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ABSTRACT: Alanine-functionalised perylene bisimides (PBI-A) are promising photoconductive
materials. PBI-A self-assembles at high concentrations (mM) into highly ordered worm-like
structures that are suitable for charge transport. However we previously reported that the
photoconductive properties of dried films of PBI-A did not correlate with the electronic
absorption spectra as activity was only observed under UV light. Using transient absorption
spectroscopy we now demonstrate that charge separation can occur within these PBI-A structures
in water under visible light. The lack of charge separation in the films is shown by DFT
calculations to be due to a large ion-pair energy in the dried samples which is due to both the low
dielectric environment and the change in the site of hole-localization upon drying. However,
visible light photoconductivity can be induced in dried PBI-A films through the addition of
methanol vapour, a suitable electron donor. The extension of PBI-A film activity into the visible
region demonstrates that this class of self-assembled PBI-A structures may be of use in a

heterojunction system when coupled to a suitable electron donor.

INTRODUCTION:

Perlyene bisimides (PBIs) are increasingly being explored for use in organic photovoltaic* and
solar fuel applications® due to their large visible extinction coefficients, high chemical and
thermal stabilities, and potential synthetic tunability.* PBIs are known to self-assemble through
n-n-stacking even at very low (< 10° M) concentrations leading to the formation of aggregates,
the structure of which can greatly impact upon the photophysical and photochemical properties
of the PBI. However stacking and subsequent supramolecular structure formation can be difficult

to control. One promising approach to controlling aggregation is to develop materials that are



able to self-assemble into well-defined structures. We, amongst others, have recently reported on
a class of amino-acid appended PBI structures that can self-assemble in solution to form
supramolecular worm-like micelles which persist on the microns distance scale.* > ° The
structures consist of slip-stack helical bundles of n-stacked H-aggregated monomers with the n-n
interactions offering a feasible route for exciton diffusion and long-range charge transport.* ’
Such PBI supramolecular structures have also been shown to be n-type photoconductors with
conductivity being due to the formation of a PBI* state.® ® *° Often, such materials are highly
sensitive to the presence of quencher molecules such as O,; however the photoinduced
conductivity of an alanine functionalized PBI (PBI-A, structure Figure 1(a)) film was found to
persist for many hours even in air in the dark,® making them potentially interesting alternative
electron acceptors in organic photovoltaic cells. Although this was a promising result, the
photoresponse of these materials did not correlate well with the measured UV/Vis absorption
spectrum, with photoconductivity only occurring upon excitation into the Sy-S; transition using
UV light (ca. 365 nm). Excitation into the strongly absorbing Se-S; transition resulted in no
measurable photoconductivity.® Further analysis of other PBI-derived structures in the literature
indicates that a similar loss of visible light activity may also be occurring in other related amino

acid appended PBI photoconductive and photocatalytic samples.? °

If visible light
photoconductivity could be coupled to the known oxygen tolerance of these self-assembled
structures, it would represent an important breakthrough in the search for alternative acceptor

materials for organic photovoltaics and novel organic photocatalysts.

Transient absorption (TA) spectroscopy has been used extensively to study PBI donor-
acceptor systems, providing important insights into the formation and lifetimes of charge

separated and excited states.’™ ** In addition, exciton'® and charge transport' efficiencies have



been measured. Charge separation occurs in oligomeric self-assembled structures, and has been
shown to be accelerated in closely bound aggregates, with numerous reports of visible light
driven charge separation in PBIs in solution.’> '® Here, we present a mechanistic study that
explores the factors controlling charge separation both in solution and as a dried film and hence
the spectral response of PBI-A. We also demonstrate the viability of the use of these materials in
a potential OPV heterojunction, as in the presence of a suitable donor molecule visible light

driven photoconductivity occurs.

EXPERIMENTAL METHODS:

Materials: PBl-alanine (PBI-A, [N, N’-di(L-alanine)-perylene-3,4:9,10-tetracarboxylic acid
bisimide]) was synthesised as previously described.® PBI-A solutions were prepared at a
concentration of 25 mg/ml (47 mM) using an equimolar quantity of dilute aqueous NaOH (0.1
M) to dissolve the solid and then made up to 25 mg/mL with distilled water. Solutions were left
stirring overnight to ensure all the solid had dissolved. To make films, 25 ul of PBI-A solution
were drop-cast onto either a glass microscope slide using a 5 x 5 mm mask or a pre-cleaned
fluorine tin oxide electrode (FTO, TEC-15, Pilkington). Tetrabutylammonium
hexafluorophosphate (TBA PFs, Sigma-Aldrich) was recrystallized from ethanol prior to use.
Acetonitrile (CH3CN, VWR, spectroscopic grade) and methanol (MeOH, Sigma, HPLC grade)

were used as received. Milli-Q water was used throughout.

Steady-state spectroscopy: UV/Vis absorption data were obtained using a Shimadzu 2550
UV/Vis spectrophotometer using cells of various pathlengths suitable to the range of

concentrations studied. Spectroelectrochemistry (SEC) was performed on films of PBI-A cast



onto FTO as the working electrode. The films were doctor-bladed and allowed to dry in air in the
dark; the edges of the film were then sealed with epoxy resin (Loctite Hysol 3422 A+B) and
allowed to dry overnight in the dark. SEC was performed in a quartz cell using 0.1 M TBA PFg
in argon-purged acetonitrile as the supporting electrolyte, a Pt wire as the counter electrode, and
a Ag wire as the pseudo-reference electrode. A PalmSens® potentiostat was used for SEC
measurements. Fluorescence spectra were collected using a Perkin Elmer Fluorescence
Spectrometer LS55 using cells of various pathlengths suitable to the range of concentrations

studied.

Photoconductivity measurements: Photoconductivity was measured using a two-electrode
measurement. Films were prepared on microscope slides between two silver electrodes spaced 3
mm apart, with a contact to a copper wire being made using silver paste (RS Electronics). Prior
to use, the film was dried in air overnight, then epoxy resin glue was placed over the silver
electrodes, which was again was left to dry overnight. Samples were then sealed ina 1 x 2 cm
quartz cuvette with a B24 adapter (Starna) and septum through which the wires could pass and
either left in air, purged with argon or purged with argon pre-saturated with MeOH vapour as
described in the text. A 365 or 523 nm LED (LED Engin) powered by a TTi QL564P power
supply was used and the incident light intensity on the sample was 1 mW/cm?® A PalmSens®
potentiostat was used for all photoconductivity measurements employing linear sweep

voltammetry from - 2 to + 2 VV at 50 mV/s.

Femtosecond and microsecond transient absorption (fSTA and psTA) spectroscopies:
Femtosecond TA spectroscopy was carried out using a PHAROS laser (Light Conversion, Ltd)
operating at 10 kHz coupled to an ORPHEUS optical parametric amplifier (Light Conversion,

Ltd) in tandem with a LYRA harmonic generator (Light Conversion, Ltd) to produce the desired



wavelength for sample excitation. The pump beam intensity was adjusted with a neutral density
filter so as to achieve approximately equal photon fluxes at different wavelengths. Typical pulse
energies were on the order of 10 nJ. The pump wavelength was tuned to either UV (365 nm) or
visible (490 nm) as needed. In contrast to the 523 nm LED used for photoconductivity
measurements (see above), 490 nm was chosen as the visible pump wavelength to remove laser
scatter in a region of spectral interest. A portion of the PHAROS output was also split off to
pump a sapphire crystal to generate a white light continuum for the probe beam, which provided
for spectral observation in the region 450-900 nm. The probe beam was focused to a spot size of
~100 um diameter on the sample and was overlapped completely by the pump beam. Spectra
were acquired with a HELIOS transient absorption spectrometer (Ultrafast Systems, LLC). The
time resolution of the setup is ~ 400 fs. Measurements were performed by randomly stepping the
optical delay line and averaging for 1 s at each delay time. Five consecutive scans were collected
and aggregated to produce each spectrum. Sample solutions were measured in a 2 mm path
length quartz cuvette or between two glass slides. The solution was stirred rapidly throughout
acquisition. Thin film samples were formed upon drying of a 25 pl drop of aqueous stock PBI-A
solution (47 mM). Spectra of thin film samples were recorded sealed in a quartz cuvette purged
with argon or argon pre-saturated with MeOH vapour. Data were chirp corrected using the
Surface Xplorer software package. Microsecond (1 us — 1 s) TA spectroscopy measurements
were carried out on the same samples using a system described elsewhere that is based on a

Nd:YAG laser (Continuum Surelite) and OPO (Continuum SLOPO-1).%

Density Functional Calculations: All calculations were performed using the B3LYP'® 19
functional with the D3 empirical dispersion correction?’ and the DZP? or def2-TZVP? basis-set.

Calculations on the neutral and deprotonated PBI-A additionally employed the COSMO



continuum solvation model® with a relative dielectric permittivity value of 80 to model the
dielectric screening effect of water. Frequency calculations were performed on the different
stationary points obtained by geometry optimization to verify that they were indeed minima.

Finally, all ground state calculations were performed using the Turbomole 6.6 code.?*

RESULTS AND DISCUSSION:

The UV/Vis spectrum of the as-cast film of PBI-A is shown in Figure 1 (a). The
spectrum is dominated by the Sp-S; electronic transition, composed of a series of closely spaced
vibronic modes (vibronic states given in brackets). Spectral fitting (Figure S1) reveals the
presence of three transitions at 566 (0-0’), 504 (0-1’) and 467 (0-2’) nm, with the greatest
contribution from the (0-1’) mode, indicating extensive H-aggregation and co-facial interactions,
which will aid the formation of conductive pathways.*? Comparison with the UV/Vis spectrum
of PBI-A at low concentration (107 M) indicates that a high level of aggregation between the
PBI units occurs at 47 mM (Figure S2).2 The S¢-S, transition is also apparent for the PBI-A film
in the UV with a maximum at ca. 360 nm.Previous structural analyses have demonstrated the
PBI aggregates in the dried films are in the form of long one dimensional worm-like micelle
structures.® “°In line with our past study excitation into the So-S; transition (523 nm LED) of the
PBI-A film under an argon atmosphere is seen to lead to negligible change in the electrical
resistance of the sample (Figure 1 (b)). whilst excitation of the So-S, transition (365 nm), leads to
a large decrease in resistance with the sample showing an Ohmic response indicating that the
samples are photoconductive under UV light.° This result confirms that long range charge

transport through the extended n-n stacked structure of the dried PBI-A film is possible and that



the lack of photoconductivity following Se-S; excitation may be due to a lack of initial charge

separation or the presence of only short-lived charge separated states.

024
0.6

0.1+
PBI-A, OCP

0.4 PBI-A, -0.14 V

0.0

Current / pA

0.2

Abs./ Normalised

523 nm inert atmosphere
365 nm inert atmosphere
523 nm MeCOH vapour

0.0 024

400 500 600 700 800 2 ¥ 0 1 2
Wavelength / nm Potential difference / V

Figure 1. (a) UV/Vis spectroelectrochemistry of PBI-A structures dried as a film on FTO at open
circuit potential (black) and following the first reduction (ca. - 0.14 V versus a Ag wire pseudo
reference electrode, red) in CH3CN, 0.1 M TBA PFs. (b) I-V curves for a dried solution of PBI-A
under controlled atmospheres under illumination at the wavelengths indicated. The monomer

structure of PBI-A is shown in the inset of Figure 1 (a).

In order to examine the potential roles that supramolecular structure and solvent have in
controlling charge separation, we initially studied the self-assembled PBI-A structures in
solution. It is well understood that the nature of the aggregates formed in PBI solutions is highly
dependent upon the PBI concentration.® UV/Vis and emission spectroscopy indicate that the
PBI-A concentration has to be on the order of 1 x 107 M for monomer like behaviour to be
observed (Figure S2 (a)). In aqueous solutions at 47 mM (pH 9), the concentration used for
preparing the PBI-A films, both UV/Vis and fluorescence measurements indicate that significant
PBI-A aggregation has occurred evidenced by the quenching of the monomer type fluorescence
fine structure at 546 and 583 nm (Figure S2 (b)), the appearance of a weak fluorescence at 652

nm (Figure S2 (b), S2 (c)), and the increase in the contribution of the (0-1’) transition of the



UV/Vis spectrum.’ Spectroelectrochemistry (SEC) of the reduced film is also shown in Figure 1
(a) and is typical of a reduced PBI species.® Viscosity measurements of the solution indicate the
presence of large scale aggregates (Figure S4), attributed to worm-like micelles, in agreement
with the previous analysis of the dried sample by SEM and XRD which identified that the
facially stacked aggregates had a PBI separation of ca. 3.5 A with structures on the micron
scale.® Further confirmation of the presence of similar structures in both the solution studies and
the dried films is achieved using small angle neutron scattering (SANS). The scattering from the
solution sample could be fitted to a worm-like chain model (as the Kratky-Porod flexible
cylinder model in the SasView software package (https://www.sasview.org, Figure S5). We have
successfully used this model for other related systems,”” 2 2° The fit suggests that the system

contains structures with a radius of 6.4 = 0.1 nm, with a Kuhn length of 10.1 £ 1.3 nm.
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Figure 2: (a) TA spectra of PBI-A in water (pH 9) at 47 mM following UV (10 kHz, 365 nm, 100

MW) or (b) visible light excitation (10 kHz, 490 nm, 470 pW).



The TA spectra of PBI-A solutions at 47 mM using both UV (365 nm) and visible (490 nm)
excitation indicate that the excited state species present after 1 ps are very similar, showing a loss
of the aggregated ground state (504, ca. 560 nm) and a long-lived broad positive band at 725 nm
with shoulders at ca. 540, ca. 625 and 818 nm (Figures 2, 3). The newly formed intermediate
species under both UV and visible light excitation correlates well with both the previously
reported spectrum of the PBI*-A in solution® and of the electrochemically generated PBI*-A in a
dried film (541, 723, 806, ca. 635 nm (sh), Figure 1 (b)) indicating that excitation of either the
So-S1 or Sg-S; transition leads to the formation of a charge separated state with the electron
localised on the PBI core. The broadness of the PBI radical feature may indicate a degree of

charge migration within the aggregate with previous studies noting a broadening of spectral

features in aggregated PBIs.** #°
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Figure 3: TA spectrum of PBI-A in water (pH 9) at 47 mM showing the presence of the same
transient species 1 ns after excitation following initial excitation of either the So-S, (365 nm) or

So-S1 (490 nm) transitions.
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The reduced PBI and the PBI-A ground state bleach are observed to partially recover at the same
rate (Figures S6, S7) with kinetics that can be fitted to a minimum of 3 exponential components
(t1=ca. 1ps, 2= 17 ( 0.9) ps and t3 = 257 (+ 16) ps at ca. 820 nm, 490 nm excitation). A
singular value decomposition analysis did not identify any additional spectral features beyond
that of the PBI-A ground state and the reduced PBI and it is proposed that the tri-exponential fit
represents a parameterization of the dispersive Kinetics, indicating that multiple recombination
pathways exist in the supramolecular structure. It is also notable that a significant (ca. 10%)
concentration of the photogenerated reduced PBI persists beyond 3.2 ns. The formation of such a
long-lived radical anions also supports the hypothesised anion migration through the PBI
structure. Alternatively, the lack of charge recombination may indicate that the localisation of the
cation is preventing charge carrier recombination. It is therefore important that the nature of the

electron donor site is identified.

Based upon the oxidation (Eox = 0.80 Vagagc1) and reduction (Erep = - 0.56 Vagagel)
potentials of PBI-A at ca. pH 9 measured by squarewave voltammetry (Figure S8), and the
reported oxidation potentials of alanine (ca. 0.4 - 0.65 Vagagc)®> *° in basic solution and the PBI

core of similar materials (ca. 1.3 - 1.5 V),*% %

it is proposed that the amino acid substituent can
act as an electron donor, with the PBI core being the acceptor unit following photoexcitation of
the solution. Furthermore, we observe no spectral features that are readily assignable to a PBI
radical cation in Figure 2, supporting our assignment of the alanine unit as the electron donor.3*
% As the spectrum of oxidised alanine is expected to be outside the spectral window of this
study,®* we are unable to ascertain how the oxidised alanine group evolves with time. Therefore,

we assign the photochemically generated transient with features at 540, ca. 625 and 818 nm to

PBI*-A’ (where A’ is an alanine residue with a localised hole).
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To further aid the spectral assignment, DFT calculations have been carried out to study the
excess electron and hole localisation and thus radical anion and cation formation, as well as to
predict the PBI-A reduction potentials. Initially, we examined a neutral PBI-A, a singly
deprotonated and a doubly deprotonated PBI-A molecule in water, Table S1. In the case of
neutral PBI-A in water an excess electron and hole are both predicted to localise on the PBI core
of PBI-A. However, at the experimental pH studied (pH 9), the carboxylic acid of the alanine
group is expected to be deprotonated. Calculations show that deprotonation leads to localization
of the hole on the deprotonated alanine group(s), while the radical anion is still predicted to
involve localisation of the excess electron on the PBI core. This is all in-line with predictions of
the redox potentials of free alanine and unsubstituted PBI, given in Table S1, which show an
excellent correlation to the measured redox potentials, quoted above. The oxidation potential of
neutral free alanine in water (6.18 V vs. vacuum & 1.62 vs. Ag/AgCl) is predicted to lie
significantly more positive than that of unsubstituted PBI (5.75 vs. vacuum & 1.20 vs. Ag/AgCl),
and thus is harder to oxidise. Deprotonated free alanine in contrast has a significantly smaller
oxidation potential (4.80 vs. vacuum & 0.31 vs. Ag/AgCI) and is thus easier to oxidise than
unsubstituted PBI. This different localisation of excess electron and hole could potentially have a
positive effect on suppressing electron-hole recombination by moving them onto different “sub-
lattices” and may be a further contributing factor behind the long-lived PBI*" state. DFT
calculations also allow us to predict the energy required to make a pair of charge-separated
states, i.e. a radical cation and radical anion separated by a large distance, commonly referred to
as the quasiparticle or transport gap in extended solids but below discussed as the ion pair
energy. The energy required to generate a pair of charge-separated states, radical ions, for a

deprotonated PBI-A in water is calculated to be of the order of 2 eV (see Table S2). In practice,
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stacking in solids or supramolecular aggregates will further slightly reduce this value (and that
calculated for Na,PBI-A below) by several hundred meV as a result of hybridisation of the
frontier orbitals of the different molecules; nonetheless, as shown below, the calculations agree
well with the observed experimental behaviour. This relatively small (ca. 2 eV) ion pair energy
for deprotonated PBI-A in solution means visible light excitation (528 nm, 2.35 eV) into the So-
S: transition should be able to photoionise the excited state into charge-separated states.
Experimentally, the Gibbs energy of photoinduced electron transfer in a donor-acceptor system*>
% can also be estimated using Equation 1, which takes into account the donor and acceptor
electrochemical redox potentials, the Coulombic interactions (C) between the two ions and their
the difference in solvation energies between the system of interest and the solvent that Eqx and
Erep Were measured in (S). Indeed, in water at pH 9 we estimate an ion pair energy of ca. 1.3 eV
and we calculate that a large driving force exists for charge transfer from the lowest energy
singlet excited state (AGer ~ -1 eV, see Table S3 for full details), in agreement with the TA

observations of efficient charge separation and the DFT calculations outlined above.

AGET = EOX - ERED _E* - C +S (Eq 1)
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Figure 4: (a) TA spectra of a PBI-A film under an argon atmosphere following excitation of the
So-S2 (10 kHz, 365 nm, 100 pW) or (b) Sp-S; transitions (10 kHz, 490 nm, 470 uW) show the
formation of two different transient states on the ps-ns timescale. (¢) Addition of methanol vapor
enables the formation of a PBI*-4’ within the PBI-A film following 490 nm excitation. (d)
Comparison of the TA spectra at 1 ns recorded under the conditions described in (a-c) and the

electrochemically generated spectrum of PBI*-A in a PBI film at - 0.14 V vs. Ag/Ag”.

It is therefore apparent that the visible light excitation of PBI-A supramolecular structures in

solution, which are similar to those employed in dried films, can lead to the formation of long-
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lived separated charges. TA studies on solid PBI-A films prepared by drying the 47 mM pH 9
solutions on glass slides are now presented to ascertain if the dielectric environment is
controlling the activity, Figure 4. Following excitation of the sample at 365 nm (So-S; transition),
we observe the ground state bands being bleached and the formation of a new transient species at
ca. 550, ca. 725 and 810 nm, Figure 4 (a)), which shows excellent agreement with both the
electrochemically generated spectrum of a PBI*"-A radical in a dried film (Figure 4 (d)) and the
transient spectrum recorded for the same system in aqueous solution at pH 9 (Figure 2 (a))
allowing us to assign the transient species in the solid film to the charge separated PBI*-A’ state.
We find the PBI*-A’ formed under UV excitation in the dried film decays with kinetics that can
be fitted to a minimum of 3 exponential components again indicating that multiple
recombination pathways exist in the supramolecular structure (t, = ca. 1 ps, t, = 15.9 (+ 0.5) and
13 = 356 (+ 26) ps) and approximately > 10% of the initially formed PBI*-A’ is present 3.2 ns
after excitation (Figure S9). We can also detect the PBI*-A’ species on the millisecond time
scale following pulsed laser excitation (Figure S10). It is this population of long lived charge PBI
based radicals that are responsible for the photoconductivity under UV irradiation.>® In contrast,
following excitation of the PBI-A film with visible (490 nm, Sy-S,) light we observe a transient
spectrum with maxima at ca. 740 and 830 nm at 1 ps (Figure 4 (b)), markedly different to that
recorded for PBI-A in solution at an equivalent concentration. We observe no evidence for fast
charge separation and the generation of a PBI*-A” species (Figure 4 (d)), in line with the lack of
photoconductivity under visible light.® The excited state with maxima at 740 and 830 nm is
tentatively attributed to the formation of **PBI which (t; < 1 ps, 1, = 7.1 (+ 0.2) ps and 13 = 107
(+ 5.4) ps, at 830 nm) rapidly relaxes back to the ground state leaving only a minimal residual

bleach (< 5%) at the longest time scales studied, Figure S11.
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The lack of formation of the charge-separated state in solid films may be rationalized
through consideration of the effective dielectric constant of the dried PBI-A (film, ¢ ~ 3)
compared to the solvent dielectric for the solvated PBI-A structures (water, ¢ ~ 80).
Environments with a high relative dielectric permittivity, such as aqueous solutions, screen the
free charge of the excess electron and hole and renormalize (reduce) ion pair
energies/quasiparticle gap and multiple examples exist for PBI materials where charge separation
can be controlled by the solvent environment.® * Experimentally we can estimate the effect of
changing the dielectric environment through the use of Eq. 1, providing it is assumed that the site
of hole and electron localization remains the same. In this case, we estimate a decrease in the
driving force for charge separation in the film compared to in solution by ca. 0.7 eV (Table S3).
However, whilst reductive spectroelectrochemistry (Figure 4 (d)) indicates that the electron on
the PBI-A film still resides on the PBI core, experiments to identify the site of hole localization
on the dried PBI-A film were unsuccessful due to the insulating nature of the non-reduced PBI
film. Importantly, DFT calculations on model systems indicate that the site of hole localization in
solution and in the solid may be significantly different. As the dried films are prepared from a
NaOH (pH 9) PBI solution, we examined two versions of a Na-substituted PBI-A. A single
Na,PBI-A molecule in the gas phase and a Na,PBI-A molecule in the gas phase with two
additional coordinated water molecules per sodium cation, i.e.: the simplest possible models of
fully and partially dried down NayPBI-A solutions. Focusing on the radical cation, the hole is
predicted in both of these systems to localise for approximately 50 % on the two alanine-groups
and for approximately 50 % on the PBI core. In contrast, the excess electron of the radical anion
localises exclusively on the PBI core for both models. Another noticeable difference between

Na,PBI-A and (de)protonated PBI-A is that when taking nuclear relaxation into account in the
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latter the hole typically localises on one of the two alanine groups while in the case of Na,PBI-A
no such symmetry breaking is predicted to occur. Crucially, our calculations indicate that for our
model system representing the low dielectric environment of the dried film the ion pair energy
has increased from 2 to over 4 eV, a value which is roughly 2 eV greater than the lowest energy
excitation rationalizing, in line with the argument above, the experimentally determined lack of

visible light charge separation in the solid film, Table S2.

In several recent studies employing supramolecular PBIs as photoconductors and
photocatalysts, additional external electron donors (e.g. methanol, diethylamine) have led to
visible light activity.? *" % We therefore decided to explore the effect of methanol vapour on the
current-voltage response of dried PBI-A films under visible light illumination, Figure 1 (b).
Methanol vapour was employed here as it offers the opportunity to introduce an alternative
electron donor (Eox ~ - 0.4 Vagiagcl at pH 9)* directly into the solid self-assembled PBI-A film.
In the presence of the methanol donor we observe a large decrease in resistance under visible
light illumination (523 nm, Figure 1 (b)) demonstrating that excitation of the Sp-S; transition of
the dried PBI-A film can induce the sample to become conductive. The TA spectrum of a dried
PBI-A film in the presence of methanol vapour confirms that it is indeed possible to form a PBI*
-A radical following 490 nm excitation, with the bands of the reduced PBI at 545, 735 and 812
being present within 1 ps and persisting for > 3.2 ns, Figures 4 (c), (d). It is therefore apparent
that by careful control of the inclusion of a suitable electron donor to the PBI-A that visible light
driven charge separation can be enabled, in which the exciton oxidises methanol, highlighting
the feasibility of developing efficient donor-acceptor heterojunctions based on self-assembled

amino acid appended PBI acceptors.
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CONCLUSIONS

Self-assembled structures formed from amino acid PBIls are known to be highly promising
photoconductive materials due to their reported oxygen tolerance and ability to form long-range
one dimensional structures both in dried solutions and when gelled. However, a significant issue
has been multiple amino acid PBIs have reported photoactivity primarily under UV illumination,
despite the UV/Vis absorption spectrum extending into the visible region.® *>*! Here, we use TA
spectroscopy to show that PBI*, whose presence is known to correlate to the material showing
photoconductivity, can be generated within a PBI-A supramolecular structure in water within 1
ps under both UV (So-S;) and visible (Se-S1) light excitation. In contrast, when dried films are
employed charge separation only occurs under UV illumination due to a destabilisation of the
charge separated state in the low dielectric environment and a change in the site of hole
localisation. In these experiments, it is proposed that the alanine functionality is acting as an
electron donor and this is supported by the observation that the inclusion of a more readily
oxidised electron donor (methanol) leads to the switching on of photoactivity under visible light.
The differing spectral response of the PBI-A 1-D structures in different dielectric environments
represents an important design consideration for the development of these promising materials

for use in optoelectronic devices.

Supporting Information. A full description of the experimental methods, variable concentration
UV/Vis and emission spectroscopy experiments, the calculation of the donor acceptor distance
within an aggregated PBI-A sample, SANS data, kinetic fits and supplementary DFT information

are provided. This material is available free of charge via the Internet at http://pubs.acs.org.
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