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Annealing is widely used as a means of changing the physical properties of a material. The rate of heating
and cooling used in the annealing process controls the final properties. Annealing can be used as a means
of driving towards the, or at least a, thermodynamic minimum. There is surprisingly little information on
annealing kinetically-trapped supramolecular gels. Here, we show that annealing multicomponent gels can
be used to prepare materials with tunable mechanical properties. We show that annealing in a two-com-
ponent gel leads to a self-sorted network, which has significantly different mechanical properties to the as-
prepared gels. Whilst the fibres are self-sorted, we show that the annealing of this system leads to significant
change in the network level of assembly, and it is this that leads to the increase in storage modulus. We also
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Introduction

Gels are widely used and extremely useful materials. One inter-
esting class, low molecular weight gels (LMWG) has appli-
cations in areas as diverse as biomaterials and
optoelectronics.” These gels arise from the self-assembly of
small molecules into fibre networks. These LMWG are often
not at equilibrium, but rather the gels represent kinetically-
trapped states. The process by which the gels are prepared
often controls the final properties and hence it is possible to
make different gels under the same final conditions by varying
how the gel is formed.®™® This means that it can be difficult to
prepare reproducible gels if the conditions used are not
sufficiently well controlled, but this also opens up opportu-
nities. For example, instead of preparing many molecules to
find one that gives gels with the required properties, one can
more easily vary the process of gelation instead.®®

One of the key issues with using LMWG is that it is very
difficult to predict which molecules will form gels and which
will not.* On top of this, predicting what the properties will be
of a gel formed from a particular LMWG is essentially imposs-

“School of Chemistry, University of Glasgow, Glasgow, G12 8QQ, UK.

E-mail: dave.adams@glasgow.ac.uk

bDepartment of Chemical Engineering, Faculty of Sciences, University of Granada,
18071 Granada, Spain

“School of Physics, HH Wills Physics Laboratory, Tyndall Avenue, University of
Bristol, Bristol, BS8 1TL, UK

“Bristol Centre for Functional Nanomaterials, HH Wills Physics Laboratory, Tyndall
Avenue, University of Bristol, Bristol, BS8 1TL, UK

tElectronic supplementary information (ESI) available. See DOI: 10.1039/
¢8nr09423c¢

This journal is © The Royal Society of Chemistry 2019

show that it is possible to selectively anneal only a single component in the mixture.

ible. Hence, a more pragmatic approach is to find robust
LMWG and develop methods for controlling, modulating and
modifying the properties of the gels that can be formed from
robust LMWG.

Many materials are prepared such that a kinetically-
trapped state is formed.®”'° Kinetically-trapped states
provide opportunities to prepare a range of interesting and
useful materials from a single set of components, as long as
the energy well is not too deep.'®'" From the same starting
material, different properties can be accessed by varying how
the different states are accessed. It can be possible to move
between states, hence allowing tunable and triggerable
materials to be accessed.

Considering that LMWG are often kinetically-trapped, and
many gels are formed using a heat-cool approach, there has
been surprisingly little work carried out on annealing them.
Where it has been reported, it is for single component
systems.””'>'> LMWG are a result of non-covalent interactions
and so there is the potential to change between states if the
energy barriers are suitably low.

Using multicomponent systems where both components
can independently form gels can be an effective strategy for
preparing gels with properties that cannot be achieved with
either individual component.’®' Multicomponent systems
offer even higher possibilities for tuning than single com-
ponent systems, but the complexity is significantly greater.
Whilst annealing has been examined for a small number of
single component systems, to the best of our knowledge there
are no examples for multicomponent systems, which are sig-
nificantly more complicated, but also provide added
opportunities.
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Results and discussion

In this paper, we discuss a multicomponent system of two
gelators,”* > based around a dipeptide or an amino acid func-
tionalized at the N-terminus (1 and 2, Fig. 1a).”**” We use a
solvent-triggered approach where the gelator is initially dis-
solved in a water-miscible solvent such as DMSO, followed by
the addition of water.”*7*> This drives a phase separation that
results in spherulitic domains of fibers that entangle to form a
self-supporting gel.>***?* The gels formed by this method are
kinetically trapped. Applying a multicomponent gelator
approach here, we used gelation conditions which were opti-
mized for mixing experiments; the concentrations of the gela-
tors were chosen such that both 1 and 2 formed gels at the
same final ratio of DMSO :water (a ratio of 3:7 was used
throughout) and that the gel melting temperatures were in a
suitable range for analysis (see below). We stress that we have
optimized the system here to demonstrate the principle; the
concentrations and ratios of gelators and the solvent compo-
sition have been chosen to allow distinct melting points to be
compared. We have done this as we aim to show clearly the
effects of annealing; it is extremely difficult to deconvolute this
information when there are simultaneous processes occurring.

1 forms transparent gels at this ratio of DMSO : water and a
concentration of 4 mg mL ™" (Fig. 1b). The gels are reproduci-
ble (Fig. S10t), and typical of a LMWG. The gel is stable until a
strain of ~4% before G’ starts to deviate from linearity
(Fig. S10at). The storage modulus (G') and loss modulus (G")
are relatively independent of frequency (Fig. S10b}). We have
previously shown that heating and cooling gels formed by 1
results in the gel melting, and then re-forming.*® On heating,
G' and G" slowly decrease until a plateau at around 65 °C
(Fig. 1c). On re-cooling, G’ and G” only start to increase again

a) b)
gﬁ /¢ R,
o\)\ J\(on
H
~o o}
<)
1e+6 1e+6
1e+5 1e+5
E 1e+4 6"-: le+4
= 1e+3 2 = 1e+3
Q tev2 ¥ . Q tes2
o e+t 7 'y © 1e+1 e
1e+0 3 1e+0 .
1e-1 g - v . 1 1e-1 v v v
0 20 40 60 80 100 0 20 40 60 80 100
T(°C) T(°C)
Fig. 1 (a) Chemical structure of 1 and 2. (b) Photograph of (left to right)

a gel of 1 before annealing, a gel of 1 after annealing, a gel of 2 before
annealing, and a gel of 2 after annealing. The scale bar represents 1 cm.
(c) Rheological data for a gel of 1 on heating and cooling at a rate of 1 °C
min~2. (d) Rheological data for a gel of 2 on heating and cooling at a rate
of 1 °C min~™. For (c), and (d), closed symbols represent G' and open
symbols represent G". The black data are for the heating cycle, and the
red data for the cooling cycle.
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at around 36 °C, with a gel of similar transparency formed to
the original. At 15 °C, the values of both moduli are slightly
higher than for the original gel.

The increase in moduli by annealing is explained by a
change in the gel microstructure (Fig. 2a), from spherulitic
domains to a more uniform distribution of fibers.

The thermal behaviour was backed up by the dropping ball
method, which showed similar melting and re-gelation temp-
eratures (Fig. S117). The hysteresis between the melting and
re-gelling temperature can be explained by the need to form a
network. On melting, the gel gets weaker as 1 dissolves. On
cooling, 1 starts to re-assemble, but a gel is only formed when
the network spans the entire sample. NMR experiments show
a symmetrical solubility on heating and cooling of 1
(Fig. S127), showing that this hysteresis is not due to asym-
metric solubility. Such hysteresis has been observed else-
where,*>?® although we note that not all LMWG show this
effect.">"™ After annealing, the gels are again reproducible,
and are essentially frequency-independent (Fig. S131). The
gels break at a very similar strain as before annealing,
although the absolute values of the moduli are higher.

Gels can also be formed at this ratio of DMSO : water using
2 (Fig. 1a). To re-iterate, we optimized the conditions such that
the gels melted at a different temperature to those of 1. Hence,
gels were formed from 2 at 8 mg mL~". The single component
gel of 2 was turbid (Fig. 1b). The gels were again reproducible
(Fig. S147). G’ and G” were essentially frequency independent,
with the gels having a similar breakdown to 1 under increasing
strain. On heating, G’ and G” slowly decrease up to 80 °C
(Fig. 1d). On cooling, G’ and G" increase once again at around
62 °C, with higher moduli than for the original gel (Fig. 1d).

Fig. 2 (a) Confocal images of gels of 1 before (left) and after (right)
annealing. (b) Confocal images of gels of 2 before (left) and after (right)
annealing (scale bars represent 20 um). The contrast has been enhanced
to better show the structures; the originals are in Fig. S9.1 The gels were
stained with Nile Blue.

This journal is © The Royal Society of Chemistry 2019
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After annealing, the gels of 2 are reproducible (Fig. S157). The
annealed gel is a little more transparent than the original
(Fig. 1b) with small crystals in the gel (Fig. S16%). A significant
change in microstructure also occurs on annealing (Fig. 2b).
Using a very slow cooling rate, it is possible to grow crystals
from the gel which are suitable for crystal X-ray diffraction
study (Fig. S16 and S17t). A hydrogen bond links the carboxy-
late OH (02) and amide oxygen (0O11'), forming a chain which
propagates parallel to the b-axis as shown in Fig. S17.}
However, we have shown a number of times that the crystal
structure of crystals obtained even from a gel phase and the
diffraction pattern obtained from the gel phase show little cor-
relation,”*® leading us to suggest that it is likely that there is
little link here between the packing in the gel and the crystal
phase.

We then examined the multicomponent system, denoted (1
+ 2). The amount of each gelator used was the same as in the
single component (4 mg mL™" of 1 and 8 mg mL™" of 2).
Compared to the individual components, the rate of assembly
is different as shown by turbidity measurements (Fig. S18%). 1
alone forms a gel via a process where highly scattering struc-
tures are initially formed, before a transparent gel phase is
formed.’>*® 2 alone forms a highly scattering gel almost
immediately. In the mixture (1 + 2), there is an initial process
which is reminiscent of the assembly of 1, followed by an
increase in turbidity associated with the gelation of 2. Such
changes in the rate of assembly have been shown in multicom-
ponent systems previously.>®

A gel formed from (1 + 2) is shown in Fig. 3a. The properties
of the mixed gels are again typical of a LMWG. The gels are fre-
quency independent, with the value of G’ being higher than
that of either 1 or 2 alone, as expected on the basis of the
higher overall gelator concentration (Fig. 3b). However, the
strain sweep shows a profile which is much more similar to
that of the gels of 2 alone as opposed to that of 1 (Fig. 3c).

When annealing the gel from (1 + 2) (Fig. 3d), G’ and G”
slowly decrease before reaching a plateau at around 65 °C, fol-
lowing the profile of 1 alone, before decreasing again as for 2.
Sequential melting points in a self-sorted system have been
previously described,*® but not linked to the rheological data.
On cooling, there is a short plateau before G’ and G" increase,
stabilizing around 50 °C, before a second increase in G’ and
G". The temperatures at which both increases in G’ and G”
occur closely match those for the single component gels. This
strongly implies self-sorting is occurring.*® After annealing,
the gels are two orders of magnitude stiffer than originally and
are frequency-independent (Fig. 3b). There is a significantly
different breakdown under strain as compared to before
heating, with two points in the strain sweep where the moduli
decrease indicating two types of network (Fig. 3c). Hence,
annealing affects both the absolute stiffness and also the
breakage strain. We stress here that the effects observed are
due to the annealing and not due to time (Fig. S237).

To explain these differences on annealing, we used small
angle X-ray scattering (SAXS) and confocal microscopy. SAXS
probes the primary structures forming the gels, whilst confocal
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Fig. 3 (a) Photograph of multicomponent gel as formed (left) and after
annealing (right). The scale bar representing 1 cm. (b) Frequency sweeps
for gels of (1 + 2); black data are before annealing and red data are after
annealing. (c) Strain sweeps for gels of (1 + 2); black data are before
annealing and red data are after annealing. (d) Rheological data com-
parison of gels 1, 2 and (1 + 2) on heating and cooling at a rate of 1 °C
min~. For (b)-(d), the closed symbols represent G' and open symbols
represent G". The black data are for the heating cycle, and the red data
for the cooling cycle. For (d), purple and orange lines refer to 1 and 2
respectively. The dashed lines refer to the melting temperature on
heating, and the dotted line to the temperature at which the gels start
reforming on cooling.

microscopy probes the microstructure. As such, we cover the
important length scales with these techniques. Critically, both
techniques allow us to probe the gel without the need for
drying. Drying can lead to artefacts,’® especially in gels from
binary solvent mixtures. The scattering data for the gels
formed from 1 alone are very similar before and after anneal-
ing, showing that the primary structures leading to gelation
are essentially the same (Fig. 4a; fits, table of fitting para-
meters, and further data are shown in Fig. S19t). The data are
typical of this class of LMWG?® and can be fitted to a flexible
cylinder model combined with a power law to take into
account the scattering at low Q. The cylinders have a radius of
3.7 + 0.04 nm before annealing, and 3.9 + 0.06 nm afterwards,
with similarly small changes in the Kuhn length. Confocal
microscopy shows a significant difference in the microstruc-
ture (Fig. 5a). Hence, for 1, we can interpret that the primary
structures leading to gelation are essentially the same, but
their distribution in space is different, leading to the different
gel properties.

For gels formed from 2 alone, the SAXS data are different
before and after heating, agreeing with the observations that
the annealing leads to some crystallization. The scattering is
dominated by a power law (Fig. 4b), which is consistent with
the structures that are scattering being outside the accessible
Q-range over which the data were collected in agreement with

Nanoscale, 2019, 11, 3275-3280 | 3277
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Fig. 4 SAXS data before (black) and after (red) annealing for (a) 1, (b) 2
and (c) 1 + 2. The baseline for 2 drops after annealing as there is crystal-
lisation and a small amount of precipitation, meaning that there is less
sample in the beam after annealing.

a)

Fig. 5 (a) Image of multicomponent gel as formed in confocal (left) and
under polarised light (right). (b) Image of multicomponent gel after
annealing in confocal (left) and under polarised light (right). The contrast
has been enhanced in the confocal images to better show the struc-
tures; the originals are shown in Fig. S9.7 For the confocal data, the gels
were stained with Nile Blue.

the confocal microscopy (Fig. 2b). The annealing has led to
the structures becoming significantly larger, with a propensity
to crystallize.

For the multicomponent system, the SAXS data are signifi-
cantly different before and after annealing. Before heating, the
data are reminiscent of that of 2 alone. After annealing, the
data are very similar to that of 1 alone, and the data fits well to
a flexible cylinder model with a radius of 4.3 + 0.07 nm. The
confocal microscopy however shows structures after annealing
that are most similar to those of 2 (Fig. 3). This apparent con-
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Fig. 6 Cartoon of the assembly networks before and after annealing.
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tradiction can be explained by the fact that, on cooling, 2
forms structures first so entraps the dye added as stain (Nile
Blue). When 1 assembles, there is little dye still available and
hence the structures formed by 1 are not detected by confocal
microscopy. However, under polarized light, there are limited
indications of crystallinity (Fig. 3b and S207), implying that
the structures formed by 2 have been modified by being
formed in the presence of 1. This is backed up by NMR data;
whilst the signal intensity for 1 in the mixture is essentially
the same as for the single component, the solubility of 2 is
affected by the presence of 1 (Fig. S217).

The changes in the gel structure in the gels on annealing
can also be rationalized from the power law gradient of the
SAXS data.*™** 1 has a gradient of —2, which would be
expected from a mass fractal network such as the kind of gel
described here. 2 has a gradient of —4, which, as with the fit of
the data to a power law suggests objects too large to be
resolved by the SAXS. Prior to annealing, (1 + 2) has a gradient
of -3, which suggests a mass fractal with a tight, intercon-
nected structure. However, after annealing, the gradient
changes to —2, showing that the structure has returned to a
network resembling gel 1. The process for the single com-
ponents and the mixture is shown schematically in Fig. 6.

Finally, the distinct melting temperatures show that the net-
works are independent on initial formation and we have a self-
sorted network after annealing. If this is the case, it should be
possible to selectively melt and anneal only one of the net-
works. This is indeed possible. Heating the (1 + 2) gel to 65 °C
leads to a decrease in the moduli in line with the melting of
the gel of 1 only. Subsequent cooling leads to the expected
increase in moduli consistent with our data (Fig. S221).

Conclusions

Most reports on gels describe static systems where a gel is
formed and used as is. In terms of tunable materials, there are

This journal is © The Royal Society of Chemistry 2019
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many examples of simple gel-to-sol transitions in single com-
ponent systems, for example triggered by light or by heating.
There has also been significant recent work on the formation
of transient assemblies,**** but their use is limited to the few
applications require the networks to only exist for short times.
Instead, we believe that there is more utility in being able to
prepare tunable and responsive networks, where specific input
from the user results in a significant and useful change in
properties.

Annealing can be applied to many different materials as a
means of driving from kinetically trapped structures to those
at the (or at least a local) thermodynamic minimum. Whilst
routinely prepared using heat-cool cycles, annealing is not
common in supramolecular gels. We have shown how anneal-
ing can be used to change the underlying microstructure in
both single and multicomponent gels. Annealing in a two-
component gel leads to a self-sorted network, which has sig-
nificantly different mechanical properties to the as-prepared
gels. A key question is why there is an increase in mechanical
properties. Showing and proving self-sorting at the fibre level
does not necessarily provide information on the network level.
We suggest that annealing of this system leads to significant
change in the network level of assembly, resulting in the
increase in storage modulus.

Such changes in mechanical properties are likely to not
only affect the stiffness, but also diffusion and transport in the
gel. This could be of use in controlled release systems for
example. It is also possible to selectively anneal only a single
component in the mixture. Whilst we show here a specific
example, we believe that this approach will be widely appli-
cable and so opens up new opportunities to control gel net-
works on demand to provide tunable, triggerable materials.
We have shown that annealing a multicomponent system
results in gels with properties that are not simply an addition
of the properties of what might be expected from the single
components.
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