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Introduction

T-conjugated systems are used extensively in electronic devices,
including solar cells and light emitting diodes.* Such devices
are normally formed using deposition or coating routes that can
lead to the formation of aggregates with different size and shape
distributions, which can influence the electronic properties.
Self-assembly is a simple method of organizing optoelectroni-
cally active m-conjugated molecules in a defined manner with
precise control at both the nano- and micro-scale.>® One self-
assembly route is to exploit low molecular weight gelators
(LMWG).? Gelation using suitably designed LMWG results from
self-assembly of the gelator into well-defined one-dimensional
structures, which then can entangle or cross-link. When the
LMWG contain m-conjugated groups, the result of this assembly
is the stacking of these groups, which can be exploited to form
conductive pathways for electronic devices.” The assembly of
LMWG based around perylene bisimides (PBI) is of great
interest from the perspective of electronic materials, since PBIs
are n-type materials.”'® PBIs have strong absorption, long
fluorescence lifetimes and high quantum yields. There are a
growing number of reports showing the formation of self-
assembled wires and fibers from PBI-based gelators. PBIs can
also be (photo)conductive and have been suggested as candi-
dates for many organic electronic devices;"'™** for example as
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absorption maxima of the PBls. The photoconductivity correlates with the formation of the perylene
radical anion, which is unusually highly stable in air for many hours.

alternative electron acceptors in solar cells”**** or in field-effect
transistors.'® PBIs are readily sequentially reduced to the radical
anion and dianion. Significant work has been done on the
formation of one-dimensional structures based on PBIs,*!%!7:18
for example showing supramolecular chirality’® and the
formation of liquid crystallinity.*® A key point is that the opto-
electronic performance of such materials can depend not only
on the chemical structure, but also on the morphology and
uniformity of the aggregates formed.** For PBIs, the aggre-
gates formed can be controlled by functional group, solvent, or
concentration.*** Exciton diffusion has been shown to occur in
one-dimension in PBI-aggregates.> The majority of the reported
PBI-based LMWG gel organic solvents, due to the high hydro-
phobicity of the perylene group. Examples have been used in
light harvesting and also in bulk heterojunctions, formed from
self-sorted gel fibers.” Recently, PBI-based hydrogelators have
been reported,* for example, an amino acid-based PBI was
shown to form photoconductive xerogels.”” The LUMO level of
an aspartic acid-based PBI has been suggested to be suitable for
use as an electron acceptor in a solar cell; however the reduced
PBI solution formed was highly sensitive to the presence of O,,
which is not promising for OPV applications. It is therefore
highly desirable to have reduced PBI species in thin films which
are resistant to anion oxidation by 0,.”®

Results and discussion

Here we discuss the photoconductivity of four PBIs LMWG,
prepared by the reaction of 3,4:9,10-perylenetetracarboxyl-
dianhydride with a number of amino acids following literature
procedures for the coupling of amino acids to the anhy-
drides.?®*" 1 and 2 (Fig. 1) have been previously reported.>° We
focus on the r-alanine (1), t-histidine (2), t-phenylalanine (3)
and r-valine (4) functionalized PBIs (Fig. 1).

1-4 all form deep red solutions at high pH (=pH 10) at a
concentration of 5 mg mL™" (photographs are shown in Fig. 2a

This journal is © The Royal Society of Chemistry 2014
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Fig. 1 Structures of the PBIs used in this study.
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Fig.2 (a) Photograph of a solution of 1 at pH 10 at a concentration of 5

mg mL™L. (b) SEM image of structures formed on drying the solution
shown in (a). (c) A gel formed on acidification of the solution of 1 in (a).
(d) SEM image of structures formed on drying the gel shown in (c). For
(b) and (d), the scale bar represents 2 um. (e) UV-Vis spectra of the
solution (—) and gel (- - -). (f) UV-Vis spectra of the dried solution and
the dried gel.

for 1; data for 2-4 are shown in Fig. S7-S9, ESIT). Viscosity
measurements of solutions of 1-4 at high pH show them to be
shear thinning (Fig. S10t), suggesting that structures present
are aligning at high shear causing the lower viscosity. Solutions
of 3 have much higher viscosity than the other LMWG. We have
previously noted that certain hydrophobic LMWG with similar
molecular structures form worm-like micelles at high pH,****
leading to viscous solutions. Hence, it is likely that worm-like
micelles are formed at high pH from 1-4. Indeed, the dried
solutions generally showed the presence of long one-dimen-
sional structures by SEM (Fig. 2b and S7-S9t). Dried solutions
of 3 however only showed disordered structures (Fig. S8t).

This journal is © The Royal Society of Chemistry 2014

View Article Online

Journal of Materials Chemistry C

The viscous solutions formed self-supporting dark red gels
on lowering the pH (again, photographs are shown in Fig. 2c for
1; data for 2-4 in Fig. S7-S91). We adjusted the pH by adding
glucono-d-lactone, which hydrolyses slowly to gluconic acid,*
resulting in a homogeneous pH drop for LMWG.** On gelation,
1, 2, and 4 form transparent gels while 3 forms gels which are
turbid. The rheological properties of these gels are similar for
those formed from related LMWG,” with the storage modulus
(G') and loss modulus (G"”) being only weakly dependent on
frequency (Fig. S15-S181). SEM of the dried gels (xerogels)
showed the presence of thin entangled fibers. SEM of the dried
solutions showed similar structures, with greater alignment of
the fibrous structures than the corresponding xerogels. In all
cases, powder X-ray diffraction (pXRD) data shows both the
dried solutions and xerogels contain a low degree of crystallinity
(Fig S11-S147). The most intense peak in all samples is at 26 =
~25.5°, corresponding to approximately 3.5 A, arising from w-m
stacking.

The absorption spectra of these materials in solution (5 mg
mL ) are typical of PBI-LMWG. UV-Vis data at high pH (Fig. 2e
and S20-S22%1) showed a shoulder at 470 nm, and peaks at
490 nm and 540 nm, attributed to the 0-0 and 0-1 vibronic
bands of the S; — S; transitions.*® The ratio of the peak
intensities at 490 nm and 540 nm indicates a significant degree
of aggregation.”®*® In the gel state, the UV-Vis data showed
strong absorption at 470 nm and 590 nm, with the peak at 470
nm now being dominant (Fig. 2e and S20-S227). This change in
relative intensity suggests a change in the aggregation of the
perylenes.”® The spectra for both the solution and gel showed
peaks at 325 nm and 380 nm, corresponding to the electronic S,
— S, transition.* Fluorescence data showed fine structure
emission with maxima at 540 nm and 595 nm for the solution
on excitation at 365 nm or 490 nm (Fig. S221t). The fluorescence
intensity of the gel is significantly lower due to self-quenching,
with the peak maxima slightly shifted to shorter wavelength,
again due to a change in aggregation.

PBIs are well known to be photoconductive, with a number
of photoconductive LMWG systems having been reported.>**”%”
To investigate the photoconductivity of these materials, we
dried both the solution and gel phases. Films were readily
obtained from both the solutions and gels of 1, 2 and 4 simply
by drying in air (final water content ~6 wt% by TGA). For 3,
drying led to an inhomogenous film that did not adhere well to
the substrate (Fig. S23t), correlating with the SEM data. There
are fundamental changes in the UV-Vis spectra on drying. For
both dried solutions and xerogels, the UV-Vis data showed an
increase of absorbance in the UV region where there is a change
in the intensity ratio of the peaks at 375 nm and those in the
region of 470-590 nm. This suggests a difference in the
arrangement of the perylene aggregates upon drying. The
macroscopic conductivity of the dried solutions and gels was
measured both in the dark and under illumination with a xenon
lamp. Both showed Ohmic response and a significantly
increased current under illumination, assigned to the samples
becoming photoconductive (see Fig. S24-277), with symmetric
data during the voltage sweep. In general, the dried solutions
were more conductive than the xerogels. 1 showed the highest
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current under illumination of the LMWG, and the photo-
response was significantly greater for the dried solution than for
the dried gel. 3 showed a very weak response, which we attribute
primarily to the poor film quality.

However, in all cases, despite the expected correlation
between the absorption spectrum of the perylene group and the
proposed photoconductivity, both the dried gel and solution
remain highly resistive when irradiated with light above 400
nm. Instead, a significant photocurrent was only induced when
irradiated with wavelengths shorter than 400 nm (Fig. 3a and
$28-S30%). The onset wavelength of the photoresponse of the
dried solution and xerogel varied. For 1, 2 and 4, the xerogel
resistance decreased significantly with irradiation of wave-
lengths shorter than 400 nm, whereas the dried solutions only
became active when irradiated at wavelengths of 375 nm or
shorter. Due to the poor film quality, we did not attempt to
collect this data for 3. Irradiation of samples of 1, 2 and 4 with
365 nm LED irradiation again showed a significant decrease in
resistance, indicating photoconductivity. For 1 and 4, the dried
solution was found to be approximately one order of magnitude
less resistive under irradiation than the xerogel (Fig. 3b). This
may be due to the packing in the solution versus gel state, but
could also be due to differences in fiber thicknesses, density,
and orientation. However, the photocurrents measured in our
two electrode experiment were consistently greater with both
the dried solutions and xerogels of 1 than for 2 and 4, indicating
a greater degree of photoconductivity. The conductivity for PBIs
has been related to well-ordered 7-stacking and the morphology
has also been shown to be key.** The UV-Vis and pXRD data for
1, 2 and 4 are similar; hence, we ascribe the higher conductivity
of 1 to differences in fiber morphology over molecular packing.

Focusing on 1, on irradiating a dried solution in a two
electrode cell (2 V) with 365 nm light, the photocurrent
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Fig. 3 (a) Plot of photocurrent (at 2 V potential difference) against

irradiation wavelength for a dried solution of 1 overlaid with the UV-Vis
spectrum. (b) Plots of /-V curves for (---) a dried solution of L and (- - -)
a xerogel for 1 on irradiation at 365 nm. Inset is the data for the xerogel
(- - -) under irradiation and (—) in the dark. (c) Photoresponse for a
xerogel of 1, initially in the dark, then irradiated with 365 nm light,
followed by the lamp being turned off. (d) Transient photoresponse for
a dried solution of 1 by turning on and off the 365 nm light for multiple
cycles.
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increases with time (Fig. 3c). On switching off the light,
photocurrent persists for typically 1-8 hours, with the decay
shown in Fig. 3c being fitted to a single exponential process,
with a lifetime of ca. 5300 s. This indicates that the photo-
induced conductivity is remarkably long-lived in air. There is
variability from sample to sample, due to differences in film
thicknesses and fiber density and orientation, but the films
show lifetimes consistently >3000 s. Switching the light on and
off demonstrated the stability of the films (Fig. 3d). Similar
behavior was observed for the xerogel (Fig. S317).

On irradiation with 365 nm light, both the xerogel (Fig. 4a)
and dried solution (Fig. 4b) were also observed to change color.
This color change was reversible over several hours. Monitoring
this process by UV-Vis-NIR spectroscopy for the xerogel, we
observed the formation of a new absorption feature with
maxima at 735 nm, 820 nm and 1000 nm (Fig. 4c), in good
agreement with data for the formation of the radical anion®®
formed by chemical reduction. For the dried solution, similar
absorptions were observed, albeit with a higher relative inten-
sity, in addition to an increase in the relative intensity of the
shoulder at 615 nm (Fig. 4d), as expected for the dianion.>® We
confirmed that these peaks were characteristic of these species
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Fig. 4 (a) Onirradiation with 365 nm light, a xerogel of 1 (left) changes
color (middle). After the light is turned off, the original color slowly
returns (right), photograph after 18 hours. (b) A similar effect is
observed for the dried solution. (c) UV-Vis-NIR spectra for a xerogel of
1 (—), and for the same film 1 minute after irradiation with 365 nm light
(- - -). (d) UV-Vis-NIR spectra for a dried solution of 1 (—), and for the
same film 1 minute after irradiation with 365 nm light (- - -). (e) UV-Vis-
NIR showing absorbance of 1 in solution after addition of various
amounts of sodium dithionite. Solid line represents before sodium
dithionite was added, dashed line is after 20 mg of sodium dithionite
was added (radical anion of 1) and the dotted line is after 40 mg of
sodium dithionite was added (dianion). (f) Comparison of rate of
decrease in conductivity and absorbance at 730 nm. Inset: change of
absorbance at 730 nm with time after the 365 nm LED was turned off in
air (- - -) and under argon (—).

This journal is © The Royal Society of Chemistry 2014
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by reduction of 1 in solution using sodium dithionite (Fig. 4e
and S387).* On the basis of these data, we suggest that the
higher anion concentration in the dried solution explains the
higher conductivity of the dried film over the dried gel. The
possible presence of the dianion in the dried solution may also
contribute, but the overlap of the spectral features with the
ground state and anion prevent definitive assignment. We again
highlight however that this apparent higher conductivity could
also be due to differences in the density of the film, orientation
of fibres or fibre thickness (see above). Simultaneously
measuring the UV-Vis spectrum and photocurrent after
switching off the LED showed that the initial decay was similar
(Fig. 4f), and that the conductivity was essentially zero at the
point where approximately 20% of the intensity for the peak at
730 nm remained. This is unsurprising; for conductivity a
contiguous percolation pathway is required, and hence bulk
conductivity is expected to decay before the presence of any
conductive species.

The insensitivity of the spectral features of the decay to O,
was further demonstrated by comparing the decay in air
compared to that under argon. The rate of decay was very
similar in both cases (Fig. 4f, inset). Importantly, no changes in
the UV-Vis spectra were observed when the samples were irra-
diated at 450 nm (see for example Fig. S377), and hence the lack
of photocurrent when irradiated at higher wavelengths can be
ascribed to the lack of formation of either radical anion or
dianion. The correlation between conductivity and the presence
of the radical anion is expected. For example, a thin film of a PBI
has been shown to form the radical anion by a self-doping
mechanism on dehydration in air."”® A concomitant increase in
conductivity was observed. What are perhaps surprising is both
the wavelength dependence of the conductivity found here and
the O, tolerance of the photoconductivity. The lowest energy
required for light to be absorbed in a material is referred to as
the optical gap. Absorption of light of this energy results in the
formation of excitons; excited electron-hole pairs bound
through electrostatic interaction. Photoconductivity, however,
requires not neutral excitons but free charge carriers (free
electrons, free holes, or both), where the label free signifies that
the charge carriers are not bound together in an exciton and
hence able to contribute to electronic conductivity. The
minimum energy needed to generate such free charge carriers is
the transport (or quasiparticle) gap. This transport gap is always
larger or equal to the optical gap, with the difference between
the two equal to the exciton binding energy E.pe; the amount of
energy by which excitons are stabilized with respect to free
electrons and holes. E.p. can be very small, e.g. in elemental and
compound semiconductors, but for organic materials is typi-
cally in the order of tenths of an eV. Hence, we ascribe the
difference between absorption and photoconductivity onset to
the E.pe, the extra energy required to form free electrons and
holes from excitons.

An enhancement in conductivity for a PBI has been found
previously on generation of the radical anion using hydrazine
vapor.*® Elsewhere, the conductivity of PBI fibers was increased
in the presence of diethylamine.?® In both these cases, a strong
electron donor was present. In our work, no such donor is

This journal is © The Royal Society of Chemistry 2014
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present, explaining the greater E.p. here. The fate of the cation
is not clear. Whilst there is significant data available on the
radical anion and dianion for a range of PBIs, there is less on
the radical cation. Data has been reported for bay-substituted
PBIs,*** with radical cations absorbing in the near-IR (NIR)
region, however direct comparison to our materials is difficult.
We do observe a broad peak above 1200 nm in the UV-Vis
spectrum for the dried solution of 1 after illumination with
365 nm light (Fig. 4d) that on the basis of the solution phase
chemical reduction experiment is not assigned to the radical
anion or dianion (Fig. 4e). This feature grows in under UV
illumination with a maximum at ~1700 nm, and decays at the
same rate as the radical anion. It is possible that the NIR
absorption is due to the radical cation, although this would
represent a remarkably long-lived charge separated state.
Alternatively, it may be assignable to a morphological change
following irradiation, and further studies are ongoing.

The slow rate of decay of the photocurrent is surprising. The
PBI radical anion in solution can be used as a sensitive probe for
0,.2%* Our materials behave similarly (Fig. S381). However,
when dried as a film, it is clear that the O, sensitivity is
significantly reduced. Indeed, all of the data above are for
measurements carried out in air. Under an argon atmosphere,
the rate of decrease was similar to that in air; this shows that O,
has little effect on the recovery of the dried sample (Fig. 4f). An
issue with many n-type semiconductors is the lack of stability in
air. For example, photoconductive PBI-based nanofibers have
been shown to be highly sensitive to the presence of O,,” where
the photoconductivity was found to be three times higher under
argon than under air. This was ascribed to high surface area
available due to the morphology and the scavenging ability of
O,. However, in other cases, the morphology can result in a
kinetic barrier to the intrusion of water or O,, for example by
using PBIs containing perfluorinated substituents.***® It has
also been reported that aggregation stabilizes the radical anion.
When incorporated in a film, the stability of the radical anion
to oxygen was found to be higher, taking 20 minutes to be
re-oxidized, as opposed to being immediately re-oxidized when
in homogeneous solution.”” This was attributed to slow diffu-
sion of O, into the film. The slow rate of decay in our systems is
significantly longer than for this system.*” It is unclear as to
whether this is due to film thickness, morphology, or a result of
the decreased diffusion rates of O, through the films.

Conclusions

In conclusion, PBIs are of increasing interest for applications in
organic electronics, including as alternative acceptor materials
in OPV.” Morphological control of such materials is likely to be
critical for controlling their use. Here, we report self-assembling
PBIs, which form long 1D structures that are photoconductive.
The conductivity correlates with the presence of the radical
anion, which is found to be remarkably long lived (on a time-
scale of hours), even in air and in the presence of water. The
different molecules use here show different behaviour. For
LMWG, small changes in molecular structure can have
profound effects on the self-assembly and this is again
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exemplified here for 1-4. It is clear from the SEM images that
the more ordered structures formed by 1 lead to higher photo-
conductivity; the reasons why 1 forms such structures as
compared to 2-4 is currently under investigation. The materials
presented here show markedly different conduction properties
to those in the literature. Typically, the photoconductivity
decays very rapidly (sub second timescales), and the decay is
further accelerated by O,. The materials presented here main-
tain their photoconductivity for several hours after the light is
turned off due to the high stability of the radical anion. It
should also be noted that the gels and solutions presented here
contain well defined 1D structures, which will be invaluable in a
wide range of applications.
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