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We show here the first example of a hydrogel formed from a
symmetrically functionalised diketopyrrolopyrrole aromatic core.
Gelation is triggered by change in pH. Not only does this gelator
form aggregated, entangled structures at low pH, but it also forms
worm-like micelles at high pH. The structures at high pH can be
aligned using shear to provide conductive materials.

Gelation is a powerful and versatile method of self-assembly.">
Not only can this self-assembly approach be used to provide
frameworks for cell culture and differentiation,®™ it is now also
being used for the optimisation of organic electronics, and
materials for water splitting.®® This wide use of gels now
means that even more structures with different functionalities
are being investigated with the aim of self-assembling them
into single and multicomponent systems. Gelation itself results
from the self-assembly of low molecular weight gelators (LMWG)
into fibres. At a suitable concentration, there are sufficient fibres
to form an entangled network.

Gelation using a slow pH change has proved a useful tool to
prepare reproducible hydrogels, as well as to induce self-sorting
of differently functionalised gelators.”> For example, we have
recently shown a self-sorted system of a p-type gelator and an
n-type gelator."® If the HOMO/LUMO levels match up, this results
in a p-n heterojunction where the self-assembled p-type fibres
meet the n-type self-assembled fibres."” p-n heterojunctions are
the important component of many electronic devices such as
OPVs and transistors. There are now many examples of n-type
gelators being used to form hydrogels, for example perylene
bisimides and naphthalene bisimides."*® A number of p-type
gelators have been described, including tetrathiafulvalene, oligo-
phenylvinylene, and oligothiophene based gelators.'®** However,
there is still a need to develop new examples to expand the potential
for optoelectronic systems.
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Diketopyrrolopyrroles (DPPs) are an example of an electron-
rich material that have been widely used in solar cells and other
electronic applications.?*”>® These molecules have the ability to
carry holes that can be tuned by altering substituent groups on
the pyrrolopyrrole core.”® The planarity of the core makes for
favourable n stacking and orbital overlap optimising charge
transport through the material.>**" There are examples of DPPs
being used as polymers, crystalline materials and organogels.****°
Using LMWG allows a high degree of self-assembly as well as ease of
synthesis and processability.

A DPP that is capable of self-assembling to form an organo-
gel has recently been illustrated by Thool et al.** The organogel
was formed via a heat-cool method. Here, we show to the best
of our knowledge the first example of a DPP which is capable of
self-assembling in water to give a hydrogel. We are able to form
a gel in water using a slow pH drop method. The resulting gels
can be used in a photoconductive system.

DPP-1 (Fig. 1a) was synthesised using established procedures.>
First, the core was formed by base-catalysed condensation of two
equivalents of thiophene-2-carbonitrile onto dimethyl succinate,
with the succinate backbone forming the core bridgehead. The
bilateral linker tags were installed via Sx2 reaction of the core with
tert-butyl chloroacetate, followed by acid-mediated deprotection of
the tert-butyl ester.
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Fig. 1 (a) Molecular structure of DPP-1; (b) photograph of a solution of
DPP-1 at pH 8 and a concentration of 5 mg mL™%; (c) photograph of a gel
of DPP-1 at pH 3.3 formed by lowering the pH of the solution shown in (b).
The scale bar represents 1 cm.
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Finally, the resulting diacid was coupled with tert-butyl
L-phenylalaninate using standard peptide coupling methodology,
followed by acid-mediated deprotection of the tert-butyl ester. By
functionalising with phenylalanine, the carboxylic acid on the
amino acid could be used to solubilise the molecule at high pH
as well as drive self-assembly upon protonation.

Hydrogels of DPP-1 were formed by dissolving the gelator at
5 mg mL ™" in water using 1 molar equivalent of 0.1 M NaOH
and leaving to stir overnight to ensure that the gelator had
dissolved fully. This resulted in a free flowing dark pink
solution at pH 8 (Fig. 1b). UV-vis absorption spectra in solution
showed relatively broad peaks even when diluted (Fig. S1, ESIt)
with the most intense peaks at 500 nm and 530 nm. Viscosity
measurements also suggested the presence of structures in
solution that shear thin upon increasing shear rate (Fig. S2a,
ESIT). SEM of dried solutions using 1 molar equivalent of NaOH
showed ill-defined structures which could have resulted from
drying (Fig. S3b, ESIT). When 2 molar equivalents of NaOH were
used to prepare the solution of DPP-1, the resulting solutions
showed no shear thinning behaviour implying that there are
very few or very small structures present in solution (Fig. S2b,
ESIT). Since we are aiming to prepare films of self-assembled
one-dimensional aggregates, the samples prepared with two
equivalents of NaOH are therefore unsuitable and were not
pursued further.

Gelation was then triggered by adding 5 mg mL ™" of glucono-
o-lactone (GdL) to the solution of the DPP. The slow hydrolysis
of GdL leads to a homogenous drop in pH to 3.3 that resulted in
reproducible gelation of the sample (Fig. 1¢).>*® Rheological
measurements showed that the DPP-1 gel at pH 3.3 has a
storage modulus (G') of ~900 Pa and a loss modulus (G”) of
~90 Pa, typical of a gel formed by a LMWG. Strain sweeps
revealed the gels start to break at 10% strain (Fig. S4a, ESIT), and
show slight frequency stiffening at higher frequencies in the
frequency sweeps (Fig. S4b, ESIT). At this point, SEM images of
the dried gel show a randomly orientated fibrous network with
fibre widths of on average 30 nm (Fig. S3a, ESIt), which is again
typical for such gels. The gelation kinetics could be followed
using rheology and monitoring the pH during gelation; this is
possible due to the slow hydrolysis of GdL (Fig. S5a, ESIT).

Gelation started to occur after 8 minutes, as shown by an
increase in G’ and G”; the pH at this point had reached 7.3.
There was then a second increase in G’ and G” at 30 minutes at
pH 4.5. The sample completely gelled by 400 minutes, where
values of both G’ and G” plateau. At this point, the pH has
stopped decreasing at a pH of around 3.3. The pK, of the terminal
carboxylic acids of the DPP-1 was measured to be around 7.3 at
25 °C (determined by the dropwise addition of dilute acid).*”
Once the pH was lowered below that of the pK,, then gelation
started to occur (Fig. S5b, ESIT). This is consistent with our other
work on related gelators. The pK, value is important when using
multi-component systems to ensure self-assembly can occur of
the different components (see below).'*>

Solutions and gels of DPP-1 were dried into thin films using a
mask of fixed dimensions to give samples with a thickness of
between 2-3 pm based on previous data using the same 3 x 3 mm
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Fig. 2 (a) UV-vis absorption spectra of DPP-1 xerogel (dashed line) and in
solution (0.04 mg mL™%, solid line). (b) /-V curves of DPP-1 xerogel (black
line) and dried solution (red line).

mask and 10 pL of sample.’® The UV-vis absorption spectra
showed a red shift and broadening of the peaks for both the
dried solution and the xerogel, suggesting that the samples are
H-aggregated as compared to the equivalent hydrated samples
(Fig. 2a). This was also observed by Golwaki et al. when drying
hydrated samples onto glass.*® The thin films were then exam-
ined using cross-polarised light microscopy. Both the xerogel
and the dried solution showed no anisotropy, implying that no
crystallisation had occurred whilst drying and forming the thin
films (Fig. S6, ESIt).

The resistivity of the dried solutions and xerogels was then
measured to determine whether they could be used in organic
electronic devices. I-V curves revealed that the xerogel was less
resistive than the dried solution (Fig. 2b), but both materials
showed ohmic contact. The higher conductivity of the xerogel
could be due to a greater alignment in the material so making
the movement of the current easier, or potentially a different
molecular packing in the gel state.*’

To test whether DPP-1 was suitable to be used in a conductive
device, the resistivity of both the dried solution and xerogel of
DPP-1 were again measured. The samples were then doped by
exposure to a vapour of iodine for 20 minutes to allow diffusion
into the thin films.**™> The resistivity was then re-measured
and the resistivity had decreased, showing the DPP-1 film was
able to reduce the iodine and therefore lower the resistance of
the film (Fig. 3a and b).

The xerogel was more effective than the dried solution, as it
showed a much greater decrease in resistance in the presence
of iodine. When left in air, allowing the iodine to diffuse out
from the films, the current returned to that as before iodine
was added.
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Fig. 3 (a and b) Show /-V of the resistivity of samples before the addition

of iodine vapour (solid line) and after being exposed to iodine vapour for
20 minutes. (a) Shows data for the dried solution and (b) shows data for the
xerogel.
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Fig. 4 (a) Monitoring gelation of DPP-1 + PBI-A with the development of
G’ (black data) and G” (grey data) over time with the decrease in pH (purple
data) (b) UV-vis absorption spectra of DPP-1 (red data), PBI-A (blue data)
and DPP-1 + PBI-A (purple data) gels (c) polarised optical microscopy
image of a shear aligned dried solution of DPP-1. Scale bar represents
0.2 mm. (d) /-V curves showing the resistance with alignment (dashed line
in both (c) and (d)) and against alignment (solid line in both (c) and (d)).

With this positive electron scavenger data, DPP-1 was then
co-assembled with a perylene-based LMWG (PBI-A, Fig. S7,
ESIt), a known n-type gelator.*®** From previous work, both
the solution and xerogel of PBI-A are only responsive to UV
light.*®** The introduction of an electron-rich gelator should
shift the wavelength dependence of the system into the visible
region, due to less energetic wavelengths of light being needed
to cause a response. We have recently shown this is the case
using a stilbene-based p-type gelator."® Here, self-sorting of the
DPP-1 and PBI-A was shown to occur by rheology and pH
change (Fig. 4a and Fig. S8, ESI{), pH change (Fig. S9, ESIT),
UV-vis absorption spectroscopy (Fig. 4b) and NMR spectroscopy
(Fig. S10, ESIT). The rheology, pH and NMR studies show that
the two different gelators assemble at different times with the
PBI-A gelling at pH 5.4 after 200 minutes with a sharp decrease
in pH after this. The DPP-1 starts to gel after 8 minutes, as it
does alone, and has almost become NMR invisible by the time
PBI-A has started to gel. The UV-vis absorption spectra of the
mixed system compared to those of the single components look
like an addition of the two spectra rather than new peaks being
present which would occur in a co-assembled system. All these
data indicate self-sorting behaviour as we have shown in our
previous work,'">'¢ but we cannot rule out a small amount of
co-assembly is occurring. A small amount of co-assembly would
be difficult to detect or quantify due to the behaviour of the
system being dominated by self-sorting.

Compared to the data for PBI-A alone, the wavelength
response slightly shifted towards the visible with an increase
in response at 400 nm and 470 nm in comparison to the response
at 365 nm in the mixed system (Fig. S11, ESIt). However, the
current produced from the self-sorted xerogel was significantly
lower than that of the PBI-A xerogel alone (Fig. S12, ESIt). There
are examples in the literature where these kinds of systems do
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work well, for example by Shinkai and co-workers."” We hypothesise
that our system does not work as well as other systems as a result of
the band-gap overlap not being optimal, or due to the different
gelator fibres being intimately mixed resulting in recombination of
charges. This intimate mixing would make the sample unsuitable
for p—n heterojunctions as it would not be efficient. There is some
evidence from SEM that this may be the case, as twisted fibres were
observed (Fig. S13, ESIT), but the data are not conclusive and hence
is the subject of ongoing research. Finally, the amino acids may be
acting as insulators.

We hypothesised that the alignment within the dried
solution could be improved since there are worm-like micelles
present in solution. We have previously shown that drying a
solution which contains worm-like micelles under shear gives
aligned structures.** Hence, a sample of the DPP-1 solution was
subjected to a shear of 10 rad s~ * for 16 hours until the solution
had dried. Under cross-polarised light microscopy, the material
now showed bright anisotropic structures demonstrating that
there was a significant degree of alignment (Fig. 4c and Fig. S14
ESIT). When the resistance was measured along the direction of
the alignment (dashed direction in Fig. 4c), there was a much
greater conductivity than against the alignment (solid line,
Fig. 4d). This can be rationalised by the current being able to
more easily pass along aligned structures as there is a shorter
path for electrons to travel and so less chance of recombination.
Efforts to align the gel were unsuccessful due to the high pK,
and faster gelling times than previous examples.** This resulted
in the gel being damaged under the shear.

In conclusion, we have shown the first example of a DPP-based
low molecular weight hydrogelator. Gels can be formed by slowly
lowering the pH, which leads to reproducible homogeneous gels,
and also allows us to form multi-component self-sorted systems.
This gives the chance to add a n-type gelator with accessible orbitals
to be used in conjunction with DPP-1 to give a p—n heterojunction.
The use of water also makes the gels cheaper and environmentally
friendly. Both the xerogel and dried solution of DPP-1 show ohmic
contact with the xerogel being less resistive, again showing they
could be used in organic electronics. We have also shown we can
further process this material to give aligned structures that show
directional dependence and improve the conductivity of the
material. Finally, the DPP-1 xerogel and solution can become
conductive on the addition of iodine. In a self-sorted system, the
use of DPP-1 as an electron donor was effective in shifting the
wavelength response, but resulted in lower absolute currents.

DA thanks the EPSRC for a Fellowship (EP/L021978/1),
which also funded ED and BD. The NMR spectrometers used
for this work were funded by the EPSRC (EP/K039687/1 and EP/
C005643/1). We thank to Matthew Wallace for collection of
NMR data in Fig. S12, ESL}
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