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We describe a dipeptide hydrogel with unusual aging
characteristics. Over time, a transformation from a turbid gel
to a transparent gel occurs which is initiated from the air-
water interface. Here, we investigate this transition and
discuss the implications of this aging on the bulk properties of
the gel.

The self-assembly of low molecular weight gelators (LMWGs)
is a useful method to produce well-defined materials with many
drug
delivery and organic electronics.'™ Gelation generally occurs
when a trigger is applied to a freely dissolved LMWG, leading
to the assembly of the molecules into long fibrous structures

potential applications, including tissue engineering,

that then entangle and trap the solvent, forming a gel. These
LMWGs are of interest due to the large variety of gelator
structures reported, as well as being relatively cheap to produce
and simple to scale up.

Generally, the aging of these gels is rarely discussed in the
literature. The properties of gels are often reported without
stating the age of the material, despite there being examples in
the literature showing that gel network formation is not the
necessarily the thermodynamic minimum.”® For example,
Smith and Yu have both reported gel systems that show gel-to-
crystal transitions over time,” '° which are attributed to gel
formation being a balance between amorphous aggregation and
well-ordered crystallisation. In general, gelation is described as
the kinetically controlled process, whereas with time the more
thermodynamically stable crystallization occurs. This type of
gel aging leads to the deformation or weakening of rheological
properties of the gel due to disruption of the gel matrix. Other
examples of gel aging show Ostwald ripening, where smaller
structures fuse together to form larger, more stable structures.!!”
4 Additional LMWGs have been shown to form aggregates
is triggered. Over time these aggregates
stable and

when gelation

rearrange or ‘self-correct’” to form a more
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homogeneous network.'>!'” These gel-to-gel transitions often
lead to gels with increased rheological strength. Changes in the
gel network may not be a visible process yet could affect the
gel properties with time. The stability of gels is important when
considering the material for a specific application.'® Monitoring
the aging of gels may also offer insight into gel network
formation.'"” Here we report a LMWG that has extremely
unusual aging properties caused by a gel-to-gel transition.

A solution of the LMWG, 2-thiophene diphenylalanine
(Fig. 1a), was dissolved in deionised water at pH 11 using
sodium hydroxide to give a transparent solution (Fig. 1b).
Glucono-d-lactone (GdL) was then used to lower the pH slowly
and trigger gelation.”” 2! We have previously shown that this
method allows the formation of uniform gels, and the slow
hydrolysis allows the assembly process to be followed.?® %
After one hour, the initially transparent solution became turbid.
After six hours, an opaque self-supporting gel was formed (Fig.
1c). Unusually, the gel then started to become transparent,
starting from the air-water interface (Fig. 1d) and was
completely transparent after three days (Fig. le).

The transparent, aged gel showed significantly stronger
rheological properties than the turbid gel (Fig. S1, ESI).
Scanning electron microscope (SEM) images showed that the
turbid gel contained spherical structures of around 1 pm in
diameter (Fig. 2a and 2b), whereas the transparent gel showed a
continuous network of fibres (Fig. 2c and 2d). The decrease in
size of structures accounts for the change in turbidity, with the
larger structures scattering more light. The spherical structures
appear to be formed from bundles of fibres, but it is also
possible that these fibres could have been formed as the gel
dried. Imaging of the gels using an optical microscope shows
that these spherical structures are present in the hydrated gel,
but there is insufficient resolution to detect the fibrous
structures (Fig. S2, ESI). This apparent change in
microstructure is highly unusual as there are very few gel-to-gel
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transitions reported. Furthermore, the change from larger to
smaller structures would seem to be energetically unfavourable.

Figure 1 (a) Structure of the LMWG, 2-thiophene diphenylalanine. (b) LMWG in
high pH water. (c) Turbid gel formed after 8 hours. (d) The gel becoming
transparent after 16 hours. (e) A completely transparent gel is formed after 3
days.

The evolution of the gel network was monitored after the
addition of GdL by measuring the rheological properties, the
change in turbidity and by recording the pH over time (Fig. 3).
The change in turbidity (strictly we have measured the change
in absorbance at 600 nm as a proxy for turbidity) after an hour
indicates that self-assembly began before the pH had reached
the apparent pK, of the molecule (the apparent pK, was
determined from the plateau in the pH titration data as we have
described elsewhere®). For related LMWGs, we have shown
that assembly occurs at the apparent pK, of the gelator, with

gelation generally beginning at a pH at or just below this pK,.
22-24

Figure 2. (a) and (b) SEM images of the turbid gel. (c) and (d) SEM images of the
transparent gel. In (a) and (c), the scale bar represents 1 um. In (b) and (d) the
scale bar represents 2 um.

Journal Name

Here, the increase in turbidity occurred before any gelation
occurred, as shown by the rheological data (Fig. 3). As
expected from our previous work, the storage modulus (G") and
the loss modulus (G”) began to increase at the apparent pK,.>
The gel developed by a two-stage process as we have observed
many times before.”> *° Interestingly however, the gel became
transparent after the pH had equilibrated, and the rheological
properties continued to increase over an extended period. These
results suggest that the changes observed in the gel network at
longer times are not simply a result of changes in the pH of the
bulk gel.
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Figure 3. Graph showing the evolution of the gel network. The circles represent
the storage modulus, diamonds represent the loss modulus. pH is represented
by grey triangles. The change in absorbance at 600 nm (turbidity) is represented
by open squares. The grey area indicates that the solution or gel is optically
turbid.

2| J. Name., 2012, 00, 1-3

The higher the surface area of the air-water interface, the
quicker the gel became transparent (Fig. S3, ESI). Additionally,
the rate of change was affected by the concentration of gelator
used (Fig. S4, ESI). This suggests that the change in gel
structure is influenced by air, presumably due to an atmospheric
gas such as carbon dioxide or oxygen. This was further
confirmed by degassing a solution of gelator and adding it to a
pre-weighed amount of GdL under a nitrogen atmosphere. The
gel still underwent a turbid to transparent transition, but it took
much longer for the gel to become completely transparent
compared to a gelation exposed to air (Fig. S5 and S6, ESI).
For these experiments in a sample tubes and cuvettes suitable
for our forms of analysis, complete sealing and exclusion of
atmospheric gases was difficult. When we carried out the
gelation under strict conditions, no decrease in turbidity was
observed over 4 days (Fig. S7, ESI).

The same process was then carried out under an enriched
carbon dioxide atmosphere. This gel showed a much quicker
change from turbid to transparent compared to the gel exposed
to air (Fig. S8, ESI). This indicates that the gel aging is
influenced by the diffusion of CO, into the solution,
presumably forming carbonates. This carbonate formation
could either subtly change the pH, which could cause a
rearrangement in the gel network, or the carbonate may change
the salt concentration, which could also cause a change within
the gel structure. To see whether a local pH change was causing
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the transition, an acid-sensitive pH indicator, bromophenol
blue, was added during the gelling process. The pH indicator
showed no difference in pH at both the transparent and turbid
part of the gel (Fig. S9, ESI). To investigate whether carbonate
concentration was the cause of the gel aging, the gelator was
dissolved at high pH using potassium carbonate instead of
sodium hydroxide and again gelled with GdL. The gel went
through the same turbidity and gelation process as with the
sodium hydroxide, however the length of time the gel was in
the turbid phase was much shorter (Fig. S10 and Fig, S11, ESI).
The pH change and rheology of this gel was also recorded and
showed similar observations to the sodium hydroxide prepared
gels (Fig. S12, ESI). Self-assembly took longer to begin due to
a slower drop in pH resulting from the use potassium carbonate
(as expected, the rate of GAL hydrolysis is dependent on the salt
concentration).?! To rule out a cation effect, the gelation was
carried out using potassium hydroxide to dissolve the LMWG.
Here, the rheological and turbidity data matched that for
sodium hydroxide, showing that the differences are due to the
carbonate rather than the potassium ions (Fig. S13, ESI).
Preparing gelator solutions with potassium bicarbonate again
resulted in an increase in the rate at which the gel changed from
turbid to transparent compared to the solutions prepared with
sodium hydroxide.

This LMWG therefore shows an extremely unusual aging
profile. As noted above, discussion of aging of such gels is
rarely discussed. Shi et al. observed a phenylalanine based
gelator that underwent a turbid to transparent transition.'® This
attributed to a
rearrangement of the gelator molecules. Considering the
hydrophobicity of the LMWG used here, we expect that the
solubility in water is very low at the final pH of the gel. Hence,

transition  was reversible molecular

it is unlikely that the gel is changing due to dissolution of the
LMWG. Instead, we hypothesise that subtle re-arrangements
are occurring that lead to the transition from the turbid gel to
the transparent gel. Also, after freeze-drying and dissolving in
deuterated DMSO, the NMR spectrum of both the turbid and
transparent gels showed no change to the gelator (Fig. S14 and
S15, ESI), as did mass spectrometry (Fig. S16 and S17, ESI).
Infrared spectroscopy of the turbid and transparent gels also
showed no change in packing on the molecular level (Fig. S18,
ESI) suggesting any transition observed in the gel must be due
to a purely morphological rearrangement of the fibres and not a
chemical change on the molecular scale.

Perhaps the closest comparison to our system is that
reported by Mallia et al., where opaque to transparent gel-to-gel
transitions were observed for CCl, organogels.?® The transitions
were ascribed to the reversible inclusion of further solvent
molecules between the fibres, resulting in a decrease in
turbidity, as the opaque gels were heated. Another example of
an opaque to transparent transition was shown by Saha et al.
this process was reversible with heat cycling but the opaque gel
showed weaker rheological properties than the transparent
gel.?” A number of LMWG are known to be salt sensitive. For
example, Nebot et al. have shown that there can be changes in
turbidity when specific anions are added to the top of pre-
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formed gels, which was related to changes in the solubility of
the LMWG via the Hofmeister series,”® which again could lead
to changes in the hydrophilicity of the gelator and hence the
amount of included / bound water. We hypothesise that the
addition of carbonate affects the hydrophilicity of the fibres,
reducing the inter-fibre interactions and changing the amount of
bound water molecules. This leads to a reduction in the highly
scattering aggregated fibres and hence a reduction in turbidity.

In summary, the change in turbidity for the gels reported
here appear to be driven by a rearrangement of fibres in the gel
from large spherical structures to randomly orientated fibrous
network. This gel-to-gel transition occurs due to an increased
carbonate concentration as a result of CO, in the air dissolving
into solution. This rate of process could be increased by adding
carbonate into the solution prior to gelation. We stress that this
is very different to the CO,-triggered gelation reported
elsewhere,” since gelation occurs under nitrogen; rather it is
the gel-to-gel transition that seems to be triggered by the
presence of carbonate. These results highlight the importance in
gel aging for such systems. Other systems may also go through
less visually obvious gel-to-gel transitions that may affect the
properties of the gel, something which is important when gels
are used for specific applications.
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