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Most supramolecular gels are stable or assumed to be stable over time, and aging effects are often not
studied. However, some gels do show clear changes on aging, and a small number of systems exhibit
gel-to-crystal transitions. In these cases, crystals form over time, typically at the expense of the network
underpinning the gel; this leads to the gel falling apart. These systems are rare, and little is known about
how these gel-to-crystal transitions occur. Here, we use a range of techniques to understand in detail a
gel-to-crystal transition for a specific functionalised dipeptide based gelator. We show that the gel-to-
crystal transition depends on the final pH of the medium which we control by varying the amount of
glucon-d-lactone (GdL) added. In the gel phase, at low concentrations of GdL, and at early time points
with high concentrations of GdL, we are able to show the nanometre scale dimensions of the self-
assembled fibre using SAXS; however there is no evidence of molecular ordering of the gel fibres in the
WAXS. At low concentrations of GdL, these self-assembled fibres stiffen with time but do not crystallise
over the timescale of the SAXS experiment. At high concentrations of GdL, the fibres are already
stiffened, and then, as the pH drops further, give way to the presence of crystals which appear to grow
preferentially along the direction of the fibre axis. We definitively show therefore that the gel and crystal
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DOI: 10.1039/d1sm00770j phase are not the same. Our work shows that many assumptions in the literature are incorrect. Finally,

we also show that the sample holder geometry is an important parameter for these experiments, with
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Introduction

Low molecular weight gels are formed by the self-assembly of
small molecules into one-dimensional structures'™ which
entangle and cross-link to form a network.*” There are many
classes of molecule that have been shown to be effective
gelators, and many solvents that can be gelled depending on
the exact gelator used.”®’ Designing low molecular weight
gelators is difficult." A number of ways have been used to find
and design effective gelators. Commonly, a gelator is found and
then close structural analogues prepared; it is not uncommon
here for many not to form gels. Computational approaches are

“ Dipartimento di Chimica Giacomo Ciamician, Alma Mater Studiorum,
Universita di Bologna, Via Selmi, 2, 40126, Bologna, Italy
b School of Chemistry, University of Glasgow, Glasgow, G12 8QQ, UK.
E-mail: dave.adams@glasgow.ac.uk
¢ School of Physics, HH Wills Physics Laboratory, University of Bristol,
Tyndall Avenue, Bristol, BS8 1TL, UK. E-mail: annela.seddon@bristol.ac.uk
9 Bristol Centre for Functional Nanomaterials, HH Wills Physics Laboratory,
University of Bristol, Tyndall Avenue, Bristol, BS8 1TL, UK
i Electronic supplementary information (ESI) available. CCDC 2053987. For ESI
and crystallographic data in CIF or other electronic format see DOI: 10.1039/
d1sm00770j

This journal is © The Royal Society of Chemistry 2021

the rate of crystallisation depending on the holder in which the experiment is carried out.

becoming more important.> > Solvent parameters can be used

to provide a means of identifying which solvents a particular
molecule will gel."* One approach that is widely discussed is
the use of information accessed from crystal structures. There
is an argument that there is a link between the gel and crystal
phase or at least there is sufficient structural similarity to infer
packing in the gel from a crystal structure.’*>* Important
motifs that lead to specific types of one-dimensional inter-
action in certain crystal structures have been used to guide
design of further analogues. It is not uncommon with this
approach to grow crystals in one solvent mixture and infer
information as to packing to design gelators for a completely
different solvent system. In some cases, it has been shown that
the packing in the gel and in a crystal phase are not the same,
although these were accessed at different concentrations.*?
Functionalized dipeptides are one class of effective
hydrogelator.>>*° Typically, such dipeptides form gels in a
number of ways, but one successful method is a pH switch.>*?>
Here, a solution of the dipeptide is prepared at high pH
(typically >9) which forms a micellar dispersion of the gelator;
gels are formed when the pH is decreased.”® Many of the
dipeptides that can be used to prepare gels do so by forming
long anisotropic structures such as cylindrical or elliptical
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fibers, which entangle and laterally associate to form the
network.”>*® Generally, the assumption is that the observed
properties of the gels do not change over time. Of relevance
here, a small number of dipeptides and functionalized
dipeptides form gels from which crystals form over
time.?>?°>% This gel-to-crystal transition results in the gel
becoming weaker and eventually falling apart leading to phase
separation into crystals and a solution.

The packing in dried stalks prepared from the gel phase can
be determined using fiber X-ray diffraction.?>*' Single crystal
X-ray diffraction can be used to determine the packing in the
crystal phase. This implies that the packing is different in the
gel and crystal phase,*>*! although there may be an effect of
drying the gel. However, how the transition from gel-to-crystal
occurs is not understood. Others have also shown that crystals
can be grown from the gel phase in a range of systems.'*3¢™*
This can be spontaneous.*> For example, Andrews et al. have
shown a case where a metastable gel transforms to a
crystal phase, leading them to suggest that for their case the
gelation is the first stage of the crystallisation process.*®
Alternatively, the transition to the crystal phase can be induced
by freezing.*’

Here, we follow the entire process from solution-to-gel-to-
crystal. We show conclusively that packing within the gel and
crystal phase are not the same, showing that many of the
assumptions in this field are likely incorrect. We also show
that there is a significant effect on the outcome of the self-
assembly in moving from H,O to D,O, providing another
parameter for optimizing and using these systems, and also
that there is a significant effect on the rate of the transition
from gel-to-crystal depending on the geometry of the container
in which the gelation occurs.

We focus on the gels formed from (25)-2-(25)-2-{2-
naphthalen-2-yloxyacetamido}-3-phenylpropanamido-3-phenyl-
propanoic acid (2NapAA; Fig. 1). Whilst we have a large
library of these materials, 2NapAA is a rare example that
forms a gel from which crystals form over time.>' Most other
examples either form stable gels or directly crystallize or
precipitate.

(a)

SSVS

(c)

Fig.1 (a) The chemical structure of 2NapAA; photographs of (b) a gel
formed from 2NapAA; (c) crystals forming within the gel phase (d) crystals
sedimented to the bottom of the sample tube with no remaining gel
phase.
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Results and discussion

Free-flowing stock solutions of 2NapAA were prepared at
pH 10.5 at a concentration of 5 mg mL~". Gelation was then
triggered by a slow reduction in pH from approximately 10.5 to
around 3.5 induced by the hydrolysis of GdL.*® As described
previously,®" initially a metastable gel is formed, followed by a
slow crystallization from the gel phase. Here, we show that
the rate of crystallization increases when larger quantities of
GdL are used, as this results in a faster decrease in the pH
of the system. By careful control over the amount of GdL
used, crystals suitable for X-ray diffraction can be grown
directly from the gel phase (see below).>! Crystal formation
required a minimum concentration of GdL of 6 mg mL " at this
concentration of 2NapAA, correlating with when the pH
decreases below 4. This correlation with a specific pH suggests
that the crystallization is driven by a specific degree of
protonation.

To exemplify the different behavior on the basis of relative
rates of gelation and crystallization, three concentrations of
GdL were chosen for further study, 4 mg mL ™" (denoted AA4),
20 mg mL ™" (AA20) and 36 mg mL ™' (AA36). In all cases, a fixed
concentration of 2NapAA was used (5 mg mL™'). The samples
were followed with time by rheology (Fig. 2). It should be noted
that direct suspension of 2NapAA at low pH does not lead to gel
formation (Fig. S14, ESIt). The rate of hydrolysis of GdL is
temperature dependent.”® Hence, there is also an effect of
temperature on the rate of transition from solution-to-gel-to-
crystal (Fig. S15 and S16, ESIY).
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Fig. 2 Time sweep experiments for (a) AA4, (b) AA20 and (c) AA36 in H,O
and (d) AA4(D), (e) AA20(D) and (f) AA36(D) in D,O. In all cases, the black
data represent G’, the red data represent G” and the blue data show the pH
or pD. The relatively noisy data in some cases is due to crystallization
occurring during the experiment. This is also why not all experiments were
carried out for the same length of time.

Time (h)
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The slowest pH change occurred with the lowest amount of
GdL (AA4). Here, the pH drops initially at a relatively quick rate
before reaching the apparent pK, of the system (5.0°"). At this
point, the rate of decrease in the pH changes due to buffering of
the system by the 2NapAA. From the time-sweep rheology, the
storage modulus (G’) and loss modulus (G”) begin to increase at
the point where the apparent pkK, is reached. Initially, both G’
and G” are very similar before G’ starts to dominate significantly
over G". There is a decrease in G”, before it starts to increase
again. We have reported similar behavior previously for another
system;’® the decrease in G" implies there is a structural
transition occurring in the solutions as the sample reaches the
gel point where G’ becomes greater than G”. The final gels are
stiff (G’ of around 100 kPa) and these gels are stable to further
change for at least two weeks. For AA20, G’ and G” both increase
as the pH decreases, but at a pH of below 4.1, G’ and G” decrease
before becoming constant. This correlates with the onset of
crystallization. For AA36, this behavior happens faster than for
AA20 as expected from the faster decrease in pH.

There can be differences for this kind of system in some
cases when carrying out the self-assembly and gelation in D,O
compared to in H,0.>"*> Primarily here, this is because the rate
of hydrolysis of GdL is different in H,O compared to D,0,*
leading to changes in the rate of gelation, although in some
cases the micellar structures formed at high pH can also
differ.> 2NapAA is more prone to crystallization in D,O
(Fig. 2; note the samples in D,O have a “(D)” after the name).
Even with 4 mg mL™" of GdL, crystallization occurs and the
rheological data with time show a very different profile in H,O
and D,O (Fig. 2a and d).

The evolution of structure in these systems was followed
using optical microscopy. For AA4, large spherulitic domains
(~0.7 mm) can be seen in sample AA4 after 50 minutes (Fig. S1
and S2, ESIT). No sign of crystal formation was observed over
several hours. For AA20, both spherulitic domains and crystals
appear after 10 minutes after the addition of GdL (Fig. $4,
ESIt). The spherulitic domains are smaller compared to those
in sample AA4 while the crystals reach a radius of about 1.4 mm
after 1 hour. The formation of crystals over this time period
correlates with the time sweep rheology. Finally, the kinetics of
crystal formation for AA36 is even faster: many small and thin
crystals appear 2 minutes after the addition of the GdL, which
grow with time (Fig. S6, ESIt). Similar structures were formed
in the systems in D,0, although the growth of crystals is slower
with smaller crystals at early time; the crystals for AA20(D) are
thinner and longer as compared to those of AA20, which are
larger and more regular in shape (see Table S1, ESIt). Powder
X-ray diffraction (pXRD) was performed on the crystals after the
growth inside the gels, with all crystals collected directly from
their solution. All patterns matched the calculated pattern
determined from the crystal structure (Fig. S9 and S10, ESIf).

To understand how the gel phase converts to the crystal
phase, we used confocal microscopy and small angle scattering.
Both of these techniques allow the sample to be monitored
without drying artefacts, which are known to be an issue in this
class of gels.>® Incorporating Nile Blue and using confocal
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Fig. 3 Confocal microscopy images of AA20 after (a) 5 minutes;
(b) 15 minutes; (c) 60 minutes. In all cases, the scale bar shows 50 pm. (d)
and (e) show photographs of samples prepared from (d) AA4 19 hours after
adding GdL and (e) AA20 1 hour after addition of GdL. In both (d) and (e), the
same stock solutions were used to prepare all samples. The photographs
show from left to right samples in a 1 mm thickness cuvette, a 2 mm thickness
cuvette, a 4 mm diameter NMR tube and a 1.5 mm diameter capillary.

microscopy for AA20, spherulitic domains with dimensions of
about 50 pm are clearly visible in the gel phase 5 minutes after
the addition of the GdL (Fig. 3a). At this point, no crystals are
formed and the spherulites are formed from what appear to be
fibrous structures. The spherulitic domains seem to become
smaller with time (Fig. 3), which is presumably because the gel
network is converting to a crystal phase. Indeed, after 1 hour, it
is possible to image larger, straight crystals in addition to small
spherulitic domains (Fig. 3c). This again shows that the gel
state and the crystal state are different.

In carrying out the above experiments, it became clear that
the kinetics of gel and crystal formation are highly dependent
on the geometry of the sample holders used. As examples,
images of AA4 and AA20 in different geometry sample holders
are shown in Fig. 3d and e respectively. Clear differences were
observed which were dependent only on the geometry of the
holder. The formation of crystals in sample AA4 started after
30 minutes in the 1 mm path quartz cuvette and after 2 hours in
the 2 mm path cuvette, while in the NMR tube and the capillary
gels were formed without crystallization even after several days.
For sample AA20, crystals formed in all the holders, starting
after 10 minutes from the addition of the GdL. The crystals are
bigger in the NMR tube and in the 2 mm cuvette, smaller and
fewer in the 1 mm cuvette and very small and few in the
capillary. These observations complicate comparison across
techniques which typically use different geometries of sample
environment. The rheology and pH data in Fig. 2 were collected
in the same geometry, but the microscopy for example has to be
collected in a different shape holder. Hence, direct comparison
of timescales is potentially difficult. Elsewhere, it has been
noted that the surface chemistry on which the gel forms can
lead to differences in the networks.>* Here, the two cuvettes and
capillary are formed from quartz, whilst the NMR tube is
borosilicate glass. As such, there may be some effect, but the

Soft Matter, 2021,17, 7221-7226 | 7223
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Fig. 4 (a) SAXS data for low concentration of GdL showing gelation and

increase in Kuhn length with time; (b) SAXS data for high concentration of
GdL showing breakdown of gel prior to crystallization over time. The data
are offset on the y-axis for clarity; (c) WAXS pattern showing the growth of
peaks during the crystallization of 2NapAA over time. Data are offset for
clarity. No background subtraction has been applied due the difficulty of
exact subtraction of the capillary and solvent in the high Q region.

differences observed in the degree of crystallization even within
the quartz holders imply that this is not the dominating
difference. We note that confinement is known to affect the
crystallisation process.”® This is reflected in our experiments,
where crystallisation did not occur in 1.5 mm SAXS capillaries
but was easily observed in 3.5 mm capillaries, and in
NMR tubes.

Hence, when following the gel-to-crystal transition using
small angle X-ray scattering (SAXS) and wide angle X-ray
scattering (WAXS), Fig. 4, we found we needed to adapt exact
quantities of GdL due to a need to choose thin capillaries.
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We followed the evolution of the scattering as the pH
decreased using either 4 mg mL~"' of GdL (denoted low
concentration) and 8 mg mL ™" of GdL (denoted high concen-
tration). The low concentration led to gelation only with no
evidence of crystallization whereas the high concentration led
to rapid gelation followed by a gel-to-crystal transition. At the
low concentration of GdL, stable gelation occurred, and as
expected from data from related systems,® the SAXS scattering
intensity increased in intensity over time. The data could be
fitted to a flexible cylinder model with a radius which at early
time points has a value of 2.9 nm, and which reaches a value of
4 nm after 210 minutes. Over further time points, as the pH
decreases, there is little change in the radius, with the overall
length being outside that which can be accessed readily with
this method. Importantly however, the Kuhn length increases
over time, starting at a value of approximately 5 nm, and
reaching a value of approximately 20 nm by 270 minutes. This
shows that the fibres are becoming more rigid with time
(Fig. 4a and Table S3, ESIt). From WAXS data taken of the gels
at low concentrations of GdL, there are no peaks visible, which
suggests that there is no ordered molecular packing in the gel
fibres.

At the high concentrations of GdL, the data at early times
can be best fit to a cylinder model with at the first two time
points, the radius being approximately 3.7 nm. The radius at
the final time point is 3.0 nm, which can be explained by the
fact that during the measurement, the gel to crystal transition is
occurring. As a Kuhn length can no longer be fitted, this
implies that the persistence length also lies outside the
accessible range, i.e., that the persistence length continues to
increase as the pH is decreased further (Table S4, ESIT). This
differs from our previous data for gel phases where the system
tends to a certain persistence length. This suggests that the
2NapAA crystallization is driven by this ability to increase the
persistence length as the pH is decreased and hence charge is
removed. At longer times, the signal intensity in the SAXS is
lost, implying that the structures underpinning the gel phase
are no longer present.

Prior to 170 minutes, there are no peaks present in the
WAXS. After 170 minutes, the first peak appears in the WAXS
which coincides with the loss of the structure in the SAXS.
Initially, the WAXS shows the presence of a single peak at Q =
1.32 A™! which has a real space value of 4.6 A. This distance
corresponds closely to the molecular separation along the fiber
axis as found by fiber diffraction of the dried gel phase.** When
compared to the simulated pXRD pattern, this distance
matches well with the 111 plane (Fig. 5a). This implies that
growth of the crystal begins preferentially along the fibre axis,
which is also indicated by the increase in the persistence
length.

At 250 minutes, a second peak appears which has a Q value
of 1.09 A™* (5.76 A) and comparison with the simulated pXRD
indicates that this is the 1 0 1 plane. At 290 minutes, a peak
at 1.96 A™' appears which has a real space value of 3.2 A.
This value is close to that for the 124 plane found by pXRD.
This remains constant throughout the time series. Over the

This journal is © The Royal Society of Chemistry 2021
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(b)

Flexibility of 1D
structures

Fig. 5 (a) Single crystal structure of 2NapAA showing the 111 plane, with
initial plane of growth; (b) cartoon showing the solution-to-gel-to-crystal
transition for 2NapAA. As the pH decreases, charge is removed and the
flexibility of the structures decreases, resulting in crystal formation.

course of the experiment, further peaks in the WAXS continue
to appear, the positions of which are given in Table S5 (ESIY)
and which all have a corresponding peak in the simulated
PXRD pattern.

These results show that the gel phase and crystal phase of
2NapAA are not the same. In the gel phase, at low concentrations
of GdL, and at early time points with high concentrations of
GdL, we are able to show the nanometre scale dimensions of the
self-assembled fibre using SAXS; however, there is no evidence of
molecular ordering of the gel fibres in the WAXS. At low
concentrations of GdL, these self-assembled fibres stiffen with
time but do not crystallise over the timescale of the SAXS
experiment. At high concentrations of GdL, the fibres are already
stiffened, and then, as the pH drops further, give way to the
presence of crystals which appear to grow preferentially along
the direction of the fibre axis and with the same molecular
spacing as we see in our previous work on dried gels.

Overall, these data show that the initially formed structures
are flexible fibres with a radius of around 4 nm. Over time, the
persistence length increases as the charge is removed driven by
a decrease in the pH. When sufficient charge has been
removed, the rigidity is such that transformation to the crystal
phase is possible. The unusual gel-to-crystal transformation
seen for 2NapAA as compared to most other examples of
dipeptide-based gelators can be explained by the tendency to
increase persistence length as charge is removed (Fig. 5b). This
does not seem to occur for other examples. The exact reason for
this is unclear but could be due to a blockier removal of charge
as opposed to a gradual removal of charge uniformly along the
fibre as we have suggested for other examples.>

Conclusions

We have shown here for 2NapAA that the gel-to-crystal
transition depends on the pH of the medium. Above pH 4.1,
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there is little evidence of crystallisation, but crystals appear
once the pH decreases below this value. The rate of crystal-
lisation and the dimensions of the crystals depend on the rate
of pH change. We also highlight that there is a significant effect
of the shape and size of the sample holder in which the
experiment is carried out.

We have followed the gelation and gel-to-crystal transition in
its entirety using SAXS and WAXS. In the gel phase, at low
concentrations of GdL, and at early time points with high
concentrations of GdL, we are able to show the nanometre
scale dimensions of the self-assembled fibre using SAXS. The
fibres gradually stiffen with time, but at no stage is there
evidence of molecular ordering within these gel fibres from
the WAXS. At high concentrations of GdL, the fibres are already
stiffened and crystals form as the pH drops further. The
spherical domains of fibres that can be imaged by microscopy
gradually disappear and are replaced by crystals, which appear
to grow preferentially along the direction of the fibre axis.

We highlight that these data clearly show that the gel phase
and the crystal phase are not the same. As such, we would urge
caution in interpreting or understanding the gel phase in such
systems by extrapolating from crystal structures. This work
therefore provides new insight into this type of gel.
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