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Comparison of the gelation behaviour of
N-substituted tetradecanamide amphiphiles in
organic liquids: effect of hydrogen-bonding ability
of the head-group

Amrita Pal, Rita Das Mahapatra and Joykrishna Dey*

In this work, we have investigated the role of intermolecular hydrogen-bonding (H-bonding) interaction of
the head-groups of amphiphilic organogelators. For this we have designed, synthesized and studied the
gelation behaviour of a series of amide amphiphiles having hydrocarbon chains with the same length
(C14) but with —COOH, —OH, —NH, or —N(CHzs),) functionalities as head-group. These gelators, except
the one with —N(CH=), head-group, efficiently gelated aromatic solvents. The gelation in all the solvents
employed was observed to be thermoreversible. The gels were characterized by XRD spectroscopy,
electron microscopy, and rheology. The amphiphiles were observed to form ribbon-like aggregates in
aromatic solvents. The gel-to-sol transition temperatures as well as mechanical strengths of the
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1. Introduction

In recent literature, over the last three decades, low-molecular-
weight gelators (LMWGs) have attracted a great deal of attention
because of their impacts in various fields including molecular
self-assembly (SA), smart materials, and controlled drug
release."™ These gelators form gels via formation of a network
of fibers by different non-covalent interactions, for example,
ion-ion, H-bonding, -7 stacking, van der Waals forces etc. In
most of the cases of organogelation, it has been reported that
H-bonding is the dominant factor. For the gelation of organic
liquids by amide compounds, such as amino acids,"**® urea,**->*
and sugars®? gelator-gelator H-bonding interaction is
responsible. Previously it was reported that N-alkanoyl-t-alanine
amphiphiles gelate a series of organic solvents***” in which the
driving force for gelation process was the amide H-bonding
between two adjacent molecules. On the other hand, a rare
example of organogelation by some amino-acid based gelators
containing urea linkage which gelate organic liquids in the
presence of a small amount of H-bonding additives (known to
destroy the network structure via formation of competitive
H-bonding) such as water, methanol, urea, acetonitrile, and
tetrahydrofuran was reported by us.”® The same gelators,
however, failed to gelate organic liquids in the presence of tet-
rabutylammonium fluoride (TBAF), which is known to be a
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organogels were observed to increase with the spacer length. The results suggest that the
intermolecular H-bonding interactions between head-groups were essential for gelation.

strong H-bond breaker. This means that when H-bonds are
completely broken, gel structure is destroyed.

The H-bonding at the head-group of an amphiphile also
modulates the gelation capacity of the amphiphile. Thus ester
derivatives of N-alkanoyl-L-alanine, where the -COOH group has
been replaced by a methyl ester group, cannot gelate organic
solvent due to the lack of H-bonding interaction at the head-
group, which leads to the formation of a three-dimensional (3D)
network structure forming gel.”” On the other hand, N-2-
hydroxyethyl dodecanamide (NHD), a long-chain amide
amphiphile with an alcohol (-OH) group at one end of the
molecule has been shown to form thixotropic organogel in
toluene solvent.” Recently, we have shown that N-2-carboxy-
ethyl tetradecanamide (NCT) having a -COOH group at the end
also acts as a good oganogelator.*® Thus it is evidenced that
H-bonding interactions at the head-group of this class of
amphiphiles also play an important role in the gelation process.
In contrast, we have shown that the methyl ester of N-(n-
tetradecylcarbamoyl)-L-alanine gelates organic solvents,” which
mean H-bonding at the head-group is not essential for gelation.
Therefore, one can conclude that perhaps failure to gel organic
solvents by N-alkanoyl-i-alanine methyl ester amphiphile could
be due to steric hindrance at the amino acid head-group, which
prevents close approach of the molecules and thus inhibits
amide H-bonding.

In order to examine the role of H-bonding at the head-group
of the amphiphile on the gelation process, we have designed
and synthesized three structurally similar amphiphiles in which
the -COOH group of NCT has been replaced by a primary amine
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Fig. 1 Chemical structure of substituted tetradecanamides.
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(-NH,), a tertiary amine (-N(CHj;),), or a hydroxyl (-OH) group
to give N-2-aminoethyl tetradecanamide (NAT), N-(2-N',N'-
dimethylaminoethyl) tetradecanamide (NDMAT), and N-2-
hydroxyethyl tetradecanamide (NHT). The chemical structures
of the amphiphiles are shown in Fig. 1. Though a number of
amphiphilic molecules derived from diaminoethane have been
synthesized®*® by others, especially for various commercial
applications, mono-chain derivatives of diaminoethane (where
there is an -NH, group at the end of the amphiphile) acting as
LMWGs are not reported. The -NH, group is a poor H-bond
donor but a strong H-bond acceptor. On the other hand,
-N(CHj3;), though can act as strong acceptor of H-bond, but it
cannot donate any H-bond. Therefore, the gelation behavior of
NAT, NHT, and NDMAT amphiphiles in four selected aromatic
solvents was studied and compared with those of NCT. The
organogels were characterized by scanning electron microscopy
(SEM), X-ray diffraction (XRD), and rheology.

2. Experimental sections
2.1 Materials

Tetradecanoyl chloride, 2-aminoethanol, 1,2-diaminoethane
(DAE), N,N-dimethyldiaminoethane (DMAE), tetrabutyl-ammo-
nium fluoride (TBAF) and the deuterated solvents, such as
CDCl; were procured from Sigma-Aldrich, (Bangalore, India).
Analytical grade hydrochloric acid and triethylamine (TEA) were
procured from SRL, Mumbai. These reagents were used directly
from the bottle. The organic solvents, such as benzene (PhH),
pxylene (p-Ph(Me),), chlorobenzene (PhCl), nitrobenzene
(PhNO,), were of highest purity commercially available and
used directly from the bottle. Ethanol (EtOH), chloroform
(CHCl;) and dichloromethane (DCM) were of good quality
commercially available and were dried and distilled fresh before
use. The synthesis and chemical identification of NCT has been
described in our previous publication.’*® All other amphiphiles
employed in this study were synthesized in the laboratory as
described below.

Synthesis of N-2-aminoethyl tetradecanamides (NAT). The
compounds were synthesized according to the procedure
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described in the literature.** Briefly, quantitative purified DAE
mixed in DCM in presence of TEA (2 eq.) was placed in a round-
bottomed flask, and then stirred efficiently (Scheme 1). The
corresponding acyl chloride (1 eq.) mixed in DCM was dropped
for 30 min at room temperature. After 6 h, the mixture was
filtered. The white solid was recrystallized three times with 1 : 1
EtOH/water mixture. Chemical structure of the amphiphiles
was determined by FT-IR, '"H-NMR spectra, and elemental
analysis.

N-2-Aminoethyl tetradecanamide (NAT). Yield 78%; m.p.
119-120 °C; FT-IR (KBr, cm ™ ') 3440 (primary NH,), 3290 (amide
A), 1637 (amide-I), 1563 (amide-1I); '"H-NMR: dy; in ppm (400
MHz, CDCl;) 0.96 (3H, t, CH;), 1.30 (20H, m, alkyl chain), 1.57
(2H, m, CH,CH,CO), 2.18 (2H, t, CH,CH,CO), 2.91 (2H, t,
CH,CH,NH,), 3.46 (2H, t, CH,CH,NH,); CHN Analysis: calcd.
for C16H3,N,0 C: 71.06%, H: 12.67%, N: 10.36%; Found C:
71.20%, H: 12.50%, N: 10.30%.

N-2-N',N'-Dimethylaminoethyl tetradecanamide (NDMAT).
Yield 75%; FT-IR (KBr, cm™ ') 3392 (amide A), 1698 (amide-I),
1585 (amide-II); "H-NMR: 0y in ppm (CDCl;, ppm) 0.84 (3H, t,
CH3), 1.25 (20H, m, alkyl chain), 1.58 (2H, m, CH,CH,CO), 2.12
(2H, t, CH,CH,CO), 2.20 (6H, s, N(CHs),), 2.41 (2H, t,
CH,CH,N(CH3;),), 3.30 (2H, t, CONHCH,); CHN Analysis: calcd.
for C;gHzgN,O C: 72.42%, H: 12.83%, N: 9.38%; Found C:
72.31%, H: 12.71%, N: 9.27%.

Synthesis of N-2-hydroxyethyl tetradecanamide (NHT).
Amino ethanol (1 eq.) and TEA (2 eq.) were dissolved in dry
CHCI; and the mixture was cooled to 0-5 °C. After 10 min of
cooling tetradecanoyl chloride (1 eq.) was added in dropwise
fashion. After 16 h of stirring CHCl; was evaporated to get a
white mass that was purified by recystallisation from EtOH/
water mixture. Chemical structure of the amphiphiles was
determined by FT-IR and "H-NMR spectra (Scheme 2).

N-2-Hydroxyethyl tetradecanamide (NHT). Yield 81%, m.p.
73-76 °C; FT-IR (KBr, cm™') 3337 (amide A), 1618 (amide-I),
1594 (amide-II); "H NMR: dy in ppm (CDCl;, ppm) 0.87 (3H, t,
CH3), 1.244 (20H, m, alkyl chain), 1.619 (2H, t, CH,CH,CO),
2.209 (2H, t, CH,CH,CO), 3.432 (2H, t, CH,CH,OH), 3.726
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Scheme 1 Reaction scheme for the synthesis of NAT and NDMAT

amphiphiles.
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Scheme 2 Reaction scheme for the synthesis of NHT amphiphile.
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(2H, t, CH,CH,OH). CHN Analysis: caled. for C;,H33NO, C: 70.80%,
H: 12.25%, N: 5.16%; Found C: 70.91%, H: 12.70%, N: 5.27%.

2.2 Methods and instrumentation

The FTIR spectra were measured with a Perkin-Elmer (Model
Spectrum Rx I) spectrometer. Melting point of solid compounds
was measured using Instind (Kolkata) melting point apparatus
with open capillaries. The "H-NMR spectra were recorded on an
AVANCE DAX-400 (Bruker, Sweden) 400 MHz NMR spectrom-
eter. All measurements were done at 298 K unless otherwise
mentioned.

For FESEM, a small amount of the hot sample solution was
placed on the aluminium/copper foil. It was air dried at room
temperature for 24 h. A layer of gold was sputtered on top to
make conducting surface and finally the specimen was trans-
ferred into the Field Emission Scanning Electron Microscope
(FESEM, Zeiss, Supra-40) operating at 5-10 kV for getting the
micrograph.

The XRD experiment was performed on a Pan analytica X’
Pert pro X-ray diffractometer using Cu target (Cu-Ko) and Ni
filter at a scanning rate of 0.001 s~ " between 2 and 12°, oper-
ating at a voltage of 40 kV and current 30 mA. XRD spectra were
taken at room temperature for all air-dried organogel samples
prepared on a glass slide.

Rheology measurements were performed on a Bohlin RS
D-100 (Malvern, UK) rheometer using parallel-plate (PP-20)
geometry. The gap between the plates was fixed at 100 pm.
Organogel was placed on the rheometer and a stress-amplitude
sweep experiment was performed at a constant oscillation
frequency of 1.0 Hz at 25 °C. From this measurement, a linear
viscoelastic region was identified and then a frequency sweep
measurement was performed over a wide frequency range 0.01-
100 Hz at a particular stress taken from the linear viscoelastic
region at 298 K.

Gelation capacity of the amphiphiles was determined in
terms of critical gelation concentration (CGC). CGC is defined
as the minimum concentration of gelator required to gelate unit
volume of solvent at a certain temperature. Gelation was
studied by dissolving certain amount of solid gelator in a screw-
caped vial in requisite volume of organic solvent by heating in a
hot water bath (~50-80 °C as per solvent's boiling point) and
subsequently allowed to cool at 298 K in a temperature
controlled water bath (Julabo, Model F12). The gelation was
confirmed by the flow to “inversion test” method; it was
considered to be a gel when the material did not flow due to
gravity upon inversion of the vial.

3. Results and discussion
3.1 Gelation behaviour

The results of gelation studies are summarized in Table 1. It is
observed that the NAT amphiphile can gelate aromatic solvents,
but NDMAT, as it is a liquid, remained soluble in almost all
solvents employed. This is because of the non-hydrogen-
bonding ability and steric hindrance of the -N(CHj3), which
affect intermolecular H-bonding between the amide linkages as
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Table 1 CGC (+0.1% w/v) values of the organogels of NAT, NCT and
NHT amphiphiles in organic solvents at 298 K; quantities within
parentheses represent corresponding and Tgs (+1 K) values at 0.05 M
gelator concentration

Solvent NAT NCT NHT
PhH 1.7 1.2 2.5
p-Ph(Me), 1.4 (313) 1.1 (336) 1.9 (315)7
PhCl 1.5 1.5 2.7
PhNO, 1.6 1.2 2.5

“ Tys measured at 0.07 M gelator concentration.

well as between the amine head-groups. This suggests that an
H-bond donor functional group is necessary for gelation by this
class of molecules. Indeed, when the CGC values of the gelators
in p-xylene solvent are compared it is observed that both NAT
and NHT have poor gelation ability compared to that of NCT.
This can be attributed to weaker H-bond donating capacity of
the -NH, and -OH groups relative to the -COOH group which
can participate in head-to-head and/or sidewise H-bonding
interaction between two molecules (Fig. 2). However, it is
surprising to see that despite having a -OH group which is a
stronger H-bond donor as well as acceptor compared to -NH,
group, the gelation ability of NHT is poor in comparison to NAT.
Therefore, it appears that not only gelator-gelator, but also
gelator-solvent interactions are important factors for the gela-
tion process. In order to understand the role of gelator-solvent
interactions, we have modulated the solvent polarity and its
H-bonding ability. Among the aromatic solvents employed,
p-xylene is least polar (7* = 0.43) and nitrobenzene is the most
polar (7t* = 1.01).** On the other hand, chlorobenzene is the
weakest (8 = 0.07) H-bond acceptor and nitrobenzene is the
strongest (8 = 0.39) H-bond acceptor solvent.* The data in
Table 1 suggest that for any of the gelators, gelation is facilitated
more in less polar and nonhydrogen-bonding solvent, p-xylene
in which gelator-gelator H-bonding interaction is most fav-
oured. Thus, it clearly suggests that H-bonding interaction is
the major driving force for gelation in these gelators. In the case
of NHT, the H-bonding interaction with solvent molecules
being stronger than that with NAT its CGC value is slightly
higher than that of the latter.

3.2 Morphology of the gels

Scanning electron microscopy. The FESEM images of the
xerogels of the p-xylene organogels as shown in Fig. 3, clearly
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Fig. 2 Head-to-head and sidewise H-bonding interaction between
the NCT amphiphiles.
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Fig. 3 The FESEM images of the air-dried organogels of p-xylene
solvent.

exhibit 3D self-assembled fibrillar networks confirming gela-
tion. All the images show ribbon-like lamellar aggregate
formation. As can be seen, the fibers formed by NAT are less
continuous than those of NCT gelator. On the other hand, the
FESEM image of NHT appears as a discreet flake-like structure
with the smallest aspect ratio. In other words, the aspect ratio of
the ribbons in the organogels of both NAT and NHT gelators are
less compared to that of NCT gelator. Thus morphology of the
organogels can be correlated with the CGC values of the gela-
tors. The NCT having lowest CGC value the ribbon-like fibres
forming 3D gel network have large aspect ratio. On the other
hand, the flake-like morphology of NHT organogel is consistent
with its poor gelation ability.

3.3 X-Ray diffraction

The X-ray diffraction spectra of the xerogels are shown in Fig. 3.
The periodicity of the reflection peaks in the XRD spectrum
confirms the presence of bilayer lamellar structures. The bilayer
thicknesses taken to be equal to the interlayer distance of 100
planes were found to be smaller than twice the extended chain
length of the hydrocarbon tail** which means the hydrocarbon
tails are interdigitated. The related data are collected in Table 2.
Although the NAT, NHT, and NCT amphiphiles have the same
hydrocarbon chain length (Cy,), the bilayer thickness increases
in the order NCT < NAT < NHT. As reported earlier, the bilayer
thickness of NCT is 3.13 nm and its extended tail length is 2.02
nm. Thus the extent of interdigitation in NAT is less (0.66 nm)
than that in NCT (0. 91 nm) organogel, suggesting weaker van
der Waals interactions among the hydrocarbon chains of NAT
or NHT molecules. This is possibly because of tight packing of
the hydrocarbon chains (due to stronger H-bonding between
amide groups) of adjacent molecules in the self-assembly of
NCT gelator. This explains formation of long ribbon-like
aggregates in the case of NCT and short flake-like lamellar
structures in the cases of NAT and NHT amphiphiles, respec-
tively (Fig. 4).

3.4 Thermal stability

The organogels of the amphiphiles were observed to be ther-
moreversible for several heating-cooling cycles. The gel-to-sol

Table 2 XRD data of the air-dried organogels of NAT and NCT in
PhNO, solvent

Gelator l. (nm) 26 (degree) d (nm) Plane
NAT 2.02 2.61,7.71 3.38 100, 300
NCT 2.02 2.84, 5.64, 8.41 3.14 100, 200, 300
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Fig. 4 The X-ray diffraction spectra of the air dried NAT gel in
p-Ph(Me), solvent.

transition temperature (T,s) of the organogels in p-Ph(Me),
solvent was determined and are listed in Table 1. For compar-
ison purposes, we have also included the corresponding data
for NCT organogel. The Ty values of the NAT and NCT orga-
nogels in p-Ph(Me), at the same (0.05 M) gelator concentration
are respectively, 313 K and 336 K. The Ty, value of the NHT
organogel, even though measured at a higher concentration
(0.07 M) is less that of NCT. This means thermal stability of the
NCT organogel is much higher than the corresponding amine
derivative. The -NHCO- group being common in all the three
amphiphiles, the higher thermal stability NCT must be due to
the stronger H-bonding capacity of its head-group. Clearly, with
the increase of H-bonding strength of the amphiphile's head-
group the thermal stability also increases which is consistent
with the order (NCT > NAT > NHT) of increase of gelation
abilities (CGC, Table 1) of the amphiphiles.

3.5 Mechanical stability

In order to compare the mechanical stability of the organogels,
the rheological measurements were performed in a given
solvent (p-Ph(Me),) containing same concentration (0.15 M) of
gelator at 298 K. g, values of the organogels of NCT has been
compared. The rheological behavior of the p-Ph(Me), organo-
gels were studied by measuring storage (G') and loss (G)
moduli. The frequency sweep measurements (Fig. 5) at a fixed
(13 Pa for NAT and 2 Pa for NHT) amplitude stress showed that
for the organogels of NAT and NHT, both G’ and G values are
nearly independent of frequency in the range of 0.1-10 Hz
which is characteristic of gel structure. NAT amphiphile
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Fig. 5 Variation of storage modulus (G') and loss modulus (G”) of the
p-Ph(Me), organogels of NAT and NHT with the applied frequency (f)
at a constant shear stress of 13 Pa for NAT and 2 Pa for NHT at 298 K.
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Fig. 6 Variation of storage modulus (G') and loss modulus (G"') of the
p-Ph(Me), organogels of NAT and NHT with the applied shear stress (o)
at a constant frequency of 1 Hz at 298 K.

produced sufficiently stronger gel as indicated by the higher
values of G’ compared to G”. A small dependence of G’ and G”
on frequency and small values of G’ compared to G” in the case
of NHT gelator, is indicative of weak gel formation. The rheo-
logical response of the gels to the applied shear stress was also
examined at a constant frequency. The plots of G’ and G” versus
applied shear stress at a frequency of 1 Hz are presented in
Fig. 6. As can be seen, above a critical stress value the G'-value
exhibits a rapid fall indicating flow of the organogel. This crit-
ical stress is termed as yield stress (s,). The ¢, values as
obtained from the corresponding plots are 4, 191, and 9445 Pa
for NHT, NAT, and NCT organogels, respectively. The highest o,
value of the NCT organogel compared to NAT and NHT indi-
cates its highest mechanical strength. On the other hand, the
NHT organogel has the lowest o, value and hence it is the
weakest. This means that the mechanical strength of the orga-
nogels increases in the order of increasing H-bonding strength
of the head-group of the amphiphiles. The trend is thus similar
to that of thermal stability discussed in the previous section.

4. Conclusions

In summary, we have investigated the role of intermolecular
hydrogen-bonding interaction on gelation properties of four
amphiphilic organogelators with amide linkage in the hydro-
carbon chain of same length (C,,) and with -COOH, -OH, -NH,
or -N(CH3;), functionalities as head-group. It was surprising to
observe that the -NH, group terminated amide amphiphile NAT
also produces gels in aromatic liquids. However, NAT was
observed to have gelation abilities, thermal stabilities, and
mechanical strengths much less than the corresponding amino
acid derivative. This has been ascribed to the poor H-bond
donating ability of the -NH, group in comparison to the -COOH
group, which not only acts as a strong H-bond acceptor but also
acts as a weak H-bond donor group. The corresponding -OH
group terminated amide amphiphile also has gelation capacity
much less than the other two gelators as it is mainly strong
H-bond donating group. The gelation ability of the amine-
terminated amphiphile vanishes when the two H-atoms of the
-NH, group are substituted by the -CH; groups as a conse-
quence of steric hindrance and destruction of the amide-amide
H-bond. It is thus concluded that -COOH group is not
mandatory for the gelation to occur. However, the H-bond
donor/acceptor ability of the head-group either assists or affects
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gelation behaviour of the amide amphiphiles. The manifesta-
tion of the role of H-bonding interactions can also be seen in the
ribbon-like aggregate structures whose aspect ratio increases
with the increase of strength of the intermolecular H-bond
between head-groups of two gelator molecules. Relatively
stronger H-bonding as with -COOH group favours 1D growth of
the gel aggregates. The results of this investigation suggests that
thermal stability as measured by T value, mechanical strength
as measured by g, value and morphology of the organogels are
correlated with the gelator-gelator and gelator-solvent
H-bonding interactions. In general, the thermal as well as
mechanical stability and gel morphology are connected to
strength of molecular interactions. However, strong molecular
interactions lead to precipitation/crystallization of the gelator
molecules. This means only noncovalent interactions of
moderate strength are required for physical gelation.
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