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The stimuli responsive assembly of small molecules that can modulate the physical properties of
a supramolecular system may have potential as futuristic materials. The dimethyl dipicolinate in alcohol,
when combined with 3 equiv. of potassium hydroxide and water, aggregates to a strong self-healing
transparent gel. The instant gelation is highly selective towards potassium hydroxide and does not need
any heating—cooling or sonication. The gelation is also selective for solvent systems such as 9:1
methanol-water or ethanol-water. The rheological stepstrain measurements under varying strain at
room temperature show that the gel is thixotropic in nature. The gel can be shaped like any free-

standing objects due to its high mechanical strength. The gel exhibits remarkable self-healing properties
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1. Introduction

Molecular recognition and self-assembly processes are key for
developing new functional materials such as supramolecular
gels." Generally supramolecular gels are entangled networks of
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after burning which makes it rechargeable up to four times by the addition of (9 : 1) methanol-water.

fibers composed of self-assembled building blocks that can
entrap relatively large amounts of solvents.’*™ Due to the
reversibility of the formation through noncovalent interactions
and their degradability, homogeneity, and tunability’® the
supramolecular gels have excellent responsiveness to different
stimuli, such as pH, light, enzyme, ions, temperature, ultra-
sound and mechanical strength.** The supramolecular gels
have potential applications including sensing of biomolecules
and ions, light-harvesting systems,'*® catalysis,* optoelec-
tronic devices,” and as media for cell culture, tissue engi-
neering and targeted drug delivery.”*?* Many organic motifs
such as steroids,* peptides,*>* ureas and amides, sugars,**
dendrimers,*** and w-conjugated molecules**** have been
designed and developed as gelatos. But, most of these organic
gelator molecules need to be synthesized by tedious procedures.
Exploration of simple and effective gelator molecules with novel
functions is highly challenging.**-**

Historically alcohols are known as fuel. Methanol and
ethanol can be obtained from fossil fuels and biomass or
industrially from CO, and water. They have high octane rating
and advantages over fuels such as petrol and diesel. As an
alternative of hydrogen, methanol has been proposed as
a future green fuel. However, their liquid nature and relatively
high volatility make them inconvenient to use for different
purposes. There are also issues with spilling and safety. Hence,
converting liquid alcohols into gel will be highly advantageous
for easy handling, delivery and safety.

Herein we report one stimuli responsive simple gelator that
can congeal an alcohol-water mixture to give a strong, self-
supporting, and transparent gel with magnificent self-healing
properties. The gelation is highly selective for potassium
hydroxide. Interestingly, the assembly of gelator molecules can
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effectively trap methanol or ethanol in the presence of water
(9 : 1). The gel exhibits high stability, thixotropic behaviour and
self-healing properties. We also demonstrate novel applications
of this gel as a safe fuel for indoor and outdoor heating without
any special stove or burner. The gelator retains strong memory
even after burning which makes it reusable up to four times
by the addition of (9 : 1) methanol/water. The eco-friendly gel
can be coloured with organic dyes and can be packed in any
container.

2. Results and discussion

For instant gelation, we chose a non-covalent approach. The
greener part is that the gelation does not need any heating-
cooling cycle or sonication. The gel consists of four compo-
nents: methanol, water, dimethyl dipicolinate and potassium
hydroxide. Dipicolinic acid is a naturally occurring chemical
(composes 5% to 15% of bacterial spores) and responsible for
the heat resistance of bacterial endospore, and is cheap to
purchase. On mixing with potassium hydroxide in 9 : 1 meth-
anol-water, an instant transparent gel appeared. The most
exciting fact is that the gelation is very selective for KOH only
as other bases like NaOH, LiOH, K,CO;, Na,CO;, and ET;N fail
to form any such type of gel under similar conditions. This
suggests that both potassium and hydroxide ions have a signif-
icant role in the self-assembly process to form a soft gel phase
material. In order to determine the optimal molar composition
of the three variables (water, methanol and KOH), we first
carried out an extensive three-variables screening defined by
the ratio of water and methanol and the number of equivalents
of KOH.

Initially, 6 mg (1 equiv.) of dimethyl dipicolinate (compound
1) and an excess of KOH (5 equiv.) were taken and the gelation
ability was studied in 1 mL solvent by changing the ratio of
water and methanol in a stepwise fashion. In workup methanol
without any percentage of water, the compound fails to form
a gel. Addition of water causes the formation of a soft gel
material. When the ratio of water and methanol is 0.5 : 9.5, the
compound forms a partial gel and half of the solvent remains
free. The gelation ability increases with increasing ratio of water
in methanol. The best gel is obtained when the ratio of water
and methanol is 1 : 9. But after this ratio, further increase of
water causes inhibition of gel formation (Fig. 1). When the ratio
reaches 1.5 : 8.5, the whole of the system remains in a liquid
phase without the formation of gel. The transparency of the gel
material also increases with increase in the percentage of water
in methanol (ESI Fig. 11).

The gelation behaviour in the presence of other bases was
also studied. Other bases including NaOH, LiOH, K,COg,
Na,CO3, and ET;N were also examined to address the question
of whether any of them is able to form or induce the gelation.
However, the compound 1 fails to form any kind of gel in the
presence of the above-mentioned bases. This indicates that the
gelation is extremely selective towards KOH. Moreover, the
gelation of compound 1 was studied separately in K,CO; and
LiOH to examine whether the presence of K or OH™ alone was
sufficient for gel formation. But the compound fails to form
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Fig. 1 Gelation study of compound 1 (6 mg, 1 equiv.) and KOH (5
equiv.) with various ratios of water and methanol (a) O : 10, (b) 0.5: 9.5,
()0.8:9.2,(d)1:9,(e)1.2:8.8,and (f) 1.5: 8.5.

a gel in K,CO; and LiOH separately. However, when these two
bases were used together for a gelation study, the compound
formed a gel (Fig. 2). This suggests that K,CO; and LiOH work
as a source of K" and OH™, respectively, and the gelation is
highly selective towards KOH. Hence K" and OH~ ions have
a significant effect in the self-assembly process of compound 1
in the gel state.

The composition and stoichiometry for gel formation were
further studied by varying the equiv. of KOH. The minimum
equivalent of KOH required for the gelation was screened by
taking 20 mg of compound 1 in 1 mL of solvent (water and
methanol, 1 : 9) and by increasing the equivalent of KOH from
0 to 5 equivalents to that of compound 1 (ESI Fig. 27). It was
found that a minimum of 3.5 equivalent of KOH was required
for the gelation. The minimum gelation concentration (MGC)
at room temperature was determined by using 3 equiv. of
KOH and 1 : 9 water/methanol as the solvent. In a methanolic
solution of compound 1, the addition of aqueous KOH (3

Fig. 2 Gelation study of compound 1 (2% w/v) in 1: 9, ratio of water
and methanol in the presence of K* and OH™ ions.

This journal is © The Royal Society of Chemistry 2016
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equiv.), where the ultimate ratio of water/methanol is 1:9,
instantly transforms it into a gel material without any external
stimuli like heat or sonication. The minimum gelation
concentration (MGC) was 0.5% w/v. The obtained gel material
is not thermo-reversible and it is very stable at a comparatively
high temperature.

A wide variety of alcoholic solvents were used to make the gel
of compound 1 in the presence of KOH and water. However, the
compound formed a gel only in methanol and ethanol. In other
alcohols like 1-propanol, 2-propanol, and 1-butanol, the
compound 1 fails to form a gel under the same conditions
(Fig. 3). The gelation has been confirmed by the inverted vial
method.***® The opaque or transparent gels are stable for 2-3
months at room temperature. However, picolinic acid or mon-
omethyl picolinate has failed to form a KOH responsive gel
under the same conditions.

The visco-elastic properties of the gels were derived primarily
from the tertiary structure by different rheological studies.**
Rheology is the study of flow that provides information about
the type of network (tertiary structure) responsible for the
gelation. All the experiments were performed using a freshly
prepared KOH responsive gel. By measuring the response of the
soft material to an applied oscillatory stress, several variables
can be resolute. The storage modulus (G', a measure of the
elastic response of the material) and loss modulus (G”,
a measure of the viscous response) were measured as a function
of shear stress and strain at 20 °C and a frequency of 10 rad s~ .
For both the KOH responsive methanol and ethanol gel of
compound 1, the storage modulus (G') was found to be
approximately an order of magnitude larger than the loss
modulus (G"), indicative of an elastic material and this is the
comportment expected for a true gel phase (Fig. 4). G’ and G”
remain almost invariant with an increase in the applied stress.
Throughout the experiment G’ and G” do not cross each other,
suggesting the presence of a stable and rigid gel phase material.

Thixotropic behaviour of gel was established by rheological
measurements. A thixotropic gel is one which has the ability to
disintegrate to solution or a quasi-liquid state under some
external stimuli and can regain its original shape after the

Fig. 3 Gelation study of compound 1 (2% w/v) and KOH (3.5 equiv.) in
al: 9ratio of water and (a) ethanol, (b) 2-propanaol, (c) 1-propanol, (d)
1-butanol.

This journal is © The Royal Society of Chemistry 2016

View Article Online

Journal of Materials Chemistry A

20x10°

. SO
-
a 5.8 o b
; e G
1.5x10° - [ -
- s0x10° SEE -
5 ™ £ -
S1.0x10" m R -
£ mu °
° L 3
o - !
3.0x10" .-.--l.
50x10° 0000 _““.....--
ad
00® 00000
....“"'O”“..... ”moooo"ocooooouu"
00 00

10° 10°

10" 10" 10° 10"
Angular frequency (rad/sec) Angular frequency(rad/sec)

2.0x10° 4

¢ = a A
e b

A c A
1.5x10° - vd A °

A L]

AA..
‘03"

& 1.0x10° ] “...l““ v
Y - v

v
2] vyvvvyvy [
50101y gy yyVYVYY P

0.0

10 10°
Angular frequency (rad/sec)

Fig. 4 Mechanical response of the KOH responsive gel of compound
1in (a) MeOH-water and (b) EtOH-water at 20 °C with small oscil-
latory shear in the linear viscoelastic regime. (c) Rheological
measurements of compound 1 gel with increasing percentage of
water in methanol. Water : MeOH fora=0.5:95 b=0.8:92,¢c =
1:9andd=12:838.

removal of the applied stimuli. This process can be continued
for several numbers of cycles via breaking and reconstructing
the gels. In order to establish the thixotropic properties of
the present gels, we have performed rheological step strain
measurements®** under varying strain at 20 °C. At first gels
were subjected to a constant strain of 0.1%. At this strain G’ is
higher than G” (step 1, Fig. 5). Then the strain was increased
from 0.1% to 30% and was kept for few minutes at 30% strain to
break gels completely which was confirmed by complete inver-
sion of G’ and G” (step 2, Fig. 5). Then the strain was decreased
from 30% to 0.1% again and kept for few minutes at 0.1% to
observe the gel restoration kinetics (step 3, Fig. 5). After
releasing the high strain the sol state again transformed into
a semi-solid state and quickly regained its mechanical strength
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Fig. 5 The step strain experimental data obtained from the KOH
responsive gel of compound 1in 1: 9 water : MeOH.
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and we found almost 80% recovery at the low strain of 0.1%.
This was continued for several cycles.

The morphological features of these KOH responsive gels
were investigated by the field emission scanning electron
microscopy studies (FE-SEM).** For FE-SEM experiments, to
avoid any possible artefacts we executed experiments with
a lowest KOH concentration containing diluted gel. The FE-SEM
images of xerogel exhibit tape-like nanofibrillar network struc-
tures. The nanofibrills are polydisperse in nature and highly
entangled. Interestingly, the fibres are twisted into helical
structures (Fig. 6). Generally helical gel fibres are observed
for chiral gelators, since chirality is often translated from
the molecular level to the supramolecular level. However,
compound 1 is not chiral and both left and right handed helical
architectures are observed throughout the xerogel in every
sample examined. In the absence of molecular chirality, the
twisting may be responsible for the left and right handed helical
architectures of the resultant fibers. The FE-SEM images of the
xerogel obtained from different organic solvents show that the
network morphology of peptide 1 does not vary from solvent to
solvent.

Titration of compound 1 in 1 : 9 D,O/MeOD with increasing
amount of KOH monitored by "H NMR spectroscopy provided
evidence for the KOH compound 1 interaction. The aromatic
proton signals of compound 1 exhibited further splitting
without any change of integration and shifted gradually towards
downfield with a gradual increase in KOH concentration, thus
supporting the self-assembly through KOH compound 1 inter-
actions (ESI Fig. 3). A similar result was obtained by titration
with LiOH (ESI Fig. 41). Only, after the addition of 2.5 equiva-
lents of LiOH, the aromatic proton signals of compound 1
return back to its original shape. The ester proton signal of
compound 1 also shifted downfield with the addition of KOH or
LiOH, without any change of integration suggesting that there
is no ester hydrolysis under this condition. This is further
supported by the existence of a FTIR signal at 1653 cm '

Fig. 6 The FE-SEM images of the xerogel showing a twisted fibrillar
network structure of KOH responsive compound 1 gel in (a) and (b)
1:9 water : MeOH and (c) and (d) 1 : 9 water : EtOH.
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responsible for ester carbonyls in both solution and xerogel
(ESI Fig. 51). Mass spectrometry of the xerogel has confirmed
the absence of hydrolyzed products. Moreover, to gain better
insight into the morphological evolution by KOH responsive
compound 1 gel formation, X-ray diffraction experiments have
been performed on the xerogel.>>*® The powder X-ray diffraction
(PXRD) pattern of the xerogel clearly shows that the material is
crystalline in the xerogel and sharp reflections appeared in
the 5-40° 26 range. Sharp peaks appear at 26 = 7.08 and 12.13
with long d spacing values of 12.47 A and 7.29 A, respectively
(ESI Fig. 61). These two peaks indicate the presence of a sheet-
like packing arrangement.’”*® A comparison of the spectrum
obtained from the powder X-ray diffraction data of the xerogel
and the powder pattern from X-ray crystallography of a single
crystal of compound 1 and a single crystal of KOH clearly shows
the significant differences and existence of KOH compound
1 interactions. Scanning electron microscopy images of the
xerogels show twisted tape-like fibers. Energy-dispersive X-ray
spectroscopy (EDS) experiments have been carried out for metal
content determination of the xerogel. EDS confirms the potas-
sium content (ESI Fig. 7). Considering the above mentioned
experiments a tentative model has been developed (ESI Fig. 87).

Interestingly, the KOH responsive gels formed by compound
1 from water/methanol at a low concentration (1 wt%) are
so stable that they can be shaped into any self-supporting
geometrical shape using appropriate molds.*® The gel could be
handled with a tweezer or suspended in air just by holding one
side (Fig. 7a). Also a big gel block can be sliced into various
small pieces with a razor (Fig. 7b).** The KOH responsive gels
formed by compound 1 from water/methanol at a low concen-
tration (1 wt%) are sufficiently strong to tolerate the weight of
several grams (Fig. 7c). More interestingly, these gels showed
remarkable self-healing properties. When a block of gel was cut
into two pieces and then joined together, the pieces merged into

Fig. 7 (a) A gel cylinder taken in hand. (b) A gel gate made by fusing
three stable gel cylinders. (c) The gel cylinders are sufficiently strong to
tolerate the weight of several grams. (d) Alternate arrangement of
methyl orange-doped and undoped gel cylinders. (e) Self-healing of
the gel. (f) A cylinder made from five small gel discs suspended on two
glass stoppers.

This journal is © The Royal Society of Chemistry 2016
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a continuous block.®* Also, several small blocks of gels could be
joined together to form a stable self-supporting bar. These fused
bars could be taken in hand or suspended in air just by holding
one side. The fusion of a methyl orange-doped gel with an
undoped gel established the diffusion of methyl orange to the
undoped piece, thus suggesting the dynamic exchange of dis-
solved molecules across the fusion interface (Fig. 7d-f). This
self-healing process shows that the gel is living and dynamic in
nature.®»® There is a dynamic equilibrium between continuous
formation of new fibers and dissociation of old fibers. This
movement would allow the growth of new fibers across the
fusion interface and thus helps the repairing process.

The selectivity of compound 1 for forming a gel only in
methanol or ethanol makes it an interesting candidate in
separation of various miscible organic solvents.** If we have
a mixture of ethyl acetate and methanol, we can separate the
methanol by forming a gel. By the addition of a little amount of
compound 1 and aqueous KOH to this ethyl acetate-methanol
mixture, the compound will form a gel only with methanol and
precipitate out. This gel can be removed easily from ethyl
acetate by decantation or simple filtration (ESI Fig. 81). Also the
methanol can be collected by distillation of the gel. To the best
of our knowledge this is the greenest way to separate miscible
organic solvents.

To study the role of ester functional groups in compound 1
for gelation we have studied different analogues like mono acid
mono ester and diacid of picolinic acid. In this regard we have
studied compound 2 where monomethyl picolinate esters are
separated by a spacer hexamethylenediamine. This compound
does not form KOH responsive gels in a water/methanol mixture
of any composition and even at a very high concentration. But,
from X-ray crystallography, it is evident that the asymmetric
unit contains two molecules of compound 2 and two molecules
of water (ESI Fig. 10t). The hexamethylenediamine adopts all
anti-conformation. There are two intramolecular five member
hydrogen bonds between pyridine N and hexamethylenedi-
amine NH (N2-H2---'N1). The water molecule acts as a bridge
between two molecules of compound 2 by two intermolecular
hydrogen bonding interactions (01S-H40---"02) and thereby
forms a sheet-like structure in a higher order assembly (ESI
Fig. 111). We have correlated the crystal structure of compounds
1 and 2. Compound 1 also shows a malty layer sheet-like
structure in a higher order packing in the crystal (ESI Fig. 127).
As the ester oxygens involve in hydrogen bonding with water
molecules, the compound 2 does not interact with KOH in
a similar way as compound 1. The compounds containing
monomethyl picolinate and ethylenediamine® or propylenedi-
amine® also failed to form KOH responsive gels in a water/
methanol mixture.

Alcohols have been used as fuels for a long time and have
high octane rating and some advantages over petrol and diesel.
However, there are some limitations of using alcohols due to
liquidity, high volatility, spilling and safety. Hence, converting
the liquid alcohols into gels will be highly advantageous for easy
handling, delivery and safety. On burning, the KOH responsive
compound 1 methanol or ethanol gel does not produce any
shoot, smoke, obnoxious odour and ash. The gelling agents are

This journal is © The Royal Society of Chemistry 2016
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Fig. 8 (a) The burning methanol gel and recharge by 9 : 1 methanol-
water. (b) Efficiency of gel after various cycles.

non-explosive, non-carcinogenic and non-corrosive. Due to its
high mechanical strength, the gel can be shaped like any free-
standing objects and can be packed in any container even in
plastic jars, tubes and bottles. The gel exhibits remarkable self-
healing properties. This dynamic nature of the gel made it
practically useful as fuel-like paraffin. We found that the non
explosive gel can be used as a safe fuel for indoor and outdoor
heating without any special stove or burner (Fig. S13, ESI{). The
KOH responsive compound 1 in ethanol has 1300 k] mol * heat
of combustion compared to 726 k] mol ! KOH for responsive
compound 1 in methanol. Moreover, different organic colours
(like methyl orange or rhodamine 6G) can be added to make the
fuel gel colourful and more attractive. The gelator retains strong
memory even after burning which makes it reusable up to four
times by the addition of (9 : 1) methanol-water (Fig. 8). The
compound 1 contained an ester segment, which was hydrolyzed
by KOH in the burning process at high temperature and the
gelation efficiency decreased with increasing burning cycles
(Fig. S14, ESIt). The problem with other available normal
heating—cooling alcoholic gels used as fuel gels is that with
the start of burning the whole gel is converted to liquid and
burns completely within a short time. As the KOH responsive
compound 1 methanol or ethanol gel is not thermo-reversible
and stable at high temperature, it remains in a gel phase at the
time of burning and takes a long time to finish. Therefore the
KOH responsive compound 1 methanol or ethanol gel is more
user friendly and appealing to the consumers.

3. Experimental
General

All chemicals were purchased from Sigma chemicals.

Synthesis

The compound 1 was synthesized from picolinic acid by
conventional methods. The compound 2 was synthesized from
monomethyl picolinate and hexamethylenediamine by a solu-
tion-phase methodology. The products were purified by column
chromatography using a silica (100-200 mesh size) gel as
a stationary phase and an n-hexane-ethyl acetate mixture as an
eluent. The compounds were fully characterized by 500 MHz
and 400 MHz 'H NMR spectroscopy, 125 MHz “C NMR
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spectroscopy, FTIR spectroscopy and mass spectrometry. The
compounds 1 and 2 were characterized by X-ray crystallography.

NMR experiments

All NMR studies were carried out on a Briiker AVANCE 500 MHz
spectrometer. Compound concentrations were in the range of
1-10 mm in CD;0D, MeOD and D,O.

FTIR spectroscopy

All reported solid-state FTIR spectra were obtained with a Per-
kin Elmer Spectrum RX1 spectrophotometer using the KBr disk
technique and in MeOH solution.

Mass spectrometry

Mass spectra were recorded on a Q-Tof Micro YA263 high-
resolution (Waters Corporation) mass spectrometer by positive-
mode electrospray ionization.

Gelation

The compound 1 (dimethyl dipicolinate) (6 mg, 1 equiv.) and an
excess of KOH (5 equiv.) were taken and the gelation ability was
studied in 1 mL solvent by changing the ratio of water and
methanol in a stepwise fashion at room temperature. An instant
homogeneous gel appeared when the ratio of water and meth-
anolis 1:9.

Rheology

The viscoelastic properties of sonication induced gels were
measured with a commercial rheometer (AR-G2, TA Instru-
ments, New Castle, USA).

Single crystal X-ray diffraction study

Intensity data were collected with MoKa radiation using
a Bruker APEX-2 CCD diffractometer. Data were processed using
the Bruker SAINT package and the structure solution and
refinement procedures were performed using SHELX97. The
non-hydrogen atoms were refined with anisotropic thermal
parameters. The data have been deposited at the Cambridge
Crystallographic Data Centre with reference CCDC 918260.

Field emission scanning electron microscopy

Morphologies of the reported xerogel were investigated using
field emission-scanning electron microscopy (FE-SEM). A small
amount of sample was placed on a clean glass slide and then
dried by slow evaporation. The material was then allowed to dry
under vacuum at 30 °C for two days. The materials were gold-
coated, and the micrographs were taken in an FE-SEM appa-
ratus (Jeol Scanning Microscope-JSM-6700F).

4. Conclusions

In conclusion, we have developed a stimuli responsive organo-
gelation system at room temperature based on dimethyl pico-
linate. The gelation is highly selective for potassium hydroxide.
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Interestingly, the assembly of gelator molecules can effectively
trap methanol or ethanol in the presence of water (9 : 1). The gel
exhibits high stability, thixotropic behaviour and self-healing
properties. The non-explosive gel can be used as a safe fuel for
indoor and outdoor heating without any special stove or burner.
The gelator retains strong memory even after burning which
makes it rechargeable up to four times by the addition of (9 : 1)
methanol-water. The eco-friendly gel can be shaped into any
self-supporting geometrical shape, coloured with organic dyes
and can be packed in any container which is appealing to the
consumers.
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