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ABSTRACT: The major driving force for organogelation is known to be hydrogen
bonding for gelators containing functional groups capable of forming hydrogen
bond(s). In order to examine this, we have investigated the gelation behavior of two
4-(N-tetradecanoyl)aminohydroxybutanoic acid amphiphiles in a series of organic
solvents and compared with those of the corresponding unsubstituted amphiphile 4-
(N-tetradecanoyl)aminobutanoic acid (C,,-ABA). The gelation ability of the
nonhydroxyl amphiphile C;,-ABA was found to be better than the hydroxyl group
substituted amphiphiles. An attempt was also made to correlate gelation abilities of
the amphiphiles with the solvent polarity parameters. The driving force for the
gelation was studied by Fourier transform infrared and '"H NMR spectroscopy. The
organogels were characterized by electron microscopy and XRD. The thermal

stability of the gels was investigated by measuring the sol-to-gel transition
temperature. Rheological measurements were performed in order to determine the mechanical stability of the organogels.
The gelation ability and thermal and mechanical stability of the organogels were correlated with the intermolecular hydrogen-

bonding interactions between amphiphile head groups.

1. INTRODUCTION

Organogels are colloidal semisolid systems, in which an organic
liquid phase is immobilized by a three-dimensional (3-D)
network composed of self-assembled, intertwined gelator fibers
where the solvent gets trapped via surface tension and capillary
forces."* The last three decades have witnessed a tremendous
growth of interest in the design and synthesis of low-molecular-
weight gelator molecules. As a result, a great many structurally
diverse small gelator molecules have been developed.* >° Even
today a majority of the research activities is directed toward
identifying potential chemical architectures that will lead to
gelation of a liquid. However, the fundamental understanding
of the structure—activity relationship is still limited. Never-
theless, it is now well understood that an effective gelator
molecule should have functional groups that interact with each
other through attractive forces. Indeed, the gelation process is
induced by several noncovalent weak forces, such as hydrogen-
bonding (H-bonding), van der Waals (vdW), z—z, and
electrostatic interactions, solvophobic effects, etc., depending
upon the nature of the gelator molecule.'™* Therefore,
understanding the role of these attractive and noncovalent
weak forces is essential for designing molecular gelators that
will gel a given liquid.

The long-chain fatty acids and their salts in which vdW
interactions influence the gelation ability to a large extent are
well-known as good gelaltors.31’32 In general, the gelation
capacity of amphiphilic gelators increases with the increase in
the vdW interaction.>>™>¢ Along with the vdW interactions,
chirality also plays an important role in the gelation
process.>”~* Though it has been proved that chirality is not
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mandatory for gelation, it enhances the gelation ability due to
strong homochiral interaction.”®** The gelation ability of
amphiphilic gelators is also greatly influenced by the nature of
the headgroup.**** In fact, in amphiphilic gelators, hydro-
philic—lipophilic balance is an important factor for the gelation
process. Thus, the change in polarity of the headgroup of the
amphiphiles can also influence its gelation behavior. The fatty
acid urido derivatives of polar amino acids, for example, L-
aspartic acid (1-Asp) and L-serine (L-Ser), are good organo-
gelators.** On the other hand, the fatty acid urido 1-Ser alkyl
ester is an efficient hydrogelator.*®

When a H-bonding group is present in the gelator molecule,
the main driving force for self-assembly formation is the
intermolecular H-bonding between the gelator molecules.
Thus, the H-bonding group facilitates the formation of a 3-D
network structure responsible for immobilization of the liquid.
However, it should be remembered that strong H-bonding
interaction affects gelation in organic solvents. For example, we
have shown that fatty acid urido derivatives of r-alanine or f-
alanine are either insoluble or get precipitated in organic
solvents because of the strong intermolecular H-bonding
between urea (—-NHCONH-) groups of adjacent molecules.
However, these amphiphiles could gel the same solvent when a
trace amount of H-bonding impurities, such as methanol, urea,
water, etc., was added to it.>* In contrast, the corresponding
amide derivative 3-(N-tetradecanoyl)aminopropanoic acid
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(C4-APA) with —CONH- as the H-bonding group was
observed to gel organic solvents efﬁaently at a concentration
<1.3% w/v at room temperature.*’ The presence of a second
H-bonding group in the amphiphile also greatly influences the
gelation process. It has been reported that the gelation ability of
stearic acid is very low but it increases when a hydroxyl (—OH)
group is introduced into its structure. Thus, 12-hydroxy-
octadecanoic acid (12-HSA) and its related salts are good
organogelators.**™* Here the incorporation of a second H-
bonding group in the hydrocarbon tail influences the gelation
ability to a major extent as the —OH group facilitates aggregate
formation via intermolecular H-bonding. When the —OH
group is replaced by a keto group, the gelation ability of the
molecule decreased remarkably due to the loss of H-bonding
interaction.®® The efficient gelation of organic solvents by a
series of L-Ser-based long chain bis-urea derivatives was
reported by Polak and Lu.>' The presence of a third —OH
group offers the potential for additional H-bonding interaction
beyond those formed between the —-NHCONH-— groups and
between —COOH groups. We have also shown that unlike fatty
acid urido derivatives of L-alanine or f-alanine the fatty acid
urido derivative of L-Asp could gel organic solvent in the
absence of any H-bonding additive.** The intramolecular H-
bonding between —COOH (or —OH) and —NHCONH-—
groups in the amphiphile enhances its solubility in the solvent,
thus facilitating gelation.

Further, on the basis of observation that N-alkanoyl-L-alanine
methyl ester amphiphile failed to gel organic solvents, it was
concluded that for gelation of organic solvents by N-alkanoyl-L-
alanine amphiphiles H-bonding interaction between the
COOH head groups is required.”>*>** Indeed, the correspond-
ing p-alanine derlvatlve has also been reported to form gel in
organic solvents.*’ In order to examine the role of H-bonding
at the headgroup of the amphiphile on the gelation process,
recently we studied the gelation behavior of a series of amide
amphiphiles having the same hydrocarbon chain length (Cy,)
but with —COOH, —OH, —NH,, or —N(CHj;), functionalities
as the headgroup.”* These molecules, except the one with the
—N(CH,), headgroup, efficiently gelled aromatic solvents,
which suggested that a H-bonding group at the amphiphile
head is a must for gelation. It was observed that the H-bonding
interaction at the headgroup of an amphiphile actually
modulates the gelation capacity of the amphiphile. In a work
published earlier, we have shown that the methyl ester of N-(n-
tetradecylcarbamoyl)-L-alanine gels organic solvents which
means that H-bonding at the headgroup is not essential for
gelation.® In other words, the presence of a second H-bonding
functional group at the amphiphile head only assists gelation
through secondary H-bond(s) formation. From these studies,
one can conclude that perhaps failure to gel organic solvents by
N-alkanoyl-L-alanine methyl ester amphiphile is due to steric
hindrance at the amino acid headgroup, which prevents close
approach of the molecules and thus inhibits amide—amide H-
bonding. In fact, the failure to gel organic liquids by N-(2-N,N-
dimethylaminoethyl)tetradecanamide as discussed above can
also be explained by the steric hindrance of the —N(CHj;),
headgroup, which destroys the amide—amide H-bonding
interaction and hence its gelation ability. Recent literature
reports show that steric crowding in the bulky headgroup
inhibits the self-assembly formation by the amphiphiles via H-
bonding and/or vdW interactions.>>** This makes the
amphiphiles behave like non-gelators or very weak gelators.
According to some literature reports, in the case of fatty acid

amides of L-valine and L-leucine, increasing the lipophilicity of
the headgroup inhibited the fatty acid amides from forming
efficient gel networks.’® Similarly, the fatty acid urido
derivatives of the amino acids with a bulky nonpolar headgroup
failed to gel any organic solvent.

In order to examine the effect of steric crowding as well as
the effect of a third H-bonding site in the amino acid headgroup
on the gelation behavior, an —OH group was integrated into
the spacer chain between —COOH and —CONH— groups
of 4-(N-tetradecanoyl)-aminopropanoic acid (C;,-ABA) at two
different positions to obtain two novel amphiphiles, 4-(N-
tetradecanoyl)amino-2-hydroxybutyric acid (C;,-A2HBA) and
4-(N-tetradecanoyl)amino-3-hydroxybutyric acid (C,,-
A3HBA). In effect, this has introduced a chiral center in the
spacer chain of C,,-ABA. It should be noted, however, that the
amphiphile C;,-A3HBA employed in this work is not
enantiomerically pure. The C,,-~A3HBA amphiphile is a racemic
compound, and thus, the effect of chirality, if any, on gelation is
expected to be absent. In fact, lower gelation abilities of racemic
gelators in comparison to enantiomerically pure compound
have been reported in the literature.”> The molecular structures
(Scheme 1) of the amphiphiles suggest that there will be a

Scheme 1. Reaction Scheme for the Synthesis of the C, -
AHBA Amphiphiles
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steric crowding in the headgroup for both C,,-A2HBA and C,-
A3HBA gelators. Further, the —OH group can inhibit
intermolecular H-bonding interactions between the —
CONH— groups. The steric hindrance is expected to be
larger in the case of C;,-~A3HBA because the —OH group is
closer to the —NHC=O0 group. The purpose of this study is
therefore to study the effect of the polar —OH group on the
gelation properties of unsubstituted C,,-ABA amphiphile.

2. EXPERIMENTAL SECTION

1. Materials. 4-Aminobutyric acid (4-ABA), S-(—)-4-
amino-2-hydroxybutyric acid (A2HBA), 4-amino-3-hydroxybu-
tyric acid (A3HBA), n-tetradecanoyl chloride, mesitylene
(Ph(Me);), and chloroform-d were purchased from Sigma-
Aldrich (Bangalore, India). The organic solvents, such as n-
hexane (n-C¢H,,), cyclohexane (C4H,,), benzene (PhH),
toluene (PhMe), o-xylene (o-Ph(Me),), m-xylene (m-Ph-
(Me),), p-xylene (p-Ph(Me),), chlorobenzene (PhCl), and
nitrobenzene (PhNO,), were purchased from Spectrochem,
India. Tetrahydrofuran (THF), chloroform (CHCl;), and
tetrachloromethane (CCl,) were purchased from Merck
(Mumbai, India). Analytical grade hydrochloric acid and
triethylamine (TEA) were procured from SRL, Mumbai.
Ethanol (EtOH), THF, and TEA were dried and freshly
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distilled before use. All the gelators employed in this study were
synthesized in the laboratory as described below.

2.2. Synthesis of Gelator Molecules. The gelators C,-
A2HBA and C;-A3HBA were synthesized following the
procedure described in our previous paper.*> Briefly,
4A2HBA and 4A3HBA were stirred with tetradecanoyl chloride
in the presence of TEA at room temperature for 8 h (Scheme
1) using THF as solvent. The product which appeared as a
white precipitate was recrystallized from an EtOH/H,0 (80:20
v/v) mixture. The chemical structure of the amphiphiles was
determined by Fourier transform infrared (FT-IR) and 'H
NMR spectra and elemental analysis. The FT-IR spectra of
both C,;,-A2HBA and C,,-A3HBA are given in Figures S1 and
S2 of the Supporting Information, and the '"H NMR spectra of
C,4-A2HBA have been introduced as a representative 'H NMR
in Figure S3 of the Supporting Information.

4-(N-Tetradecanoyl)aminobutanoic Acid. (C,,-ABA)
Yield: 78%; m.p. 137—140 °C. FT-IR (KBr, cm™): 3306
(amide A), 1691 (amide I), 1545 (amide II), 1714 (C=0 of
acid). '"H NMR: &y in ppm (CDCly, ppm) 0.89 (3H, t, J 11.6,
CH,), 1.28 (20H, m, alkyl chain), 1.61 (2H, m, CH,CH,CO),
1.82 (2H, m, NHCH,CH,), 2.19 (2H, t, J 10.1, CH,CH,CO),
223 (2H, t, J 9.2, CH,CH,COOH), 321 (2H, t, J 10.2,
CH,CH,COOH). CHN Analysis: Calcd (%) for C;sH;sNO;:
C, 68.97%; H, 11.25%; N, 4.47%. Found: C, 68.50%; H,
11.40%; N, 4.62%.

4-(N-Tetradecanoyl)amino-2-hydroxybutyric Acid. (Ci,-
A2HBA) Yield: 75%; m.p. 84—85 °C. FT-IR (KBr, cm™):
3550 (—OH broad), 3308 (amide A), 1686 (amide I), 1559
(amide II), 1718 (C=0 of acid). '"H NMR: & in ppm (D,0/
NaOD, ppm) 0.76 (3H, t, J 11.6, CH;), 1.18 (20H, m, alkyl
chain), 1.47 (2H, m, CH,CH(OH)COOH), 2.05 (2H, t, J 8.0,
CH,CH,CO), 3.16 (2H, m, NHCH,CH,), 3.92 (1H, q, ] 9.6,
CH,CH(OH)COOH). CHN Analysis: Calcd for CgH;NO,:
C, 65.62%; H, 10.71%; N, 4.25%. Found: C, 6531%; H,
10.84%; N, 4.30%.

4-(N-Tetradecanoyl)amino-3-hydroxybutyric Acid. (C,,-
A3HBA) Yield: 75%; m.p. 80—82 °C. FT-IR (KBr, cm™)
3554 (—OH broad), 3428 (amide A), 1698 (amide I), 1560
(amide II), 1701 (C=0 of acid). '"H NMR: & in ppm (400
MHz, CDCl;) 0.89 (3H, t, J 10.9, CH;), 1.29 (20H, m, alkyl
chain), 2.18 (2H, t, J 8.2, CH,CH,CO), 2.51, 2.33 (2H, dd, J
72, 10.2, CH(OH)CH,COOH), 3.36, 3.22 (2H, dd, J S6, 9.8,
CONHCH,), 4.17 (1H, m, CH(OH)CH,COOH). CHN
Analysis: Caled for CgH3NO,: C, 65.62%; H, 10.71%; N,
4.25%. Found: C, 65.80%; H, 10.74%; N, 4.32%.

2.3. Methods and Instrumentation. An Instind (Kolka-
ta) melting point apparatus was used to measure the melting
point, and the measurements were carried out using open
capillaries. The FT-IR spectra were measured with a
PerkinElmer (Model Spectrum Rx I) spectrometer. The '‘H
NMR spectra were recorded on a Bruker AVANCE DAX-400
(Bruker, Sweden) 400 MHz instrument in CDCl; solvent with
TMS as a reference standard. All measurements were
performed at ambient temperature (~30 °C) unless otherwise
mentioned.

Gelation abilities of the amphiphiles were determined by
measuring the critical gelation concentration (CGC), which is
defined as the minimum concentration of gelator required to
gelate a unit volume of solvent. At first, a certain amount of
solid gelator is dissolved in a requisite volume of organic
solvent by heating in a hot water bath (~S0—80 °C as per
solvent’s boiling point) in a screw capped vial and then allowed

to cool at 25 °C in a temperature controlled water bath (Julabo,
Model F12). The material was considered to be a gel when it
did not flow due to gravity upon inversion of the vial.

The thermal stability of the organogels was measured by
determining the gel-to-sol transition temperature (Tgs). At Ty,
the gel is transformed into the solution (sol). Ty of the
organogels was determined by an inverted-tube experiment. A
screw capped vial containing gel was kept in a temperature-
controlled water bath (Julabo, Model F12), and the temper-
ature of the bath was gradually increased at a rate of 1 °C/min.
Then, the temperature where the gel started to flow on tilting
of the vial was noted. Each experiment was repeated at least
twice. When the melting temperature did not vary more than
*1 °C, it was recorded as Ty,

The field emission scanning electron microscope (FESEM)
images were recorded with a FESEM, Zeiss, Supra-40
instrument. At first, the gels were heated to make sol. Then,
the sol was placed on the aluminum foil and the specimen after
drying in desiccators was coated with gold particles to make a
conducting surface and finally transferred to the instrument,
operating at 5—10 kV to get the micrograph.

For XRD measurements, the organogel was placed on a glass
slide and allowed to air-dry at first and then in desiccators at
room temperature. The experiments were carried out on an X-
ray diffractometer (Pan Analytical (PW 3040/60), X’pert PRO,
Netherland) using Ni-filtered Cu Kal (154.0S pm) radiation.
The instrument was operated at a voltage of 40 kV and a
current of 30 mA. The spectrum was recorded at room
temperature between 2 and 10° in the 26 scan mode in steps of
0.02° in 20 at a scan speed of 0.001 s™".

The rheological measurements in oscillatory mode were
carried out in a 20 mm diameter parallel plate configuration
with a solvent trap and a gap of 100 ym (Model: Bohlin RS D-
100 (Malvern, UK.) rheometer). The Peltier plate on which
the sample was kept had a temperature within 25 + 0.1 °C. An
equilibration time of 30 min was allowed before taking
measurements for each sample. All measurements were taken
on matured gels after 10 h of cooling. For flow measurements
(viscosity), the gels were subjected to a preshear at 20 s for a
minute followed by equilibration for 3 min. Oscillatory stress
sweeps from 100 to 1000 Pa were carried out at a constant
frequency of 1 Hz to measure the storage modulus (G’) and
loss modulus (G”). The frequency sweep measurements were
performed in the frequency range from 0.01 to 100 Hz at a
constant stress taken from the linear viscoelastic regime which
is obtained from the stress sweep measurement.

3. RESULTS AND DISCUSSION

3.1. Gelation Behavior. Gelation abilities of the
amphiphiles were determined in terms of CGC. The results
of gelation studies using C;,-ABA, C,-A2HBA, and C,,-
A3HBA in different organic solvents are summarized in Table
1. The CGC values are also included in the table for
comparison purposes. As expected, the introduction of a
—OH group in the spacer chain reduced the gelation ability as
manifested by the lowering of the CGC value. This can be
attributed to the increased polarity and/or chirality of the
headgroup. Due to the increase in polarity of the headgroup,
the lipophilicity of the amphiphiles decreased, thus causing its
interaction with the solvent weaker in less polar organic
solvents, which reduced their gelation abilities.

3.2. Effect of Solvent Polarity. The data in Table 1 show
the variation of CGC values for any given gelator in going from
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Table 1. Gelation Behavior of C,,~A2HBA, C,,-A3HBA, and
C,4-ABA Gelators in Different Organic Solvents at 25 + 0.1
oCa

solvent C4-A2HBA C4,-A3HBA C4-ABA
n-CeHy, I I 1
C¢Hp, I I I
CHCl, S S S
CCl, S S PG
PhH 0G (2.0) 0G (2.3) 0G (1.0)
PhMe 0G (1.5) 0G (2.5) 0G (1.1)
0-Ph(Me), 0G (1.7) 0G (2.0) 0G (0.9)
m-Ph(Me), 0G (1.8) 0G (2.1) 0G (0.9)
p-Ph(Me), 0G (1.5) 0G (1.7) 0G (1.0)
Ph(Me), 0G (2.1) 0G (2.3) 0G (0.9)
PhCl 0G (2.0) 0G (2.5) 0G (1.3)
PhNO, 0G (2.5) oG (2.7) 0OG (1.0)

“Numbers within parentheses represent corresponding CGC (+0.1%
w/v) values. ], insoluble; S, soluble; PG, partial gel; OG, opaque gel.

benzene to nitrobenzene. In order to analyze the solvent effect
on the gelation ability of a gelator, we have made an attempt to
correlate the CGC values with the polarity parameters, such as
the Kamlet—Taft parameter (7*) and the dielectric constant
(¢) of different solvents.® The plots of CGC versus & (Figure
1a) for the gelators do not show any correlation, indicating that
the dielectric constant does not play any significant role in
regulating the specific gelator—solvent interactions at the
molecular level. The effect of solvent on CGC in terms of
Kamlet—Taft parameters was also studied. The Kamlet—Taft
parameter describes solvents not only in terms of the
generalized polarity parameter (7*) but also in terms of their
hydrogen bond donating () and accepting (f3) ability. As the
gelated solvents, except chlorobenzene and nitrobenzene, have
neither hydrogen bond donating nor accepting ability, the CGC
values were plotted as a function of only the #* parameter
(Figure 1b). Again, no correlation with 7* was observed for any
of the gelators.

In order to examine the gelation behavior of the gelators in
terms of the regular solution model and the solubility
parameter theory, CGC values of the gelators were also
correlated with the Hildebrand solubility parameter (§)*® and
the variation of CGC values with ¢ is shown in Figure lc. In
this case also, no correlation of gelation ability with the o
parameter could be observed in the plots.

3.3. Morphology of the Gels. For visual observation of
the microstructures formed by self-assembly of the amphiphilic
gelators, the FESEM images of the organogels were measured.
The gels were made in p-Ph(Me), solvent and then air-dried to
take the FESEM images. The images (Figure 2) reveal
formation of long ribbon-like fibers forming a 3-D network
that immobilizes the solvent. The FESEM image of the C,,-
ABA xerogel also exhibits a similar morphology of the 3-D
network, but its fibers are more flat and thinner than that of
C4-A2HBA and C -A3HBA gelators. However, the high
aspect ratio of the entangled networks in all the cases is a
consequence of a strong anisotropic growth process, which
indicates a well-ordered molecular packing to form the unit
fibers. This is evidenced by the results of XRD spectra of the
organogels.

Figure 3 shows the XRD patterns of the gel cast films of all
the gelators (in p-Ph(Me),) which exhibit periodic and sharp

reflection peaks, indicating that the gelator molecules are self-

® C A2HBA
3.01 o clLAHBA (@)
A C ABA o
2540 o .
>z o
B [}
X207 0 e
Q S
S15{e
A
A
1.0 4 A

0 5 10 15 20 25 30 35

€
33 ® C A2HBA
ol © Clasmba (b)
| A C,ABA
o)
g 2.5 . o o °
° 2.01 * .
Q O
O 151 e .
Q A
A
1.04 4, A A

04 05 06 07 08 09 1.0 1.1

T[*
3.5{70 cC A2HBA
301 @ C.asHBA (c)
V] Ao caBA R
~2.5 . . )
o [ ]
5201 o )
> o
8 1.51 R
104 .4 N A
0.5
0.04 a
18.0 185 19.0 195 20.0 20.5
5 (MPa'")

Figure 1. Variation of the CGC value of the gelators with solvent
polarity parameters: (a) dielectric constant (g), (b) Kamlet—Taft
parameter (7*), and (c) solubility parameter (5).

Figure 2. FESEM images of the air-dried gels in p-Ph(Me), of (A)
C,4-A2HBA and (B, C) C,,-ABA.

assembled into an ordered bilayer structure. The long d-spacing
of the aggregates as obtained from XRD data is 3.14 nm, as the
molecular lengths of all three gelators are the same. However,
this value is smaller than twice the molecular length (2.02 nm)
of the gelator molecule. The molecular lengths of the
amphiphiles were obtained from the energy minimized (using
the MM2 force field of ChemDraw Ultra 7 software) structures
of the amphiphiles; the distance between the fS-carbon and the
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Figure 3. X-ray diffractograms of the air-dried gels in p-Ph(Me), of C,,-ABA, C,,-A2HBA, and C,,-A3HBA.

—CH; group at the end of the hydrocarbon chain was
considered. This means that the gel aggregates consist of
repeating bilayer units in which the hydrocarbon chains are
interdigitated in the bilayer self-assembly, as shown in Figure 3.
The H-bonding interactions of the —OH and —COOH groups
between head groups of adjacent molecules in the bilayer
(Figure 4a) are more favored in C;,-A2HBA which is not

(@)

YY\ /\/\/\/\/\)J\ WOH

Figure 4. Bilayer structure of the self-assembly of (a) C,,~A3HBA and
(b) C4-A2HBA.

possible in C,-~A3HBA due to the intramolecular H-bonding
between —OH and —COOH groups, as shown in Figure 4b.
Thus, 1-D growth of the bilayer self-assemblies of C,,-~-A2HBA
is facilitated and hence better gelation occurs in comparison to
that of C,,~A3HBA.

3.4. Driving Force for Gelation. It is observed that the
CGC value of C,-A3HBA is slightly greater than that of C,,-
A2HBA. C,-A2HBA is optically pure, and thus, it has strong
homochiral interaction in the headgroup. This leads to a better
packing in the gel structure, causing a lower CGC value.
However, the homochiral interaction in C,,~A3HBA is absent,
as it is a racemic compound. Thus, the orientation of the —OH
group at the stereogenic center is not in the same direction and,
therefore, causes steric hindrance which in turn reduces the
intermolecular H-bonding strength between amide groups.

12116

This inhibits 1-D growth of the aggregates. The slightly larger
CGC value of C;4-A3HBA can also be attributed to
intramolecular H-bonding between the —OH group in the 3-
position and the —NHCO— group in the hydrocarbon chain,
as shown in Figure 5. According to literature reports, the

‘3’%&%&;}& %;,

Figure S. Energy-minimized structure of (a) C,,~A3HBA with the
intramolecular H-bonding and (b) C,,-A2HBA without any intra-
molecular H-bonding.

minimum distance between the H-bond donor—acceptor
centers should be within 2—3 A.>” Molecular modeling shows
that this distance in the case of C;,-A3HBA is ca. 2.21 A. This
suggests that the intramolecular H-bonding is much stronger
and the gel is more stable because of the formation of a stable
hexagonal structure. This weakens the intermolecular amide—
amide H-bonding and hence gelation. Such H-bond interaction,
however, is not facilitated by the orientation of the H-bond
donor—acceptor groups in the case of C,,~A2HBA. However,
the head-to-head interaction of the bilayer through —OH and
—COOH groups is more favored in C;,-A2HBA, and thereby
facilitates 1-D growth of the bilayer self-assemblies and hence
gelation. The stronger intramolecular H-bond in C,-~A3HBA is
confirmed by the FT-IR spectra of the solid compounds shown
in Figures S1 and S2 (see the Supporting Information). Since
gels usually behave like solids (see discussion below), FT-IR
spectra of the solid compounds were compared. The red shift
of the stretching frequency of the carboxyl C=0 bond of C,,-
A3HBA (1701 cm™") compared to that of C,-A2HBA (1718
cm™") clearly indicates the formation of intramolecular H-bond,
whereas the red shift of amide I (3308 cm™) and amide A
(1686 cm™) bands of C,,-A2HBA compared to that of C,-
A3HBA (3318 and 1698 cm™', respectively) confirms the
formation of intermolecular H-bond via an amide group.

The presence of intramolecular H-bonding in C,,-A3HBA is
further evidenced by the variable temperature (VT) '"H NMR
spectra of the organogel. The experiment was carried out using
an organogel prepared in benzene-ds having a gelator
concentration of 0.1 M and was recorded in the temperature
range 25—65 °C with a gradient rise of 10 °C. The spectra are
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presented in Figure 6. A number of changes in the spectra at
room temperature and at 65 °C were observed. The peak
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Figure 6. Variable temperature '"H NMR spectra of C ,-A3HBA (0.15
M) in benzene-d,.

corresponding to the —NH— group does not appear in the gel
state at room temperature, but with the rise in temperature, it
appears as a broad peak (f) at 7.57 ppm. The gelator C,,-
A3HBA is racemic, and only one isomer has the favorable
orientation of —COOH and —OH groups to form the
intramolecular H-bond. Thus, as expected, it has been observed
that, at 25 °C, two peaks corresponding to the tertiary alcoholic
—OH group (j) appear at 5.66 and 5.44 ppm. The peak at
lower field corresponds to the H-bonded conformation. These
two peaks merge to one with the increase in temperature due to
the shifting of the equilibrium toward the most stable H-
bonded conformation. Also, most solids expand on heating and
contract on cooling. Thermal expansion results in an increase in
the average distance between atoms due to the increase in the
vibrational energy of the molecule.>® The lengthening of the
average H-bond distance will be greater for intermolecular
hydrogen bonds than for intramolecular hydrogen bonds, and
hence, the chemical shift position of intramolecular H-bonded
protons will shift more downfield with temperature than
intermolecular H-bonded species.”® In C,,A3HBA, with the
increase in temperature, the peak shifted downfield (5.79 ppm)
due to the decrease of O—H bond distance, indicating more
stable H-bonding. This fact confirms intramolecular H-bonding
in the molecule.

From the VT 'H NMR spectra (Figure 7) of C;,A2HBA, it is
observed that, initially at low temperatures (e.g, at 25 and 35
°C), no peak corresponding to tertiary —OH proton or amide
—NH proton appears. At 45 °C, a peak of a tertiary —OH
proton appears at 5.06 ppm which shifts downfield (5.56 ppm)
with the increase in temperature to 55 °C. However, with a
further rise in temperature to 65 °C, the same peak shifts
upfield to 5.48 ppm. A broad peak of the amide —NH proton
appears at 6.51 ppm at 55 °C which shifts downfield to 6.58
ppm at 65 °C. The downfield shifting of the tertiary —OH
proton and amide —NH proton at 65 °C confirms the complete
disruption of intermolecular H-bond due to melting of the gel.

e | e
lc a
‘ £ j h g ie d i\‘ !
_ ,_4; AN
o1 55°C I
L
_Jt“\ - N NS A ;"\v\f\j | ‘\‘}‘!\L
o i —
5] 45°C i
] ;‘\‘f‘
] . i
— - S — - —— AN AV ASN—
84 35°C H
i
‘, iy
Ry S _ N -,u‘[\ Ul
125 C ‘i
1 I\
] '
Jr'*'*f‘-‘ L——" —— — — :j\‘—’:‘l\v 7\/&’:—_—,
5 T N v H o

Figure 7. Variable temperature "H NMR spectra of C;,-A2HBA (0.15
M) in benzene-d,.

3.5. Stability of the Organogels. The thermal stability of
an organogel can be judged by its gel-to-sol transition
temperature (Ty). The T values of p-Ph(Me), organogels
of C4,-A3HBA, C;,-A2HBA, and C ,-ABA at a given
concentration of 0.15 M are 36, 59, and >65 °C, respectively.
This means that the thermal stability of C;,~-A3HBA is much
less than that of C,,~A2HBA. This, as mentioned before, must
be due to the weaker intermolecular amide H-bonding
interaction between C,;~A3HBA molecules. Further, chirality
of the C,,~-A2HBA amphiphiles leads to the stronger H-bond
formation due to homochiral interaction, facilitating formation
of a stronger and stable 3-D network structure having greater
thermal stability. However, both gelators have T, values less
than that of C;,-ABA because of much stronger amide—amide
H-bonding in the bilayer self-assembly which is also reflected in
the CGC values.

Mechanical stability of the organogels of C,-ABA, Ci,-
A2HBA, and C,~A3HBA amphiphiles was studied by
measuring the rheology at 0.15 M concentration in p-Ph(Me),
solvent at 25 °C. The organogels were characterized by
dynamic stress sweep (DSS) as well as by dynamic frequency
sweep (DFS) measurement. The DFS measurements (Figure
8) with a small amplitude stress (13 Pa) showed that, for all
three gelators, the values of both storage modulus (G’) and loss
modulus (G”) are almost independent of frequency which is
characteristic of gel structure. Relatively constant G'/G” values
during the frequency sweep of the gel indicate a good tolerance
to external forces, suggesting a more elastic nature of the
organogels. It should be noted that G’ values of the organogels
of C,~-A2HBA and C,~-A3HBA amphiphiles are much less than
those of C,-ABA. This clearly suggests that the mechanical
stability of an organogel is directly linked to intermolecular
interactions; the stronger the intermolecular interactions, the
higher is the mechanical stability. This is substantiated by the
results of stress sweep measurements.

Figure 9 shows the plots of G’ and G” versus applied shear
stress at a constant frequency of 1 Hz. It is observed that, within
the linear viscoelastic regime (solid-like response), the G’ value
is always about 1 order of magnitude higher than the G” value
during the flow experiment of the gel. The yield stress ()
values as obtained from the respective plots for the C,,-A2HBA
and C,;,-A3HBA organogels are 168 and 65 Pa, respectively.
The higher o, value of C,;-A2HBA indicates its higher
mechanical strength. The lower o, value of C;;,-A3HBA
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Figure 8. Variation of the storage modulus (G’) and loss modulus
(G") of the p-Ph(Me), organogels of C,,-ABA, C,,-A2HBA, and C,,-
A3HBA with frequency (f) at 25 °C.

compared to C;,-A2HBA is due to the weak intermolecular
amide—amide H-bonding which is responsible for the better
network formation. However, the o, value of the organogels
formed by C,-ABA (12131 Pa) is much higher than those of
the hydroxy derivatives, suggesting stronger amide—amide H-
bonding interactions between C,,-ABA gelator molecules in the
bilayer self-assembly.

B CONCLUSIONS

In summary, we have developed two novel amphiphilic
organogelators that solidify a number of organic solvents at a
very low concentration. We have carried out a detailed study of
the effect of a third H-bonding group in the amphiphile head
on the gelation behavior of C,-ABA amphiphile. From the
results described above, it can be concluded that the
introduction of an —OH group in the headgroup reduces the
gelation ability of C;,~ABA amphiphile. The role of steric
hindrance due to the presence of a —OH group is mostly
responsible for this phenomenon, as this causes packing of
gelator molecules less tight in the aggregates. Also, the gelation
capacity of C;,~A3HBA is lower than its positional isomer C,;-
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Figure 9. Variation of the storage modulus (G’) and loss modulus
(G”) of the p-Ph(Me), organogels of C;,-ABA, C,,-A2HBA, and C,,-
A3HBA with shear stress () at 25 °C.

A2HBA. This has been attributed to the facile formation of
intramolecular H-bonds between the —OH group and
—CONH- or —COOH group, causing a stable six membered
ring. The formation of intramolecular H-bond is evidenced by
the solid-state melting point and FT-IR spectral data. For this
reason, C,,-A3HBA gets more easily solubilized in the organic
solvents than the other two amphiphiles and hence its gelation
efficiency is less. On the other hand, the C,,-ABA amphiphile
causes better packing due to the absence of steric crowding in
the amphiphile headgroup. As a result, the unsubstituted C, 4
ABA amphiphile has the highest thermal stability (higher T,)
and greater mechanical strength (higher O'y) compared to the
corresponding —OH substituted C,,-~A3HBA and C,,-A2HBA
amphiphiles.
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