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a b s t r a c t

Sugar based low-molecular-mass organogelator (LMOG) methyl-4,6-O-(p-nitrobenzylidene)-a-D-gluco-
pyranoside, is a unique gelator because its small and weakly-interacting molecules can form large supra-
molecular structures in nonpolar, but also in polar, solvents and cause their gelation. The self-assembling
properties of the gelatorwere studied in selected nonpolar and polar solvents. It was shown that the driving
forces for both types of solvent are the intermolecular hydrogen bond interaction. The effect of the nature of
the solvent on the thermal stability of the gels and on the three-dimensional network organization was
determined. Different solvent parameters, such as dielectric constant, one-component solubility parameter,
the polarity parameter and the KamleteTaft parameters were considered to quantify solvent effects on the
gelation. Some correlation between these parameters and the gel stability, microstructure and the enthalpy
of the phase transitionwere established. The effort to correlate the KamleteTaft parameters to the thermal
stability and gelation ability is also possible but applies only to the studied gelator.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Methyl-4,6-O-(p-nitrobenzylidene)-a-D-glucopyranoside (1) be-
longs to the family of monosaccharides that are still not fully
explored. Moreover, it is the representative of so-called low-
molecular-mass (LMOGs) or low-molecular-weight (LMWGs)
sugar-based gelators.1e6 The characteristic feature of all LMOGs is
that they gelate various organic solvents and create a novel fibrous
superstructure.7e17 On the base of the studies conducted on the
gels made by LMOGs it is generally accepted that the gelator and
the solvent molecules form a homogeneous mixture in the sol
phase. At the sol-gel temperature they separate into two phases:
the solid fibril like structure formed by the gelator aggregates and
the liquid one confined within the pores, spaces of the solid matrix.
Gelator molecules in the fibers are self-assembled through non-
covalent interactions, such as electrostatic, dipoleedipole, hydro-
gen bonding, the pep stacking, and van der Waals interactions.
Therefore the gels made by LMOGs are classified as physical gels. An
interesting feature of the LMOG gel is that even up to 99.5% of the
gel by weight is liquid.

The organogels represent an important class of functional ma-
terials due to their interesting supramolecular architectures and
potential applications in template materials, biomimetics, as
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viscosity modifiers in applications such as paints, coatings, oil re-
covery, in controlled drug release and in a variety of pharmaceutical
and hygienic applications.3,7,10,11

Despite a variety of studies of the gelation process, our un-
derstanding of the gel formation remains incomplete and some
questions still remain. The most important are: how the gelator
molecules assemble step by step into aggregates and further into
complicated microstructures, how the solvent influences the gel
properties, and how the solvent molecules interact with the gelator
aggregates in gel, if such an interaction takes place.

In our work we focus on the gelation phenomenon of saccharide
gelators.18e20 In particular we are interested in the thermal prop-
erties, microstructure and solventegelator interactions. The sac-
charide gelators create in the solid state one-dimensional
hydrogen-bond-based chains that are the buildings blocks of the
fibril-like gelator structure in the gel.21e23 The tendency to form
one-dimensional hydrogen-bonded networks is a prerequisite for
a good gelator. Usually a particular gelator, which gels a large
spectrum of organic solvents, does not act as a gelator for polar
solvents like water or alcohols. Why is that so? The driving forces
for the aggregation of gelator molecules are intermolecular hy-
drogen bonds. Polar solvents can usually form hydrogen bonds
with gelator molecules competing with the gelatoregelator hy-
drogen bond formation.

The subject of our studies, methyl-4,6-O-(p-nitrobenzylidene)-
a-D-glucopyranoside, is a unique gelator, not only in the family of
sugar-based gelators, but also in the large group of LMOGs because
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Table 1
Gelation ability of 1 in studied solvents

Non-polar polar aprotic solvents

0.5%
(wt %)

1.0%
(wt %)

1.5%
(wt %)

2.0%
(wt %)

2.5%
(wt %)

3.0%
(wt %)

4.0%
(wt %)

5.0%
(wt %)

6.0%
(wt %)

Toluene G G da G da G G I da

Benzene G G G G I I da da da

Chlorobenzene G G da G da G G I da

Polar protic solvents
1-Butanol S P P P P G G G G
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its small and weakly-interacting molecules can form large supra-
molecular structures both in nonpolar and polar solvents and cause
their gelation. The most plausible conformation of the methyl-4,6-
O-(p-nitrobenzylidene)-a-D-glucopyranoside obtained by compu-
tational chemistry methods is shown in Fig. 1. The ability to form
gel with a polar solvent is of great importance due to many po-
tential applications in the biomedical field, including tissue engi-
neering, controlled drug release or medical implants.24,25 These
‘bifunctional’ gelators are limited in the literature.14,26
Fig. 1. The most possible conformation of the methyl-4,6-O-(p-nitrobenzylidene)-a-D-
glucopyranoside obtained by computational chemistry methods.

Glycerol S S G G G G G I da

Water S S G G da G G G I

G¼gel, P¼precipitation, S¼solution, I¼insoluble.
a Not measured.
Unfortunately, the crystal structure for the studied gelator is
unknown but it is reasonable to assume that it is very similar to the
methyl-4,6-O-benzylidene-a-D-glucopyranoside.21,22 The studied
gelator differs only by the nitro group attached to the benzylidene
in the para-position. In the crystal state, the non-substituted gelator
forms one-dimensional zigzag chains in which molecules are con-
nected by two intermolecular hydrogen bonds using the hydroxyl
group 2-OH and 3-OH. It was shown that the introduction of a ni-
tro-substituent in the para-position increases the ability for self-
aggregation of methyl-4,6-O-benzylidene-monosaccharides.24

In the former contribution we focused on the solventegelator
interaction in the gel composed by the methyl-4,6-O-(p-nitro-
benzylidene)-a-D-glucopyranoside with chlorobenzene.20 The in-
teraction was evidenced through the proton spin-lattice relaxation
measurements of chlorobenzene as a function of magnetic field and
temperature. The interactions of the chlorobenzenemolecules with
the surface of gelator aggregates, which formed the solid fibril
networks in the gel are responsible for the observed dispersion of
the relaxation of the solvent in the frequency range 104e105 Hz.

This paper deals with the gelation of polar and nonpolar sol-
vents by the methyl-4,6-O-(p-nitrobenzylidene)-a-D-glucopyrano-
side. We study the effect of the nature of the solvent on the thermal
stability of the gels, on the three-dimensional network organiza-
tion, and on the interactions responsible for the self-assembly of
the gelator molecules.
Fig. 2. (A) Dependence of Tgel on the concentration of gelator 1 gels in benzene (open
squares), chlorobenzene (open circles), toluene (open triangles), water (filled squares),
butanol (filled circles), glycerol (filled triangles). The solid lines have no physical
meaning and are included as a visual guide. (B) Plots of the logarithm of gelator 1
concentration versus the reciprocal absolute temperature of Tgel. The solid lines are the
best fit of Eq. 1 to the experimental points.
2. Results and discussion

2.1. Gelation properties and the thermal stability of the gels

The gelation ability of gelator 1 was examined in six different
nonpolar and polar solvents, such as toluene, benzene, chloroben-
zene, butanol, glycerol, and water. The results are summarized in
Table 1. Gelator 1 is able to form stable gels (classified as G) in all of
these solvents, but at different minimum concentration. With
toluene, benzene, and chlorobenzene gelator 1 makes gels at
a concentration of 0.5%, whereas with butanol the minimal con-
centration is 3% [wt %].

The physical gelation of 1, likewith other LMOGs, occurs via self-
aggregation through non-covalent interactions. Therefore, the
thermally reversible gel-to-sol phase transition is a characteristic
feature of the gels. In order to compare the qualities of the gels
composed by 1 with the studied solvents, the gelesol phase tran-
sition temperatures (Tgel) are plotted against the gelator concen-
tration (in wt %) and presented in Fig. 2 A. The temperatures were
estimated by the air-bath method.6 The Tgel value is dependent on
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the concentration of the gelator and in agreement with the litera-
ture, in all investigated gels increased with increasing gelator
concentration. The data showed that for the concentration of 2%
[wt %] the Tgel of 1 gels increase in the order of 1/benzene<1/
water<1/chlorobenzene<1/toluene, <1/glycerol, corresponding to
the increasing polarity of the solvent. The polar protic glycerol
produced the most thermally stable gel with 1.

The saccharide based gelators1,2,21 form fibril aggregates in the
gel state whereas the aggregates are dissociated into discrete
molecules of gelator in the sol phase. Therefore, the gel-to-sol
phase transition can be treated like the dissolution process of the
crystal and if so, the transition temperature and its relation to the
gelator concentration is described by Eq. 1 derived from a Schrad-
er’s27 relation.

log½C� ¼ � DH
2:303R

� 1
Tgel

þ constant (1)

where C is the gelator concentration, DH is the melting enthalpy, R
is the gas constant and Tgel is the gel-to-sol transition temperature.

Eq. 1 was originally proposed for the gel-to-sol phase transition
for polymeric networks whose crosslink formation is made up of
pairs of chains and does not take into account the influence of the
solvent, which may affect the structures and thermodynamic be-
haviors.28 Therefore, using Eq. 1 for describing the physical gel is
probably oversimplified but is generally accepted and was used to
fit the experimental data of the gelator concentration versus the
reciprocal absolute temperature of Tgel. The best fits are shown as
the solid lines in Fig. 2B. The determined gelesol transition en-
thalpies DH are presented in Table 2.
Table 2
Bulk solvent parameters of the six selected solvents: 3¼dielectric constant, d¼one-
component solubility parameter, ET(30)¼polarity parameter and the KamleteTaft
parameters: a¼hydrogen bond donor ability, b¼hydrogen bond acceptor ability, and
p*¼solvent dipolarity/polarisability. The Tgel is the gelesol temperature obtained for
3% [wt %] studied gels and DH is the enthalpy calculated on the base of Eq. 1

Non-polar and polar aprotic solvents

3 d (cal1/2

cm�3/2)
ET(30)
(kcalmol�1)

a b p* Tgel
(K)

DH
(kJ mol�1)

Toluene 2.4 8.9 33.9 0.00 0.11 0.54 337.6 117.9
Benzene 2.3 9.1 34.3 0.00 0.10 0.59 327.8 39.2
Chlorobenzene 5.6 9.6 36.8 0.00 0.07 0.71 341.0 59.3
Polar solvents
Butanol 17.8 11.3 49.9 0.79 0.88 0.47 334.4 37.4
Glycerol 42.5 21.1 57.0 0.93 0.67 1.04 378.4 20.9
Water 80.0 23.5 63.1 1.17 0.18 1.09 338.0 53.2
The obtained values fit well with the values reported up to now
for the other monosaccharide based gels.5,6,29 As the DH values are
relative to the strength of the intermolecular interactions (mainly
hydrogen bonding) in the nanofiber, the highest DH value in the
toluene gel of 1 reflects the stronger intermolecular interactions.
This result is consistent with our FTIR measurements as discussed
below.
Fig. 3. Selective part of the absorption FTIR spectra of gelator 1 for toluene (A), ben-
zene (B) and chlorobenzene (C) gels. In each of the figures the spectra are shown of the
solid gelator 1 (a), corresponding gel (b), and solvent (c). The stars indicate the signal
form solvent.
2.2. Mechanism of gelator aggregates

The FTIR spectra for the solid gelator methyl-4,6-O-(p-nitro-
benzylidene)-a-D-glucopyranoside and its gels were measured to
examine the participation of hydrogen bonding in gelation. FTIR
spectra give valuable information about the formation of hydrogen
bonding because the stretching vibrations nOH along the bond
linking atoms or groups of atoms are strongly affected by this type
of interactions. Generally, in FTIR spectra of solid samples (KBr) of
all monosaccharides the peak for free OH group appears around
3600 cm�1. In the gel phase all signals are broadened and those
involved in intermolecular hydrogen bonds are shifted toward
lower wave number.

In Fig. 3A, B, and C are shown the FTIR spectra of nonpolar
solvent: toluene, benzene, and chlorobenzene gels (b) together
with the spectra of the solid gelator 1 (a), and corresponding



Fig. 4. Absorption FTIR spectra of water (A) and glycerol (B) gels of gelator 1. In both
figures the spectra are shown for solvents (a), corresponding gel (b) together with the
spectra of the solid gelator 1 (c). The stars indicate the signal form solvent.
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solvents (c). The measured spectra of solid gelator 1 and gels are
characterized by the bands in the range of 3600e3100 cm�1 at-
tributed to intermolecular hydrogen bonding. Below 3500 cm�1

a broad intense band (3500e3100 cm�1) with two distinguishable
peaks at 3370 and 3250 cm�1 is seen in the solid phase. These two
peaks can be connected with gelator hydroxyl group 2-OH and 3-
OH, which formed two intermolecular hydrogen bonds between
gelator molecules giving contribution to the one-dimensional zig-
zag chains observed in the crystal.21,22 In the gel phase (for toluene,
benzene, and chlorobenzene) the broad band also appears but its
intensity decreases, the signal is more broadened and the nOH peak
at 3370 cm�1 changes its position to 3330 cm�1. The shifts of
40 cm�1 for gel state indicate involvement of only one of the OH
groups in intermolecular H-bonding during gel assembly. More-
over, the broad band in the solid and gel phase indicates distribu-
tion of the intermolecular hydrogen bonds. In the discussed FTIR
spectra, in addition to a broad band, a strong, narrow peak also
appears at 3534 cm�1 in solid and gel phases with the same in-
tensity. Its position corresponds approximately to the position of
the peak from a free OH group. We assigned this peak to the weak
intramolecular hydrogen bond formed between 2-OH group and
the 1-O-Me group of the gelator molecule, which is not affected by
the gelation process.

The interesting feature of the FTIR spectra of gelator 1 with
toluene, benzene and chlorobenzene gels is their similarity,
which may reflect comparable hydrogen bond networks. How-
ever, a close look at the peak at 3250 cm�1 reveals some dif-
ferences. The position of this peak is independent of the solvent
but its intensity is strongly influenced by the solvent. Therefore,
we compare the relative intensities of the peak at 3250 cm�1 to
the one at 3534 cm�1 (the position and the intensity of this
peak remains unchanged in solid and in the gels) in the spectra
of benzene, chlorobenzene, and toluene gels. The differences in
the intensities are 0.28, 0.30, and 0.16, for benzene (Fig. 3B),
chlorobenzene (Fig. 3C), and toluene (Fig. 3A), respectively. The
result indicates almost twice as many hydrogen bonds in the gel
of gelator 1 with toluene as compared with benzene or chlo-
robenzene. The result is consistent with the determined gelesol
transition enthalpies DH with the highest value being observed
for toluene gel.

Fig. 4A, B shows the FTIR spectra of polar solvent: water and
glycerol gels (b) together with the spectra of the solid gelator 1 (c),
and corresponding solvents (a). The polar solvents are composed of
the OH group therefore their FTIR spectra are characterized by the
strong band in the range of 3500e2800 cm�1 attributed to hydro-
gen bonding. This makes the gel spectra, due to the dominant
solvent contribution, very like the solvent spectra. The identifica-
tion of the peaks assigned to the OH groups of the gelator involved
in the hydrogen bond formation is impossible. In the case of water
and glycerol the only observation from FTIR spectra concerns the
broadening of the band in gels as compared to the solid gelator or
solvents. The result indicates the formation of additional hydrogen
bonds and their broader distribution in the gel phase. The polar
solvent can form hydrogen bonds with gelator molecules in addi-
tion to the gelatoregelator hydrogen bonds formation (unidirec-
tional) and thus stimulate the growth of hydrogen bonds in all
directions. The analysis of the FTIR spectra in the range of
1800e800 cm�1 does not show significant involvement of any
other interaction in the gel formation.

As shown by Polarized Optical Microscopy, the butanol gel of
gelator 1 contrary to other studied gels formed three different fibril
microstructures (Fig. 11). Therefore, FTIR measurements were per-
formed for each part of the gel with a different structure. Corre-
sponding spectra are presented in Fig. 5A and B in the range
ascribed to hydrogen bonding and the lower wave number range
(1550e800 cm�1), respectively. On both figures are presented
spectra from butanol (a), the part of the gel, which showed
a branch-like aggregates structure (b), the part of gel in which the
aggregates exist in the form of straight fibers (c), the part of the gel
with aggregates exhibited tussock grass-like structure (d), and the
spectra of the solid gelator 1 (e). We can see some differences be-
tween the FTIR spectra of different aggregates in the studied range
between 3600 and 800 cm�1. In the range assigned to the hydrogen
bonds the spectra from particular aggregates show differences
between each other and also they differ from that of a solid gelator
and solvent. The result shows that despite the fact that the polar
solvent can compete with the gelatoregelator hydrogen bonds
formation the hydrogen-bond interaction still remains a driving
force for gel formation. In the FTIR spectra of gel with aggregates in
the form of straight fibers and branch-like aggregates the nOH peaks
change their position to 3300 cm�1 and 3160 cm�1 as compared to
the peaks in solid gelator, which appear at 3370 cm�1 and
3250 cm�1. The shifts of 70 cm�1 and 90 cm�1 for the gel state in-
dicate the involvement of both OH groups of the gelator in in-
termolecular H-bonding during gel assembly.



Fig. 5. Absorption FTIR spectra of 1 for butanol gel in the range ascribed to hydrogen
bonding (A) and in the lower wave number range 1550e800 cm�1 (B). On both figures
spectra are presented from butanol (a), the part of the gel, which showed a branch-like
aggregates structure (b), the part of gel in which the aggregates exist in the form of
straight fibers (c), the part of the gel with aggregates exhibited tussock grass-like
structure (d), and the spectra of the solid gelator 1 (e). The stars indicate the signal
form the solvent.

Fig. 6. Polarized Optical Microscopy micrographs of toluene gel 1 [2%(wt %)]: high
magnification (A) and low magnification (B).
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The interesting feature of butanol gels and other studied polar
solvents is the absence of a peak at 3530 cm�1 assigned to the weak
intramolecular hydrogen bond formed between the 2-OH and 1-O-
Me group of gelator molecule in solid phase. Inversely to nonpolar
solvents this interaction is affected by the gelation process.

FTIR spectra in the range of the lower wave number also show
some differences. In butanol one intensive and narrow peak at
850 cm�1 is detected. This peak, but with different intensity, is also
visible in the gels with different microstructure (b, c, and d) to-
gether with the peak around 830 cm�1 assigned to the gelator 1.
The analysis of the intensity of these two peaks in the gel with
microstructure b, c, and d leads to the following conclusion: the
different aggregates interact with different number of butanol
molecules as a result of a different value of the surface area of the
aggregates. In the case of a branch-like aggregates (b) characterized
by the highest surface area, the peak from butanol at 850 cm�1 has
higher intensity when compared to the one at 833.1 cm�1 assigned
to the gelator (see Fig. 6b). On the other hand for aggregates in the
form of straight fibers (c) the situation is reversed and the peak at
831.8 assigned to the gelator is more intense than the one at
850 cm�1 assigned to solvent. This means that straight fiber ag-
gregates are characterized by the smaller surface area for the sol-
ventegelator interaction as compared to branch-like aggregates. In
the FTIR spectra of the gelator 1 the peak at 1349.6 cm�1 corre-
sponds to stretching vibration of CNwhere N belongs to NO2 group.
This peak is shifted toward the lower wave number for gels with
straight fibers and tussock grass-like aggregates (1347.7 and 1346.7,
respectively) indicating possible involvement of NO2 in the for-
mation of aggregates and in gelation phenomenon.
FTIR studies show that gelator 1, like other methyl-4,6-O-ben-
zylidene derivatives of monosaccharides,30,31 formed gels in non-
polar: toluene, benzene, and chlorobenzene and in polar solvents:
butanol, through formation of a hydrogen-bond network. Due to
the unresolved FTIR spectra of water and glycerol gels we are un-
able to determine the role of hydrogen-bonds interactions. Based
on the literature14,26 we can assume that other aggregation modes,
such as dipoleedipole, hydrophobic or the pep stacking in-
teractions may play someminor role in the self-assembly of gelator
1 in the polar solvents. The pep interactions were detected in FTIR
spectra of butanol gel.
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2.3. Gel structure

The morphology of gels produced by methyl-4,6-O-(p-nitro-
benzylidene)-a-D-glucopyranoside with studied solvents was ex-
amined by Polarized Optical Microscopy (POM). Representative
micrographs are shown in Figs. 6e11 where the structure of a par-
ticular gel is presented with low and high magnification. The POM
images were taken of 2% gels in the case of toluene, benzene,
chlorobenzene, water, and glycerol and 3% for the butanol gel. They
show clear differences in the morphology of gelator 1 in different
solvents. The aggregates have very different shapes for each of the
solvent. In the case of toluene they have short but thick, needle
fiber shape but change into the long puckered fibrils in water. An
image of 1 in chlorobenzene exhibited branch-like structure at low
magnification, slightly similar to the one of benzene but at high
magnification. Contrary to the others gels, the gel of 1with butanol
has different fibril microstructure (Fig. 11A). One type of aggregates
showed a branch-like structure (Fig. 11b), which clearly has one
starting point of growing, the second type exists in the form of
straight fibers (Fig. 11c), and the third one exhibited tussock grass-
like structure (Fig. 11d).
Fig. 7. Polarized Optical Microscopy micrographs of benzene gel 1 [2%(wt %)]: high
magnification (A) and low magnification (B).

Fig. 8. Polarized Optical Microscopy micrographs of chlorobenzene gel 1 [2%(wt %)]:
high magnification (A) and low magnification (B).
The hydrogen bond interaction is responsible for one-
dimensional growth of the fibers along the fibril axes. The van
der Waals interactions (much smaller) are responsible for the
growth perpendicular to the fibril axes and make the fibril thicker.
Such an interactionmay play some role in the toluene gel where the
fibrils are thicker when compared to other gels. As proved by FTIR
measurements, the hydrogen bonds are the main driving forces for
molecular aggregation in benzene, toluene, and chlorobenzene
gels. Despite the common driving forces gelator 1 forms different
aggregates in the gels made with these solvents. Therefore, we can
conclude that the physical properties of the solvent, not the gela-
toregelator interactions, have a decisive effect on the shape of the
formed gelator aggregates in the gel.
2.4. Solvent influence

There is an effect of the nature of the solvent on the thermal
stability of the gels of 1 and the aggregates’ structures. In the lit-
erature different approaches have been used to quantify solvent
effects employing solvent parameters, such as dielectric constant
( 3), the one-component solubility parameter (d), the polarity pa-
rameter ET(30) or the KamleteTaft parameters.32e38 For selected
solvents these parameters are given in Table 2. The d parameter
does not reflect the gelatoresolvent molecular interactions but
indicates the solvation power of the solvent toward gelator mole-
cules and, thus, influences gelation. The solventegelator in-
teractions are described by the ET(30) parameter and KamleteTaft
parameters such as hydrogen bond donor ability (a), hydrogen
bond acceptor ability (b), and solvent dipolarity/polarisability (p*).
The attempts to correlate the macroscopic properties of gelation to
these parameters of solvent are in some cases satisfactory but why
some correlation occurs is not fully understood.32e38



Fig. 9. Polarized Optical Microscopy micrographs of water hydrogel 1 [2%(wt %)]: high
magnification (A) and low magnification (B).

Fig. 10. Polarized Optical Microscopy micrographs of glycerol gel 1 [2%(wt %)]: high
magnification (A) and low magnification (B).
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We could expect that in a polar medium the gelation slows
down due to the competing interactions with gelator molecules.
This effect should also reduce the gel formation and dissolution
temperature. The dielectric constants, which somehow reflect the
solvent polarity of selected nonpolar solvents have much smaller
values (between 2.2 and 5.6) than the polar solvents (17.8 and 80.6).
Despite this fact gels composed of gelator 1 with all selected sol-
vents are characterized by very similar (with the exception for
butanol gel) gelesol phase transition temperature. Therefore, we
can conclude that there is no correlation between the 3quantity
and Tgel for the studied gels.

Some correlation may be observed between the dielectric con-
stant and the melting enthalpy DH. For nonpolar solvents the en-
thalpy values decreases with an increase of the 3values, whereas
this behavior is opposite in the case of polar solvents. The similar
correlation is observed for the solubility parameters d and the po-
larity parameter ET(30) for both types of selected solvents.

Further, we have considered the effect of the selected solvents
on the gelation of 1 in terms of KamleteTaft parameters. The sol-
vents with a equal zero, such as toluene, benzene, and chloroben-
zene, which are unable to donate bonds to the gelator formed with
gelator 1 an optically completely clear gel. This means that the
aggregates are smaller than the wavelengths of visible light. On the
other hand, water with the highest value of a formed an opaque gel
indicating the presence of large aggregates with a size comparable
with the wavelengths of visible light. Water is a good hydrogen
bond donor and can form hydrogen bonds with the gelator giving
rise to the growth of the hydrogen-bonding network of gelator
molecules in all directions. As a result larger aggregates are formed.
Also water, being a good hydrogen donor, does not support gelation
of 1 at low concentration. A stable hydrogel was obtained at con-
centration of 1.5% of gelator 1 contrary to nonpolar solvents, which
formed stable gels for concentration less than 0.5% [wt %]. A similar
situation arises with the butanol gel with gelator 1. In the group of
polar solvents the highest thermal stability is observed for glycerol
gel of 1. Glycerol has a high p* and intermediate value of b among
selected polar solvents. Glycerol can compete with the gela-
toregelator interactions but despite that formed the most ther-
mally stable gel. Within the nonpolar solvents the most thermally
stable gel of 1 is formed in chlorobenzene, which has the lowest
b and highest p* values among the selected solvents of this type.

Generally, for the sugar-based gelator methyl-4,6-O-(p-nitro-
benzylidene)-a-D-glucopyranoside, the correlation between the
thermal stability and the KamleteTaft parameters p* and b are
different than for the family of bis-urea based gelators.38 According
to the studies by Smith et al.38 the 1,2-dichlorobenzene with the
parameters p* and b (0.77 and 0.03, respectively) very similar to
chlorobenzene, formed with bis-urea based gelators a less ther-
mally stable gel when compared to toluene and benzene. This
means that the attempt to correlate the KamleteTaft parameters to
the thermal stability and gelation ability is possible but applies only
for specified family of LMOGs. In our studies the correlation be-
tween the KamleteTaft parameters and the thermal stability and
gelation ability of the studied gels was drawn on the basis of
a limited number of solvents and therefore should be taken with
some caution.



Fig. 11. Polarized Optical Microscopy micrographs of butanol gel 1 [3%(wt %)]: low magnification of gel microstructure (A), high magnification of microstructure (b), (c), and (d). The
symbols correspond to that from Fig. 11A.
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3. Conclusion

This work indicates the evident responsibility of the solvents to
determine the supramolecular structure in the gels of methyl-4,6-
O-(p-nitrobenzylidene)-a-D-glucopyranoside, their thermal stabil-
ity, and their ability to form gels at low concentration. We have
shown that some correlations of the physical properties of the
solvents, such as dielectric constant, the one-component solubility,
and the polarity parameter to the gelesol transition temperature
and to the calculated enthalpy of the phase transition occur but are
not satisfactory. Moreover, the effort to correlate the KamleteTaft
parameters to the thermal stability and gelation ability is also
possible but applies only to the studied LMOGs. The correlations are
different when compared to these obtained for bis-urea based
gelators.38

We have shown that the driving forces for the aggregation of
gelator 1 molecules in the chosen nonpolar solvents are the in-
termolecular hydrogen bonds like in other sugar-based gelator. The
interesting results concern the fact that also in polar solvents this
interaction is the main driving force of gelator self-assembly. Other
aggregation modes, such as dipoleedipole, hydrophobic or pep
stacking interactions may play some role in the self-assembly of
gelator 1 in the polar solvents.

The results presented in the paper indicate how complex the
gelation phenomenon is and how unpredictable the influence of
solvent on the gelation is.
4. Experimental section

4.1. Gelator and solvents

LMOG methyl-4,6-O-(p-nitrobenzylidene)-a-D-glucopyranoside
(1) was synthesized according to a method described elsewhere.26

The unique feature of this gelator is that it has the ability to gelate
various organic solvents but also polar solvent like water or alco-
hols. In our work we examine the gelation ability of 1 in six
different solvents: toluene, benzene, chlorobenzene, butanol,
glycerol, and water. The solvents were obtained commercially from
the Aldrich Chemical Co. and were used as supply.
4.2. Preparation of the gels

Themethyl-4,6-O-(p-nitrobenzylidene)-a-D-glucopyranoside can
gelatinize solvents in a wide range of concentration. The concen-
trations in the range 0.5%e6% [wt %] were chosen to form gels
studied in the present work. The studied gelator made gels with all
selected solvents but in different ranges of concentrations. The gels
were prepared by mixing the required amount of the methyl-4,
6-O-(p-nitrobenzylidene)-a-D-glucopyranoside and appropriate
solvent in a closed capped tube and heating the mixture until the
complete dissolution of the solid. Next, after cooling the solution
below the characteristic gelation temperature the transition to the
gel phase takes place. As a result thermoreversible, optically com-
pletely clear gels were obtained for benzene, chlorobenzene, and
toluene. The gels obtained for glycerol andwater were less clear and
opaque. All gels kept stable evenwhen the tubes were turned upside
down, indicating the formation of stable supramolecular gels or
hydrogels.
4.3. Determination of gelesol transition temperature (Tgel)

Thermal stabilities of the gels were analyzed by the air-bath
method and visual inspection of the samples. The air-bath
method involves inserting a sample into a stream of continuous
gas flow, whose temperature changes are precisely controlled. For
this purpose, we used a slightly modified NMR probe head. The
opaque radio-frequency coil was replaced by a transparent glass
tube, and thus, a visual inspection of the sample was possible. The
temperature of the gelesol (Tgel) transition was determined upon
heating the sample to the temperature at which the system starts to
flow and was measured with an accuracy of �0.5 K.
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4.4. FTIR Spectroscopy

FTIR measurements were performed on a Bruker Equinox 55
spectrometer. The absorption spectra of solvents, powdered gelator
and its gels were obtained at room temperature in the range of
800e3600 cm�1 and a resolution of 2 cm�1. The measured samples
were dispersed in KBr pellets. To avoid any trace of water in KBr
discs, as this substance is highly hydrophilic, the KBr powder used
for the discs’ preparation was kept under high temperature for
a couple of hours. Next, the FTIR spectrum of this powder was
measured. For the preparation of samples with our gelator we used
only a freshly prepared and well dried KBr powder (without water
bands in its FTIR spectra). To check the possible absorption of water
by the KBr disc with our sample during the FTIR measurements,
a pure KBr disc without gelatorwas kept in the same conditions and
for the same period of time. Directly after our sample measure-
ment, the spectrum of the pure disc was performed and checked for
the existence of water bands.
4.5. Microscopic observation

Polarized Optical Microscopy (POM) investigation was per-
formed with a JENAPOL microscope operating in different contrast
and polarization modes. A drop of 3 or 2%(wt %) of methyl-4,6-O-
benzylidene-a-D-glucopyranoside gels were carefully cast onto
glass microscope slides and covered with 130e170 mm coverslip
and then immediately subjected to POM observation.
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