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This paper focuses on the thermal properties, the microstructure, and the molecular dynamics of water
in the hydrogels (1.5, 2, 3, 4, and 5% [gmL"']) formed by sugar-based low molecular-weight gelator
methyl-4,6-0-(p-nitrobenzylidene)-a-p-glucopyranoside. The energy needed to break the non-covalent
interactions such as the hydrophobic, dipole-dipole, and 7-m stacking interactions responsible for the
gel formation was calculated to be 43 kj mol~L. The microstructure of the 4% [gmL~'] hydrogel shows
a characteristic fibril structure of the gel network with individual gel fibers, the junction points of thicker
fibers, and pores occupied by water. The single mode diffusion of water molecules inside the gel network
was detected irrespective of the diffusion time 4 (8-75 ms) and hydrogel concentration. For 4 of 10 ms
the water diffusion is almost free and characterized by the diffusion coefficient in the range from 2.17x10~°
to 1.84x10~?m?s! for studied hydrogels. For larger 4 values, so-called restricted diffusions are ob-
served and manifested in the linear decreases of the diffusion coefficient with diffusing time 4, as shown
for 5% gel. Only the one average proton spin-lattice relaxation time T; of water was determined for the
studied hydrogels, irrespective of gelator concentration.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Organogels are a new class of nanostructured materials, which
are composed of a self-assembled superstructure of low molecular-
weight gelators (LMWGs) and a large volume of organic solvent
immobilized therein. The driving forces for molecular aggregation
are non-covalent interactions such as dipole-dipole, van der Waals,
w7 stacking or hydrogen-bonding interactions.!~® There is a ten-
dency to classify the gelators according to their driving force for
molecular aggregation into two categories: non-hydrogen-bond-
based’ and hydrogen-bond-based gelators.3-2° However, this clas-
sification is very general because in many cases the aggregation of
the gelator molecules into fibrous networks takes place through
a combination of interactions.?%? In recent years, organogels were
the subject of great interest and many studies due to their numerous
industrial applications and interesting supramolecular structures.! ™

There are many different types of gelators and their corre-
sponding gels, and among them of special interest are sugar-based
organogels.”’~2 They form a large library of compounds with po-
tential use as building blocks for new gelators with different
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gelation abilities and different three-dimensional network struc-
tures. However, discovery of a good gelator is very often the matter
of chance. On the other hand, the careful studies of such a large
group of similar compounds can help to predict the conditions,
which molecules have to fulfill to be a good gelator. In recent years,
sugar-based organogels were widely explored and we learned that
they have high potential in gel formation, but some of them do not
form gels at all. The main driving forces for molecule aggregation in
organogels are hydrogen-bond interactions. It was proven by FTIR
and NMR spectroscopy that directional hydrogen-bond networks in
a single crystal of saccharide-containing gelators is a basic re-
quirement for a saccharide to be a good gelator.!%?%%4 Sugar-based
gelators possess the ability to gelatinize a wide spectrum of sol-
vents but they do not generally make gels with water. Mostly,
hydrogels are made of polymer molecules through complicated
intermolecular interactions. There are relatively few examples of
hydrogels composed of LMWGs>1>1628-32 and particularly of sugar-
based gelators.33-3” The cause is that water can act as a hydrogen-
bond acceptor and weakens any network formation based on
intermolecular hydrogen-bonding interactions or increases the
dimensionality, thus making the gelation process difficult.

The subject of our studies is methyl-4,6-0-(p-nitrobenzylidene)-
a-p-glucopyranoside (1) with a chemical structure presented in
Figure 1.1t is a unique sugar-based gelator, which has gelation ability
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Figure 1. Chemical structure of 4,6-O-(p-nitrobenzylidene)-a-p-glucopyranoside.

in organic solvents as well as in water. Examples of such ‘bi-
functional’ gelators are limited in the literature.?! The crystal
structure for compound 1 has not been examined but the structure
is known for the unsubstituted gelator, i.e., methyl-4,6-O-benzyli-
dene-a-p-glucopyranoside.'®23 This compound has two unmodified
hydroxyl groups, 2-OH and 3-OH, one hydroxyl group protected by
a methyl group 1-OH, and 4-OH and 6-OH groups protected by
a benzylidene group. In the crystal state, the unsubstituted gelator
forms one-dimensional zigzag chains in which molecules are con-
nected by two intermolecular hydrogen bonds using the hydroxyl
group’s 2-OH and 3-OH. The studied gelator 1 differs only by the
nitro group attached to the benzylidene in the para-positon (Fig. 1).
Therefore, we can assume that the crystal structure of gelator 1 is
very similar to the unsubstituted one.’®23 The introduction of the p-
nitro-substituent only in para-positon increases the tendency for
self-aggregation of methyl-4,6-0-benzylidene-monosaccharides.?®

In nonpolar solvents the hydrogen-bond interactions are the
driving forces for self-assembly of this type of gelators, whereas in
water, other aggregation modes such as dipole-dipole, hydropho-
bic or m—m stacking interactions dominate self-assembly.?>> This
gelator has been used for the preparation of a novel donor-ac-
ceptor, sugar-based gelator system serving as an acceptor group.
This type of a dual component organogel exhibits a charge transfer
interaction.?237

The unique properties of gelator 1 were the inspiration of our
studies presented in this paper. We focus in this discussion on the
thermal properties, the microstructure of 1 hydrogel, and on the
molecular dynamics of water in the gel network structure. This is an
important topic given that many researchers are interested in
exploiting the dynamics environment inside hydrogels for a range
of applications, such as tissues engineering.3®

2. Results and discussions
2.1. Gel-sol phase transition

Thermally reversible gel-to-sol phase transitions are a charac-
teristic feature of hydrogels formed by 1 because the physical ge-
lation of 1 occurs via self-aggregation through non-covalent
interactions. Figure 2 shows the influence of gelator concentration
on the thermal properties of the studied hydrogels. The Ty and thus
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Figure 2. Dependence of T on the concentration of 4,6-O-(p-nitrobenzylidene)-a-p-
glucopyranoside hydrogel. The solid line has no physical meaning and is included as
a visual guide.

the thermal stability of hydrogel exponentially increase with the
increase of the gelator concentration up to 4% [g mL~!]. Above this
concentration no dependence of the phase transition on concen-
tration was observed.

It is accepted that the gel-to-sol phase transition can be con-
sidered as a dissolution process of microcrystals and is described by
Eq. 1 derived from Schrader’s relation®®

AH 1
—m X rgg —+ constant (l)

log[C] =
where C is the molar gel concentration, AH is the melting en-
thalpy, R is the gas constant and Tg the gel-to-sol transition
temperature.

Eq. 1 was originally proposed for the gel-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 sol-
vent, which may affect the structures and thermodynamic behav-
jors.?? Thus, using it for describing the physical gel is probably
oversimplified but is generally accepted.

In the case of the studied hydrogels the use of the Eq. 1 to an-
alyze the dependence of the gel-to-sol phase transitions is justify
because the small-angle X-ray scattering (SAXS) measurements
showed that the gel fiber composed of the aggregates of the 1
molecule in the gels made with the organic solvent are related to
the crystal.>? Thus, we can assume that also the hydrogel fibers of 1
poses a more or less crystal-like structure. Therefore, AH of 1
hydrogel was determined from the slope of log (concentration of
gelator molecules) versus 1000/Tg—Figure 3. The best fit, with
a correlation coefficient y of 0.9589, is shown as the solid line in
Figure 3 and the fitting parameter AH is equal to 43 k] mol~. The
obtained value correspond well with that reported up to now for
the other monosaccharides-based gels where the energies were
also determined with the help of Eq. 1.192024
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Figure 3. Plot of the logarithm of gelator concentration versus the reciprocal absolute
temperature of Ty The solid line is the best fit of Eq. 1 to the experimental points.

The gel-sol transition is a structural transition phenomenon
related to the disruption of the non-covalent interactions within
the gelator network. The question arises about the particular type
of these interactions. The driving forces for self-assembly of
methyl-4,6-0-benzylidene-monosaccharides and other sugar-
based gelators in nonpolar solvents are hydrogen-bond in-
teractions.>2%2> In polar solvents, other types of interactions
should be considered, because in water or alcohols, solvent mole-
cules can act as competing hydrogen-bond donors and acceptors
and suppress the self-aggregation mechanism of gelator molecules
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based on hydrogen-bonding interactions. 'TH NMR measurements
showed that combined interactions can occur when the sugar-
based gelators aggregate in water e.g., the intermolecular hydro-
gen-bonding and w7 stacking interactions.?"!! However, the latter
type of interaction between the p-nitrophenyl groups in the 1
hydrogel was not directly evidenced by CD and 'H NMR spectros-
copy.?> Therefore, it was assumed that the hydrophobic and dipole-
dipole interactions are the main aggregation modes for 1 in water.>
The former interaction takes place between the gelator and water
molecules whereas the latter one between the highly polarized
nitro groups.

The m-m stacking interactions, despite no experimental evi-
dence, should also play an important role in the fibrous aggregate
formation in the studied hydrogel because in water the in-
termolecular hydrogen-bond interactions among the hydroxyl
groups of gelator molecules are no longer strong enough to main-
tain the fibril structure.?

Therefore, it is reasonable to assume that combined non-co-
valent interactions such as the hydrophobic, dipole-dipole, and
-7 stacking interactions are the driving forces for molecular ag-
gregation of 1 in water. If so, we conclude that the calculated value
of AH=43 k] mol~! is the energy needed to break these interactions
and dissolve the gelator aggregates.

For the studied hydrogels, the phase transition (the dissolution
of all the gel) occurs over a broad temperature range of about
AT=18 K indicating the inhomogeneous microstructure of their
networks. Otherwise, a narrow phase transition range of about
2-5K is expected.

2.2. Optical polarization microscopy observation of hydrogel

The visual image of the microstructure of the gelator network of
1 in 4% hydrogel is presented in Figure 4. A characteristic fibril
structure of the gel network is clearly visible despite the fact that
the image was taken with the Optical Polarization Microscopy not
with Scanning Electron Microscopy spectrometer. The well re-
solved images taken by OPM method were also obtained for other
sugar-based gels.2%4! The image in Figure 4 showed that the in-
dividual gel fibers bundled together to make thicker fibers, which
in turn can cross and stick together to make the junction points. The
water in the hydrogel occupies the blank regions often called pores,
spaces, pools or compartments.

Figure 4. Optical polarization microscopy image of hydrogel at 4% (g mL™') concen-
tration of gelator 1. The junction points (1), the individual gel fibers (2), the bundle of
the gel fibers (3) together with the blank regions occupied by the water (4) are
visible.

2.3. Diffusion behavior of water molecules in the hydrogel
network

PGSE 'H NMR is a very important method in measuring the self-
diffusion coefficient of small molecules in the presence of the
gelator network®?=#* and therefore was employed to obtain
the diffusion behavior of water in the hydrogel matrix formed by 1.
The experimental results of the echo decay amplitude for water
molecules in 1.5, 3, and 4% [gmL~'] hydrogels, respectively are
presented in Figure 5. Values were obtained by varying field gra-
dient strength g, with the constant diffusion time 4=10 ms, and at
27 °C. The data lie on the straight lines indicating single mode
diffusion. Therefore, the single diffusion coefficients were de-
termined from the slope of the corresponding lines by Eq. 2.
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Figure 5. Diffusion echo attenuation of water molecules in 1 hydrogels of different
concentration. Values were obtained by varying field gradient strength g, with the
diffusion time 4=10 ms, and at 27 °C.

The diffusion coefficients are plotted in Figure 6 and as can be
seen decrease with the increase of gelator concentration (the de-
crease of water content).
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Figure 6. Diffusion coefficient D of water molecules in 1 hydrogels as a function of
gelator concentration.

For 5% hydrogel of 1 the diffusion measurements were per-
formed with varying 4 in the range from 8 to 75 ms. The ampli-
tudes of the echo attenuation lie on the straight lines in this 4 delta
range but the slope of the plots are dependent of the diffusion time.
The calculated diffusion coefficients linearly decrease as a function
of 4 (Fig. 7).
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Figure 7. Dependence of diffusion coefficient D of water molecules in hydrogel at 5%
(g mL~") concentration of gelator 1 on the diffusion time 4.

The hydrogels made by the LMOGs consist of a very large amount
of water confined within the gel network composed from the
entangled fibrils formed by the gelator aggregates. Thus, the gel
network can be treated as a macroscopically porous matrix with
pores (often called spaces, pools or compartments) of different sizes
and shapes (see, for example, Fig. 4). The water motion is arresting
on the macroscale but has the ability to diffuse inside the pores.

In the PGSE NMR experiment, we measure the echo signal, that
is, the sum of the signals corresponding to water molecules within
the different pores. The measured diffusion coefficient D is an av-
erage value of the different diffusion constant characterized the
motion of the water in different compartments.

The diffusion coefficients for the measured hydrogels of 1 (Fig. 6)
are of the same order as for bulk water at 27 °C (2.30x10~2 m?s1)
indicating almost free diffusion at least in the time scale of the
measurements. The linear dependence (y=1) of the echo attenuation
vs gradient strengths (Fig. 5) obtained during the diffusion mea-
surements also allows us to discard the presence of barriers to the
translational motion of water during the diffusion time 4=10 ms.

By substituting the calculated D values of water in hydrogels of 1
(217x107°, 1.97x107°, and 1.84x10~? m?s~!) into Eq. 5, the dif-
fusion distances are calculated to be 6.3, 6.0, and 5.8 um for 2, 3, and
4% hydrogels, respectively. Thus, on average, the size of the pores in
which the water molecules are confined in particular hydrogels
must be larger than these diffusion distances because free diffusion
is observed. The results are consistent with the network structure
shown for 4% hydrogel in Figure 4. We can conclude that for a dif-
fusion time of 10 ms the water molecules are not able to reflect the
network structure. The pores are sufficiently large and thus the gel
matrix does not affect or obstruct the motion of the water mole-
cules. The observed decrease of the diffusion coefficient observed
as a function of gelator concentration is the result of the slightly
dense structure of the gelator matrix.

When increasing the diffusion time, the sizes of the compartments
in this gel matrix filled with water may become comparable with the
diffusion distance of water and the confinement effect starts to play
a role. As a result, so-called restricted diffusion®® is observed and
manifested in the linear decreases of the diffusion coefficient with
diffusing time 4 as observed for 5% hydrogel of 1 (y=0.9999)—Figure 7.
Therefore, for the same size of the solvent molecule (the water mole-
cule) and the same structure of the gel matrix (5% gel of 1), by changing
the diffusion time even in the narrow range from 8 to 75 ms we are able
to detect the heterogeneity of matrix.

2.4. Spin-lattice measurements of water in the hydrogel
network

We can assume that the pores within the studied hydrogel
matrix are hydrophilic because of the hydroxyl groups of which the

gelator molecules of 1 are composed. The water molecules can
interact with the surface of the network. If so, at least two types of
water can be distinguished in the gels: bound water, strongly as-
sociated with the gelators molecules by the hydrogen bonds and
the bulk water whose properties are not affected by the presence of
gel network.%® The proton spin-lattice relaxation T; measurements
can distinguish these types of water. However, this is not the case
for the studied hydrogels. In our experiment, the monoexponential
recoveries of magnetization were measured and thus only one Ty
was determined for particular hydrogels of 1. The T; data as
a function of gelator concentration are shown in Figure 8.
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Figure 8. Proton spin-lattice relaxation time of water molecules in 1 hydrogels as
a function of gelator concentration at 27 °C.

The relaxation measurements were performed at 27 °C and at
this temperature it is reasonable to assume that the water mole-
cules are in fast diffusive exchange with respect to the spin-lattice
relaxation time. Consequently, only one average spin-lattice re-
laxation time is measured. The T; data are irrespective of gelator
concentration.

3. Conclusion

In this paper we measured the thermal properties of hydrogel
formed by sugar-based low molecular-weight gelator methyl-4,6-
O-(p-nitrobenzylidene)-a-p-glucopyranoside. The determined
value of the gel-sol transition enthalpy (43 k] mol~!) corresponds
well with the values reported for the other monosaccharides-based
gels.!92024 The gelator 1 forms in water a characteristic fibril
structure of the gel network with individual gel fibers, the junction
points of thicker fibers, and pores occupied by water. Using water as
a probe molecule and the same structure of the gel matrix (5% gel of 1),
by changing the diffusion we are able to detect the heterogeneity of
hydrogel matrix.

4. Experimental

4.1. Preparation of 4,6-0-(p-nitrobenzylidene)-a-p-gluco-
pyranoside (1) and its hydrogels

Compound 1 was synthesized according to the method de-
scribed elsewhere.® Concentrations of 1.5 2, 3, 4, and 5% [gmL ']
of 1 were chosen to form the gels with water. The gels are prepared
by mixing the appropriate amount of the gelator and water in
a closed capped tube and heating the mixture until the solid was
dissolved. Cooling the solution below the characteristic gelation
temperature Tgs causes the transition to the gel phase. As a result
thermoreversible, slightly opaque gels were obtained for each
concentration.
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4.2. Microscopic observation

Optical Polarization Microscopy investigation (OPM) was per-
formed with a JENAPOL microscope operating in different contrast
and polarization mode. A drop of 4% [gmL™'] of 1 hydrogel was
carefully cast onto glass microscope slides and immediately was
subjected to OPM observation.

4.3. Gel-sol phase transition measurements

Transition temperatures of hydrogels formed by 1 were de-
termined using the air-bath method and visual inspection of the
samples. The air-bath method involves inserting a sealed glass vial
with the gel sample into a stream of air whose temperature changes
are precisely controlled. For this purpose we used the NMR probe
head with standard temperature control system. Visual inspection
of the sample was possible due to a slight modification of the probe
head. The opaque RF coil was replaced by a transparent glass tube.
The temperature of the gel-sol (Tg) transition was determined
upon heating the sample to the temperature at which the system
starts to flow. The temperature of the sample was measured with
an accuracy of +0.1 °C.

4.4. Diffusion and spin-lattice relaxation measurement

Diffusion coefficient (D) and 'H spin-lattice relaxation (T;)
measurements of water in the hydrogels network were carried out
on a Bruker AVANCE pulse spectrometer operating at 300 MHz
spectrometer equipped with magnetic field gradients. The diffusion
coefficients were calculated using the pulse gradient spin echo
(PGSE) pulse sequence introduced by Stejskal and Tanner.*’ The D
values were determined by using the relationship between the
echo signal intensities and field gradient parameter:

A(®) = AOexp| — 12D (8- g)} 2)

where A(g) and A(0) are echo signal intensities at t=27 with and
without the field gradient pulse being the strength g, respectively.
7 is the pulse interval, ¥ the magnetogyric ratio of the proton, g is
the field gradient strength, ¢ the duration of the gradient pulses,
and 4 is the gradient pulse interval, which is called the diffusing
time. The echo signal intensity was measured as a function of g
and the plot of In A(g) against y2g26%(4—6/3), so-called Stejskal-
Tanner plot, gives a straight line with a slope of —D if the studied
sample consists of a single component. This means that the D
value can be determined from its slope by fitting Eq. 2 to the
experimental points.

If the diffusion of the sample consists of multicomponents, at
least in the measurement time scale, the total echo attenuation is
given by a superposition of contribution from the individual
components.

A®) = 4O fexp| - g2 (8 -3 3)

were f; and D; are the fractional proton number and diffusion co-
efficient of the ith component, respectively.

The field gradient strength g values employed in our experiment
are 0-1000 mTm~, in equal intervals of 60 mTm~. The diffusion
coefficients D in the function of gelator concentration were studied
for the gradient pulse interval 4 equal 10 ms whereas for 5%
[gmL~!] gel for the 4 values equal 8.7, 25, 50, and 75 ms, re-
spectively. The duration of the gradient ¢ in all experiments was
2 ms. The measurements were performed along the z direction of
the cylindrical gel sample and at 27 °C.

The diffusion coefficient D can be related with mean-square
displacement (Az)? in the z direction from the starting point after
the diffusion time 4 by the following equation:

(z%) = 2Dt (4)

where t is equal to 4—3/3. The diffusion distance d measured in the
experiment can be expressed by the following equation:

d = V2Dt (5)

Proton spin-lattice relaxation time T; was determined by inverse
recovery method using an 180°-7-90° pulse sequence. The 7 value
denoted the variable delay time. The recovery of the magnetization
was found to be exponential within experimental error at all con-
centrations of gelator 1. The relaxation measurements were carried
out at 27 °C and the errors in the measurements were estimated to
be about 3-5%.
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