a). Analysis
of the relationship reveals that Tgel steadily increases with
the increase in concentration of the gelators. This indicates
that the self-assembly process in the gel state is mainly gov-
erned by strong intermolecular interactions, such as hydro-
gen bonding. Further analysis of Figure 1 a indicates that
Leu.4MeCin forms the most thermally stable p-xylene gel,
whereas Ile.4MeCin produces the least stable one. Interest-
ingly, the semilog of the mole fraction of each gelator at
each concentration, plotted against 1/Tgel, K�1, reveals a
good linear plot and may be compared with the Schroeder–
van Laar equation [Eq. (1), Figure 1 b]

ln ½gelator� ¼ �ðDHm=RTgelÞþconstant ð1Þ

in which DHm and Tgel are the enthalpy of melting and tem-
perature of the gel–sol transition, respectively. Assuming
that the gel melts into an ideal solution and a known
amount of gelator is involved in the transition, these gel–sol
transitions may be considered as first-order transition. The

enthalpy (DHm) values associated with these gel–sol transi-
tions are within the range of 31.6–59.0 kJ mol�1.

Rheology

To evaluate the rheological response, a 4 wt % (w/v) toluene
gel of Phe.Cin was studied by dynamic rheology; a charac-
teristic gel-like response was found in this case. The elastic
modulus G’ and viscous modulus G’’ are plotted as functions
of the angular frequency w and it is clear from Figure 2 that
G’ is considerably higher than G’’ over the range of frequen-
cies. The gel modulus G’ is around 91 kPa, which is consider-
ably high, and indicates that Phe.Cin is a stiff gel.

Anti-Solvent Induced Gelation

The heating process in gel formation is considered to be a
potential impediment in real-life applications. Thus, gelation
without heating, wherein the gelator is synthesized in situ,
has been reported by us[19b–c] and others.[4z] As gelation is
widely believed to be an aborted crystallization process,
which may be considered a kind of precipitation that leads
to the formation of SAFINs and eventually gel, it is consid-
ered worthwhile to use an anti-solvent[28] to induce gelation.
For this purpose, two solvent systems, such as CHCl3 or
CH2Cl2 and alkanes (n-pentane, n-hexane, cyclohexane, n-
heptane, n-octane) are chosen; although the gelator salts are
freely soluble in either CHCl3 or CH2Cl2, they are complete-
ly insoluble in alkanes. As the solvents CHCl3 or CH2Cl2

and alkanes are highly miscible, the alkanes are expected to
act as anti-solvents to induce gelation by forcing the gelator
salts from their corresponding CHCl3 or CH2Cl2 solutions to
precipitate out as SAFINs. Interestingly, all the gelator salts
that show a reasonable gelation ability (Table 2, entries 3–4,

Table 2. Gelation data.[a]

Entry Salts DMSO DMF Methyl
salicylate

PhNO2 PhCl PhBr PhMe o-
Xylene

m-
Xylene

p-
Xylene

1,2-Di-
chloro
benzene

1,2-Di-
chloro
ethane

MeOH THF Petrol

1 Ala.Cin S S S S S S S WG WG WG S S S S S
2 Ala.4MeCin S S S S S S GP GP GP GP S S S S S
3 Phe.Cin S S GP GP 4(41) 4(44) 4(51) 2.1(42) 1.5(44) 2.1(45) 4(50) S S S WG
4 Phe.4MeCin S S S WG WG WG 4(33) 4(50) 4(48) 4(54) WG S S S WG
5 Phe.4CLCin S S WG S –[b] –[b] WG –[b] –[b] –[b] –[b] –[b] S S PPT
6 Phe.4BrCin S S GP GP GP GP PPT PPT PPT PPT GP NC PC S PPT
7 Val.Cin S S WG WG 2.6(37) 2.6(42) 4(53) WG WG WG WG WG S S S
8 Val.4MeCin S S WG WG WG WG WG GP WG 4(45) GP F S S S
9 Leu.Cin S S 4(48) 4(40) 4(45) 4(45) 3.6(45) 4(55) 1.94(46) 1.96(42) 4(48) WG S S S
10 Leu.4MeCin S S 4(61) WG 1.9(48) 1.9(47) 1.3(42) 1(48) 0.9(47) 0.9(51) 2.6(56) 4(45) S S WG
11 Leu.4ClCin WG WG 3.94(59) 2.6(57) WG 3.98(62) 4(59) 4(57) 3.94(65) 4(75) WG S S S S
12 Leu.4BrCin S S PPT S PPT PPT GP PPT PPT PPT PPT PPT S S PPT
13 Ile.Cin S S S S S S S WG WG WG S S S S 2.6(57)
14 Ile.4MeCin S S 3.4(40) WG PPT WG 4(52) WG 3.8(50) 2.6(48) 4(47) S S S 2.6(61)
15 Ile.4ClCin S S PPT PPT PPT PPT PPT PPT PPT PPT PPT PPT S S PPT
16 Ile.4BrCin S S PPT PPT PPT PPT PPT PPT PPT PPT PPT PPT S S PPT

[a] Values represent the minimum gelator concentration (MGC) in wt % (w/v); values within parenthesis represent the Tgel (gel–sol dissociation temperature, 8C); S:
soluble; PPT: precipitate; G: gel; WG: weak gel; NC: needle crystals; GP: gelatenous precipitate; PC: plate-shaped crystals; F: fiber. Petrol was obtained from the
local petrol station. [b] Not soluble and did not produce gel even after dissolving in MeOH.
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7–10, 14,) also display anti-sol-
vent induced gelation. In a typi-
cal experiment, 35 mg of a gela-
tor salt was dissolved in 300 mL
of CHCl3 or CH2Cl2. Then,
about 1 mL of the anti-solvent
was added to this solution and
a gel formed within a few sec-
onds. Microscopic observation
reveals the existence of highly
entangled crystalline fibers in
the gel and a xerogel state for
samples prepared under these
conventional gelling conditions
(Figure 3). The morphological
feature of the gel networks pre-
pared under conventional con-
ditions, by using some of the
gelator salts, appear to be made
of 1D fibers of varying length
and thickness. Although most
of the cases display a highly en-
tangled, dense network of 1D
fibers, the gelator salt Ile.Cin,
made from a petrol gel, produ-
ces highly aligned 1D fibers
with a tape-type morphology.
The solvent molecules are un-
derstandably immobilized in
these networks to effect gel for-
mation. Interestingly, the gela-
tor salt Ala.4MeCin, which pro-
duces only gelateneous precipi-
tates with some of the solvents
studied herein, generates a
spherulite-like morphology in
the dried sample, derived from
a toluene solution, indicating
that the nature of this salt is
more crystalline (Figure 4).

Small Angle Neutron Scattering
(SANS)

To study the morphology of the
gels, SANS data were obtained on a selected 4 wt % (w/v)
gel sample of Val.Cin in deuterated toluene. The deutera-
tion of the solvent ensures good contrast between the gela-
tor aggregates and the continuous phase. It is clear from
Figure 5 that the intensity (I) follows the Porod�s law,[29] that
is, I~q�4. This indicates that the sample consists of a two-
phase structure with a sharp boundary between the phases.
No characteristic size can be discerned within the scattering
window. Based on the morphology observed in the SEM mi-
crograph of the 4 wt % toluene xerogel of Val.Cin (Figure 4)
and the SANS data, it may be concluded that the scattering
objects in this gel are fibers with high-aspect ratio. Similar

Figure 1. a) Tgel vs [gelator] plots of various gels; b) Semilog plot of the mole fraction of the gelators against 1/
T.

Figure 2. Dynamic rheology at 25 8C of a gel of 4 wt % Phe.Cin in tolu-
ene. The elastic modulus G’ and the viscous modulus G’’ are shown as
functions of the angular frequency w. The strain used was 0.5%.
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SANS data are also reported by us for gels of secondary am-
monium salts of various bile acids.[17d]

Structure–Property Correlation and Supramolecular
Synthons

The chance of showing gelation ability by PAM salts is high,
as these salts frequently display 1D synthons with occasional
2D PAM synthons (Scheme 1). Thus, the fact that 87.5 % of
the salts of the combinatorial library (Table 1) show a ten-
dency to form gels, clearly support the working hypothesis
that 1D HBN promotes gelation, whereas both 2D and 3D
HBN produce weak gels or no gelation at all. It was, there-
fore, worthwhile to investigate the single crystal structures
of these gelators to study the supramolecular synthons pres-
ent herein. Five single crystals of the gelator salts (Ala.4Me-
Cin, Ala.Cin, Val.4MeCin, Val.Cin, and Ile.4MeCin) of X-
ray diffraction quality (Table 3) were examined. All the
crystals were obtained by evaporation of a diethyl ether so-
lution of the corresponding salts except Val.4MeCin, which
was crystallized from a hexane/CHCl3 mixture. All the crys-
tals belong to the non-centrosymmetric orthorhombic space
group P212121 except Ala.4MeCin, which crystallizes in the
non-centrosymmetric monoclinic space group P21. The
range of carboxyl C�O bond lengths (1.244(3)–1.276(2) �)
in all these salts indicate the carboxylate (COO�) nature
that resulted from complete proton transfer or salt forma-
tion. FT-IR analysis reveals bands in the range of ñ= 1640–
1644 cm�1, which also support the presence of COO� func-
tionality in these salts. Thus, after proton transfer or salt for-
mation, the main hydrogen-bond acceptor and donor are �
COO� and �NH3

+ , respectively, and charge assisted N+�
H…O� hydrogen bonding [N+ …O�= 2.689 (2 �; a N+�
H…O�=145.5–174.78] play a crucial role in directing the
supramolecular architectures in the crystal structures. Inter-
estingly, in all these crystal structures, the charge assisted hy-
drogen bonding leads to the formation of 1D PAM synthon
X (Scheme 1). The details of the hydrogen-bonding parame-
ters are given in the Supporting Information. As expected,
the ester moiety abstains from any hydrogen-bonding inter-
actions. Notably, in our recent report on a new class of gela-
tor derived from various benzylammonium benzoates,[19c]

both 1D PAM synthons W and X along with some 2D
HBNs are present in the corresponding crystal structures. In
these cases, various substituents on the aromatic ring of the
benzoate moiety seem to play a crucial role in determining
the final outcome of the supramolecular synthons.

Remarkably, for all the structures in this study the PAM
synthon W was present and various substituents of the
anionic moiety and different amino acid side chains do not
seem to have any influence on the resultant supramolecular
synthon. Although, in the absence of the crystal structures
of the other salts in the combinatorial library, it is not possi-
ble to comment on the supramolecular synthons present
therein, it may be reasonable to believe that 1D supramolec-
ular PAM synthons, such as W or X, might be responsible
for the majority of the salts (87.5 %) that form gels. Analysis

Figure 3. A SEM picture of the gel fibers in the xerogel of Phe.Cin in
chloroform prepared by anti-solvent (n-hexane) induced gelation. Insets:
Anti-solvent (n-hexane) induced chloroform gel of Phe.Cin and the gel
fibers seen by using an optical microscope.

Figure 4. SEM images of the gel fibers in the xerogels (toluene, 4 wt %,
w/v); xerogels of Val.4MeCin and Ile.Cin are prepared from p-xylene
(4 wt %, w/v) and petrol (1 wt %, w/v), respectively.

Figure 5. SANS data at 25 8C for 4 wt % gel of Val.Cin in deuterated tolu-
ene.
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of the X-ray diffraction data reveals that none of the crystals
include any solvent molecules in the crystal lattice, except
Val.4MeCin wherein the lattice-included solvent was chloro-
form, which does not seem to affect the formation of syn-
thon W. The 1D hydrogen bonded chains are packed in par-
allel fashion along the crystallographic a-axis in all the salts,
except in Ala.4MeCin wherein the chains are packed along
the crystallographic b-axis. Illustrated in Figure 6 are the
various features of the single-crystal structures of these gela-
tor salts.

To find out whether the supramolecular PAM synthon W
is present or not in the SAFINs of the corresponding gels,
one has to record good quality XRPD patterns of the gel
samples, which is not straightforward, as the gel samples dif-
fract poorly (as a result of the small amounts and their mod-
erate-crystalline nature). The xerogel samples may be con-
sidered as reasonably representative, although the formation
of other morphs, solvates, and so forth cannot be ruled out.
XRPD patterns simulated from the single-crystal data, and
experimental-XRPD patterns of the bulk-gelator salt and
the corresponding gel, are compared following a method
originally proposed by Weiss et al.[30] Depicted in Figure 7 is
the comparison of XRPD plots of a few selected gelator
salts, obtained under various conditions. It is clear that in
the cases of Val.Cin and Ile.4MeCin, the major peak posi-
tions of the XRPD patterns do match quite well and, there-
fore, it may be concluded that the same supramolecular
PAM synthon W is also present in the corresponding xero-
gels.

In the case of Val.4MeCin, the single crystal structure
contains CHCl3 in the lattice and, therefore, the simulated
XRPD pattern is quiet different from that of the bulk solid,

Table 3. Crystal data.

Crystal parameters Ala.Cin Ala.4MeCin Ile.4MeCin Val.Cin Val.4MeCin

CCDC No 776090 776089 776091 776093 776092
empirical formula C13H17NO4 C14H19NO4 C17H25NO4 C15H21NO4 C17H24Cl3NO4

formula weight 251.28 265.30 307.38 279.33 412.72
crystal size [mm] 0.31 � 0.24 � 0.16 0.36 � 0.27 � 0.18 0.32 � 0.25 � 0.16 0.36 � 0.26 � 0.18 0.29 � 0.22 � 0.15
crystal system orthorhombic monoclinic orthorhombic orthorhombic orthorhombic
space group P212121 P21 P212121 P212121 P212121

a [�] 5.6394(8) 8.8677(10) 5.8771(8) 5.8514(6) 6.1743(9)
b [�] 8.9098(12) 5.7520(7) 14.867(2) 9.3189(9) 18.277(3)
c [�] 27.051(4) 14.7674(17) 19.325(3) 27.088(3) 18.664(3)
a [8] 90.00 90.00 90.00 90.00 90.00
b [8] 90.00 103.376(2) 90.00 90.00 90.00
g [8] 90.00 90.00 90.00 90.00 90.00
V [�3] 1359.2(3) 732.81(15) 1688.5(4) 1477.1(3) 2106.2(5)
Z 4 2 4 4 4
F ACHTUNGTRENNUNG(000) 536 284 664 600 864
n MoKa [mm�1] 0.091 0.088 0.085 0.091 0.455
T [K] 100(2) 100(2) 100(2) 100(2) 100(2)
Rint 0.0276 0.0254 0.0526 0.0386 0.0729
h, k, l �6/6, �10/8, �33/27 �10/10, �7/7, �18/17 �7/6, �18/18, �23/23 �6/7, �11/11, �32/32 �7/7, �21/21, �21/22
qmin/max [8] 1.51/26.00 1.42/26.00 1.73/25.82 1.50/25.25 1.56/25.25
reflections
collected/unique/
observed [I>2s(I)]

7253/1568/1520 5636/1579/1508 17 001/1907/1714 10750/1580/1505 15290/2227/1996

data/restraints/parameters 1568/0/162 1579/1/176 1907/0/204 1580/0/185 2227/0/231
goodness of fit on F2 1.038 1.058 1.062 1.104 1.075
final R indices [I>2s(I)] R1 =0.0334

wR2 =0.0835
R1 =0.0341
wR2 =0.0847

R1 = 0.0327
wR2 =0.0815

R1 =0.0506
wR2 =0.1299

R1 =0.0677
wR2 =0.1383

R indices (all data) R1 =0.0348
wR2 =0.0845

R1 =0.0362
wR2 =0.0859

R1 = 0.0372
wR2 =0.0838

R1 =0.0531
wR2 =0.1313

R1 =0.0788
wR2 =0.1433

Figure 6. Crystal structure illustrations; a)–e) supramolecular PAM syn-
thon W found in the crystal structures of Ala.4MeCin, Ala.Cin, Val.4Me-
Cin, Val.Cin, and Ile.4MeCin, respectively, and f)–j) the parallel packing
of the 1D chains in the corresponding crystal structures; lattice included
CHCl3 is shown in space filling model.
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which was synthesized from diethyl ether. Interestingly, the
XRPD patterns of the bulk solid and the xerogel are near
super-imposable, indicating the identical nature of the crys-
tal packing in both the states. However, in the absence of a
solvate-free crystal structure of Val.4MeCin, it is not possi-
ble to comment with certainty on the supramolecular syn-
thon present in the corresponding xerogel or bulk solid.

Organic Salts as Supramolecular Container of Sex
Pheromones

It was realized during the course of the current study that
three of the l-amino acid methyl esters, namely valine-, leu-
cine-, and isoleucine-methyl esters, are the sex pheromones
of certain pests.[31] The DpKa range of the corresponding
acids and amines (2.57–3.57) for the prepared salts indicates
that these salts could be labile.[32] The volatile l-amino acid
methyl ester moieties might be released to the atmosphere
thereby making these salts supramolecular, slow release,
sex-pheromone containers. Analysis of FT-IR and 1H NMR
spectroscopies of Val.4MeCin recorded over time, supports
this fact (Figure 8); over time a new band at ñ= 1680 cm�1

(COOH) emerges and the bands at ñ= 1746 cm�1 (C=O of
ester) and ñ= 1640 cm�1 (COO�) slowly diminish, indicating
the release of the sex pheromone valine methyl ester. A

similar observation can be made for the 1H NMR spectra;
the singlet peak at d=3.74 ppm for ester methyl protons
slowly disappears with time, whereas the corresponding pro-
tons of the 4-Me group of the cinnamate moiety remain un-
changed.

Conclusions

An easy access to chiral gelators by following a supramolec-
ular synthons-based design strategy has been demonstrated.
The fact that 87.5 % of the salts prepared herein have the
tendency to form moderate to good gels with various sol-
vents clearly emphasizes the power of the supramolecular
synthon approach in designing new gelators. The exclusive
presence of the 1D PAM synthon W in the single crystal
structures of the five gelator salts and the XRPD studies on
some selected gelator salts, indicates that the PAM synthon
appears to be responsible for the gelation abilities of the
salts prepared from various l-amino acid methyl esters and
cinnamic acid derivatives. Although the PAM synthon pro-
vided the required 1D HBN for gelation, the l-amino acid
moieties afforded chirality to give easy access to chiral gela-
tors. The anti-solvent induced gelation observed for these
gelator salts and the structure–property correlation studies
clearly demonstrate that the gelation is indeed an aborted
crystallization phenomenon and that the supramolecular in-
formation (supramolecular synthon) already embedded in
the neat crystal structures might play a crucial role in
SAFIN formation, which ultimately leads to the formation
of a gel under suitable conditions. However, to improve the
strategies for designing LMWGs, detailed understanding is
needed of other parameters, such as the nucleation of gel-
fiber formation, gel-fiber self assembly leading to SAFIN,
and interactions of the SAFINs with the targeted solvents to
form a gel. The fact that some of the salts can be used as
supramolecular containers for the slow release of pest sex

Figure 7. XRPD patterns of some selected gelators under various condi-
tions; the xerogels of Val.Cin and Ile.4MeCin are prepared from toluene,
whereas Val.4MeCin is made from p-xylene.

Figure 8. a) FT-IR spectra and b) 1H NMR spectra of Val.4MeCin record-
ed at various time intervals.
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pheromones is intriguing and clearly emphasizes the merit
of crystal engineering in designing materials with multiple
properties.

Experimental Section

Materials and Methods

All the chemicals (Aldrich) and solvents (A.R. grade, S.D. Fine Chemi-
cals, India) are commercially available and were used without any further
purification. The petrol used in the gelation experiments was purchased
from the local market. Microanalyses were performed by using a Perkin–
Elmer elemental analyzer 2400, Series II. The FT-IR spectra were record-
ed by using a Perkin–Elmer Spectrum GX. The powder X-ray patterns
were recorded by using a XPERT Philips (CuKa radiation, l=1.5418 �)
diffractometer. The scanning electron microscopy (FT-SEM) was per-
formed by using a JEOL; JSM-6700F microscope. The single crystal X-
ray diffraction data were recorded by using a BRUKER AXS, SMART
APEX II.

Preparation of Salts

Amino acid esters, namely glycine methyl ester hydrochloride, alanine
methyl ester hydrochloride, valine methyl ester hydrochloride, leucine
methyl ester hydrochloride, and phenylalanine methyl ester hydrochlo-
ride were purchased from Aldrich. Crude isoleucine methyl ester hydro-
chloride was prepared by following the literature procedure.[33] Free
amino acid methyl ester was prepared by treating the aqueous solution
of the corresponding amino acid methyl ester hydrochloride with an
aqueous solution of K2CO3 (2.0 m) followed by extraction into a diethyl-
ether layer, which was subsequently dried over anhydrous Na2SO4. The
organic layer containing the free amino acid methyl ester was then react-
ed with the corresponding cinnamic acid derivative and, upon evapora-
tion of the ether layer using an aspirator pump; the corresponding cinna-
mate salt was isolated and subjected to various physico-chemical analyses
(Supporting Information) and gelation tests.

Rheological Studies

Dynamic rheological experiments were performed by using an AR2000
stress-controlled rheometer (TA Instruments). The samples were run at
25 8C by using cone-and-plate geometry (40 mm diameter, 28 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 by means of the NG-7 (30 m) beam-
line at NIST in Gaithersburg, MD. Neutrons with a wavelength of 6 �
were selected. Three sample–detector distances were used to obtain data
over a range of wave vectors from 0.004 to 0.4 ��1. Samples were studied
in 2 mm quartz cells at 25 8C. 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=

(4 p sin ACHTUNGTRENNUNG(q/2))/l, for which l is the wavelength of incident neutrons and q

is the scattering angle.

Crystal Structures

CCDC 776090 (Ala.Cin), 776089 (Ala.4MeCin), 776091 (Ile.4MeCin),
776093 (Val.Cin), and 776092 (Val.4MeCin) contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre at
www.ccdc.cam.ac.uk/data_request/cif.
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Analytical data of the compounds synthesized 
 
Phe.Cin phenyl alanine methyl ester cinnamate – mp 110°C, Anal. Calc. For C19H21NO4: C, 69.71; H,6.47; 
N,4.28. Found: C, 69.66; H,6.47; N, 4.64%. FT-IR (KBr): 3472, 2925, 2672, 2145, 1745 (>C=O of ester), 1639 
(COO-), 1524, 1496, 1450, 1385, 1323, 1290, 1245, 1209, 1081, 986, 883, 850, 780, 753, 718, 702, 587, 513, 442 
cm-1. 1H NMR (CD3OD) (200MHz) δ = 7.575-7.496 (m, 3H), 7.377-7.195 (m, 8H), 6.490 (d, 16.2, 1H), 4.008 (t, 
1H, J = 6.80Hz), 3.722 (s, 3H), 3.188-2.979 (m, 2H).  
 
Phe.4MeCin phenyl alanine methyl ester 4-methylcinnamate: mp 118°C, Anal. Calc. For C20H23NO4: C,70.36; 
H,6.79; N,4.10. Found: C, 70.63; H,6.78; N, 3.89%. FT-IR (KBr): 3755, 3449, 2950, 2370, 2112, 1752 (>C=O of 
ester), 1641 (COO-), 1536, 1443, 1387, 1289, 1220, 1088, 1034, 989, 817, 742, 705, 527, 492, 421 cm-1. 1H NMR 
(CD3OD) (200MHz) δ = 7.589- 7.181 (m, 10H), 6.424 (d, 1H, J = 16.2), 4.02-3.93 (m, 1H). 3.723 (s, 3H), 3.179-
2.953 (m, 2H). 2.348 (s, 3H) 
 
#Phe.4ClCin phenyl alanine methyl ester 4-chlorocinnamate: mp 106°C, FT-IR (KBr): 3474, 2951, 2360, 2123, 
1748 (>C=O of ester), 1642 (COO-), 1538, 1493, 1443, 1408, 1377, 1287, 1226, 1086, 985, 948, 923, 828, 730, 
702, 659, 596, 535, 496, 450, 420cm-1. 1H NMR (CD3OD) (200MHz) δ = 7.571-7.201 (m, 10H), 6.488 (d, 1H, J = 
16.2 Hz), 4.050 (t, 1H, J = 6.7 Hz), 3.736 (s, 3H), 3.208-2.994 ( m, 2H). 
 
Ala.4BrCin alanine methyl ester 4-bromocinnamate mp 110°C, Anal. Calc. For C19H20BrNO4: C,56.17; H,4.96; 
N,3.45. Found: C,56.22; H,4.69; N, 2.85%. FT-IR (KBr): 3469, 2953, 2658, 2118, 1742 (>C=O of ester), 1641 
(COO-), 1532, 1490, 1441, 1405, 1385, 1288, 1234, 1209, 1072, 1009, 985, 849, 820, 726, 701, 634, 535, 488, 
428 cm-1. 1H NMR (DMF-d7) (300MHz) δ = 7.908-7.790 (m, 5H), 7.496-7.368 (m, 5H), 6.831 (d, 1H, J = 16.02,), 
3.843 (t, 1H, J = 6.63Hz), 3.805 (s, 3H), 3.162- 2.970 (m, 2H). 
 
Leu.Cin leucine methy lester cinnamate mp. 114-118°C, Anal. Calc. For C16H23NO4: C,65.51; H,7.90; N,4.77. 
Found: C,65.31; H,7.83; N, 5.24%. FT-IR (KBr): 3489, 2961, 2872, 2185, 1753 (>C=O of ester), 1640 (COO-), 
1615, 1495, 1375, 1269, 1245, 1188, 1127, 1093, 1016, 986, 881, 829, 776, 721, 689, 585, 539, 440 cm-1. 1H 
NMR (CDCl3) (300MHz) δ = 7.702 (d, 1H, J = 15.933Hz), 7.545-7.523 (m, 2H), 7.387-7.369 (m, 3H), 6.456 (d. 
1H, J = 15.93 Hz), 3.797-3.665 (m, 4H), 1.849-1.553 (m, 3H), 0.959- 0.927 (m, 6H). 
 
#Leu.4MeCin leucine methyl ester 4-methylcinnamate mp. 132-134°C, FT-IR (KBr): 3484, 2956, 2872, 2361, 
2341, 2175, 1749 (>C=O of ester), 1641 (COO-), 1569, 1514, 1482, 1440, 1413, 1377, 1272, 1251, 1193, 1126, 
1092, 1044, 1019, 987, 881, 856, 820, 775, 711, 646, 539, 525, 494, 441 cm-1. 1H NMR (CDCl3) (300MHz) δ = 
7.674 (d, 1H, J = 15.96), 7.378 (d, 2H, J = 7.98), 7.138 (d, 2H, J = 7.89Hz), 6.336 (d, 1H, J = 15.96Hz), 3.786-
3.660 (m, 4H), 2.314 (s, 3H), 1.836-1.432 (m, 3H), 0.910-0.846 (m, 6H).  
 
Leu.4ClCin leucine methyl ester 4-chlorocinnamate mp. 136 -140°C, Anal. Calc. for C16H22ClNO4: C,58.62; 
H,6.76; N,4.27. Found: C,58.31; H,6.41; N, 4.32 %. FT-IR (KBr): 3487, 2961, 2928, 2873, 2363, 2174, 1752 
(>C=O of ester), 1643 (COO-), 1612, 1523, 1493, 1407, 1375, 1268, 1244, 1192, 1128, 1088, 1015, 985, 887, 828, 
732, 662, 538, 496, 453 cm-1. 1H NMR (CD3OD) (300MHz) δ = 7.55-7.36 (m, 5H), 6.49 (d, J = 16.2Hz, 1H), 3.80 
(s, 1H), 3.31-3.29 (m, 1H), 1.76-1.61 (m, 3H), 0.99-0.95 (m, 6H) 
 



Leu.4BrCin leucine methyl ester 4-bromocinnamate mp. 126° C. Anal. Calc. for C16H22BrNO4: C, 51.62; H, 5.96; 
N, 3.76. Found: C,52.63; H, 6.27; N, 4.05 %. FT-IR (KBr): 3485, 2955, 2929, 2872, 2359, 2171, 1749 (>C=O of 
ester), 1643 (COO-), 1614, 1521, 1490, 1405, 1379, 1270, 1228, 1127, 1072, 1010, 985, 885, 823, 728, 633, 536, 
490, 440 cm-1. 1H NMR (CD3OD) (300MHz) δ = 7.46-7.32 (m, 5H), 6.43 (d, 1H, J = 18 Hz), 3.71 (s, 3H), 3.24-
3.22 (m, 1H), 1.70-1.48 (m, 3H), 0.91-0.87 (m, 6H).  
 
Val.Cin valine methyl ester cinnamate mp. 118°C, Anal. Calc. for C15H21NO4: C, 64.50; H,7.58; N,5.01. Found: 
C, 64.56; H, 7.57; N, 4.81%. FT-IR (KBr): 3475, 2972, 2937, 2172, 1743 (>C=O of ester), 1642 (COO-), 1612, 
1531, 1448, 1379, 1290, 1233, 1114, 1053, 986, 883, 845, 774, 720, 689, 586, 536, 485, 420 cm-1. 1H NMR 
(CDCl3) (300MHz) δ = 7.713 (d, 1H, J = 15.96Hz), 7.547-7.526 (m, 2H), 7.391-7.381 (m, 3H), 6.454 (d, 1H, J = 
15.96), 3.746 (s, 3H), 3.529 (d, J = 4.62, 1H), 2.184-2.123 (m, 1H), 1.01 (d, 3H, J = 6.6 Hz), 0.96 (d, 3H, J = 6.6) 
 
Val.4MeCin valine methyl ester 4-methylcinnamate mp. 116-12 2°C, Anal. Calc. for C16H23NO4: C,65.51; 
H,7.90; N,4.77. Found: C, 65.08; H, 7.78; N, 4.83%. FT-IR (KBr): 3473, 2969, 2360, 2145, 1746 (>C=O), 1640 
(COO-), 1514, 1440, 1375, 1287, 1259, 1205, 1110, 1052, 991, 884, 852, 821, 774, 746, 708, 525, 494, 430 cm-1. 
1H NMR (CDCl3) (300MHz) δ = 7.71 (d, 1H, 15.9 Hz), 7.43 (d, 2H, J = 8.1 Hz), 7.19 (d, 2H, J = 8.1), 6.39 (d, 1H, 
J = 15.9 Hz), 3.75 (s, 3H), 3.53 (br s, 1H), 2.37 (s, 3H), 2.22-2.14 (m, 1H), 1.02 (d, 3H, J = 6.9), 0.97 (d, 3H, J = 
6.9 Hz) 
  
Ala.Cin alanine methyl ester cinnamate mp. 104°C, Anal. Calc. for C13H17NO4: C,62.14; H,6.82; N,5.57. Found: 
C, 61.19; H, 6.36; N, 5.42 %. FT-IR (KBr): 3490, 3025, 2957, 2822, 2742, 2613, 2360, 2177, 1752 (>C=O of 
ester), 1643 (COO-), 1616, 1549, 1495, 1449, 1378, 1287, 1249, 1222, 1122, 1071, 1028, 983, 908, 884, 843, 779, 
755, 722, 689, 585, 538, 484, 415 cm-1. 1H NMR (CDCl3) (300MHz) δ = 7.690 ( d, 1H, J = 15.9 Hz), 7.558-7.526 
(m, 2H), 7.396-7.375 (m, 3H), 6.479 ( d, 1H, J = 15.9 Hz), 3.907 (m, 1H), 3.765 (s, 3H), 1.53 (d, 3H, J = 7.11 Hz) 
 
Ala.4MeCin alanine methyl lester 4-methylcinnamate mp. 118-122°C, Anal. Calc. for C14H19NO4: C,63.38; 
H,7.22; N,5.28. Found: C, 63.35; H, 6.94; N, 5.16 %. FT-IR (KBr): 3492, 3008, 2638, 2359, 2185, 1754 (>C=O of 
ester), 1644 (COO-), 1547, 1495, 1377, 1285, 1222, 1123, 1033, 987, 910, 884, 845, 819, 755, 708, 523, 496 cm-1.  
1H NMR (CDCl3) (300MHz) δ = 7.709 (d, 1H, J = 15.96 Hz), 7.452 (d, 2H, J = 7.92 Hz), 7.210 (d, 2H, J = 7.83 
Hz), 6.422 (d, 1H, J = 15.93), 3.915 (q, 1H, J = 7.09). 3.76 (s, 3H), 2.392 (s, 3H), 1.539 (d, 3H, J = 7.11 Hz) 
 
Ile.Cin isoleucine methyl ester cinnamate mp. 92°C, Calc. for C16H23NO4: C,65.51; H,7.90; N,4.77. Found: 
C,65.53; H,8.01; N,5.34 %. FT-IR (KBr): 2970, 2359, 2167, 1750 (>C=O of ester), 1641 (COO-), 1619, 1521, 
1496, 1449, 1379, 1287, 1249, 1199, 1151, 1107, 1083, 1025, 991, 912, 882, 846, 775, 717, 688, 585, 536, 484, 
439 cm-1

.
 1H NMR (CDCl3) (300MHz) δ = 7.671 (d, 1H, J = 15.93Hz), 7.490-7.459 (m, 2H),  7.334 -7.314 (m, 

3H), 6.387 (d, 1H, J= 15.96 Hz), 3.663 (s, 3H), 3.568 (d, 1H, J = 3.63 Hz), 1.845 (br, 1H), 1.428-1.166 (m, 3H), 
0.935-0.806 (m, 6H).   
 
Ile.4MeCin isoleucine methylester p-methylcinnamate mp. 106-108°C, Calc. for C17H25NO4: C,66.43; H,8.20; 
N,4.56. Found: C,67.02; H,8.07; N,4.68 %. FT-IR (KBr): 3482, 2973, 2933, 2735, 2640, 2155, 1749 (>C=O of 
ester), 1638 (COO-), 1570, 1515, 1491, 1413, 1375, 1288, 1251, 1200, 1159, 1102, 1084, 1022, 992, 970, 882, 849, 
820, 777, 747, 708, 649, 524, 494, 441 cm-1

. 1H NMR (CDCl3) (300MHz) δ = 7.69 (d, 1H, J = 15.72 Hz), 7.430 (d, 
2H, J = 7.77 Hz),  7.190 (d, 2H, J = 7.59 Hz), 6.404 (d, 1H, J = 15.81 Hz), 3.738 (s, 3H), 3.584 (br s, 1H), 2.372 (s, 
3H), 1.872 (br, 1H), 1.465-1.217 (m, 3H), 0.984-0.894 (m, 6H).   
 



Ile.4ClCin isoleucine methylester p-chlorocinnamate mp. 108-110°C, Calc. for C16H22ClNO4: C,58.62; H,6.76; 
N,4.27. Found: C,58.94; H,6.19; N,3.92 %. FT-IR (KBr): 3477, 2970, 2934, 2362, 2148, 1748 (>C=O of ester), 
1643 (COO-), 1613, 1520, 1492, 1407, 1374, 1283, 1250, 1229, 1199, 1088, 1014, 987, 883, 827, 788, 731, 660, 
536, 496, 452 cm-1; 1H NMR (CD3OD) (300 MHz) delta = 7.55-7.35 (m, 5H), 6.49 (d, 1H, J = 1599 Hz), 3.77 (s, 
3H), 3.72 (t, 1H, J = 4.50 Hz), 1.88-1.83 (m, 1H), 1.52-1.24 (m, 2H), 0.98-0.93 (m, 6H). .  
 
Ile.4BrCin isoleucine methyl ester 4-bromocinnamate mp. 108-110°C, Calc. for C16H22BrNO4: C,51.62; H,5.96; 
N,3.76. Found: C,51.14; H,5.46; N,3.51 %. FT-IR (KBr): 3482, 2968, 2636, 2364, 2194, 1907, 1749 (>C=O of 
ester), 1640 (COO-), 1567, 1491, 1441, 1404, 1371, 1318, 1281, 1225, 1168, 1105, 1072, 1008, 983, 909, 876, 821, 
791, 747, 723, 682, 633, 537, 489 cm-1

.
 1H NMR (CD3OD) (300 MHz) delta = 7.54-741 (m, 5H), 6.50 (d, 1H, J = 

15.90), 3.77 (s, 3H), 3.71 (d, 1H, J = 4.50), 1.88-1.82 (m, 1H), 1.52-1.24 (m, 2H), 0.98-0.92 (m, 6H).  
 
# The elemental analysis for these two particular salts happened to be inconsistent presumably due to the fact that 
the cationic moieties of all these salts reported herein were found to be labile as detailed 1H NMR and FT-IR 
studies on one of the selected salts namely Val.4MeCin established. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
Molecular Plots and Hydrogen Bonding Parameters for the compounds 
 
Compound: Ala.Cin 
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D—H···A D—H H···A D···A D—H···A 
Ala.Cin 
N18—H18A···O1i 0.91 2.00 2.8023 (17) 146 
N18—H18B···O1ii 0.91 1.81 2.706 (2) 167 
N18—H18C···O2iii 0.91 1.84 2.7137 (19) 161 
Symmetry codes: (i) x+1/2, −y+3/2, −z; (ii) x, y−1, z; (iii) x+1, y−1, z 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Compound: Ala4Me.Cin  
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Ala4Me.Cin 
N19—H19A···O2i 0.91 1.98 2.794 (2) 149 
N19—H19B···O2ii 0.91 1.82 2.717 (2) 168 
N19—H19C···O1iii 0.91 1.81 2.689 (2) 162 
Symmetry codes: (i) x+1, y, z+1; (ii) −x, y−1/2, −z+1; (iii) −x, y+1/2, −z+1 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Compound: Val.Cin 
 
 
 
 
 
 
 
 

 
 
 
 
 
 O

O(2)
C(3)

C(4)
C(5)

C(6)

C(7)

C(8)C(9)

C(10)

C(11)

C(12)

O(13)

C(15)

O(14)

C(16)

C(17)

C(18)

C(19)

N(20)

(1)
 

 
Val.Cin 
N20—H20A···O2 0.91 1.88 2.763 (4) 162 
N20—H20B···O2i 0.91 1.95 2.788 (3) 153 
N20—H20C···O1ii 0.91 1.85 2.753 (4) 173 
Symmetry codes: (i) x−1/2, −y+1/2, −z+2; (ii) x−1, y, z. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Compound: Val.4MeCin 
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Val4MeCin 
N21—H21A···O1 0.91 1.82 2.722 (6) 169 
N21—H21B···O2i 0.91 1.86 2.733 (5) 159 
N21—H21C···O2ii 0.91 1.91 2.752 (6) 152 
Symmetry codes: (i) x+1/2, −y+3/2, −z+2; (ii) x+1, y, z 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Compound: Ile.4MeCin 
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Ile4MeCin 

N22—H22A···O2i 0.89 1.91 2.789 (2) 169 
N22—H22B···O1ii 0.89 1.82 2.703 (2) 175 
N22—H22C···O2iii 0.89 1.93 2.782 (2) 158 
Symmetry codes: (i) x−1/2, −y+1/2, −z+1; (ii) x−1, y+1, z+1; (iii) x, y+1, z+1 
 


