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There is growing interest in the design of supramolecular structures that are photocatalytically active.

Perylene bisimides can be self-assembled to produce structures for photocatalytic hydrogen evolution.

Herein we explore the role of pH in controlling self-assembly and photocatalysis. It is shown that self-

assembly, which occurs as the pH of the system is decreased, is required for hydrogen evolution to occur.
Introduction

Photoconductive low molecular weight gelators (LMWGs) are
becoming increasingly important due to their tuneable
mechanical, electrical and optical properties.1 In particular
perylene diimide, or perylene bisimide (PBI) derivatives are of
interest. In addition to being strongly absorbing in the visible
region, many possess n-type semiconductor properties when
aggregated1–3 which means they have potential use as light
harvesting materials in photovoltaics and photocatalysis.2,4–7

Interestingly, some PBIs are used as LMWGs as they can self-
assemble into a wide range of structures as a result of non-
covalent interactions including hydrogen bonding, van der
Waals interactions and p–p stacking.8,9 PBIs have also been
successfully used as photocatalysts for a range of reactions
including hydrogen evolution,10–16 water oxidation17 and the
reduction of aryl halides.18,19

Proton reduction, or the Hydrogen Evolution Reaction
(HER), is a widely studied half reaction from the water-splitting
process.20 The HER provides potentially a direct route to storing
solar energy in the stable chemical bonds found in H2.21 The key
to any emerging technology is to provide a cheap and compet-
itive system; LMWG can be assembled easily at low cost and are
comprised only of abundant elements – this warrants their
investigation as an alternative to the inorganic materials usually
investigated.21,22 Weingarten et al. reported the rst work on
, Glasgow, G12 8QQ, UK. E-mail: dave.

erpool, Liverpool L69 7ZD, UK

niversity of Liverpool, Liverpool L69 7ZF,

niversity, Dublin 9, Ireland

cience and Technology Facilities Council,

mpus, Didcot, OX11 0QX, UK

(ESI) available: Fig. S1–S25. See DOI:

hemistry 2017
photocatalytic p-conjugated gels for proton reduction, where
the gel phase showed superior activity to that of the solid
powder of the same compound,13,16,23 showing how structuring
is key. It is important to understand how a self-assembled
network can affect the photocatalytic activity of a LMWG and
how subtle changes in molecular packing can affect their pho-
tocatalytic ability.24

The self-assembly of LMWGs in water can be triggered using
several methods, including a solvent switch or a pH switch.15–17,25,26

Recently, PBIs substituted with amino acids in the imide posi-
tion, for example as shown in Fig. 1a, have been studied for
their photoconductive properties as thin lms.27–30 The carbox-
ylic acid functionality on the amino acid side groups allows
control over the solubility of the gelator in aqueous solutions at
high pH (Fig. 1b).27,31 A subsequent decrease in the pH results in
Fig. 1 (a) Molecular structure of PBI-F; (b) high pH solution (10 mg
mL�1 PBI-F, 2 eq. NaOH, 20 v/v% methanol); (c) low pH gel (10 mg
mL�1 PBI-F, 2 eq. NaOH, 8 mg mL�1 GdL, 24 hours); (d) UV-Vis
absorption spectra and (e) SANS data at pH 11 (black), 6 (orange), and 2
(grey). pH was lowered in (d) by HCl addition and in (e) by DCl addition.
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the consecutive protonation of the carboxylic acid groups,
reducing the solubility and allowing for further self-assembly in
solution (Fig. 1c).

In this paper, we show that pH is crucial for controlling the
self-assembly of amino-acid functionalised PBIs and that subtle
changes in structure can also have a profound effect on the
photocatalytic properties of the material. We demonstrate the
role of aggregation by showing that we can optimise the rate of
hydrogen evolution in water by ne-tuning the pH of the per-
ylene bisimide assemblies.

Results and discussion
Self-assembly

Sufficient p–p stacking between perylene cores allows for the
formation of PBI bres and electron transport along these
bres.17,32 PBIs have characteristic absorption bands at visible
wavelengths related to the vibrational transitions of the S0–S1
absorption; the intensity, resolution and shi of the absorbance
bands are dependent upon the environment around the
aromatic core. This allows UV-Vis absorption spectroscopy to be
used as a tool for studying aggregation processes such as the
formation of H- or J-type aggregates.33 The HOMO/LUMOs of the
perylene core have a small electronic coupling to the substitu-
ents on the peripheral imide positions and the orbital energy
can be manipulated by adding substituents onto the core or by
p-stacking with adjacent molecules.34–36

The PBI used here (PBI-F) is substituted with L-phenylalanine
at the imide positions (Fig. 1a). Aqueous solutions of PBI-F at
a concentration of 10 mg mL�1 with 20 v/v% methanol and 2
equivalents of NaOH were prepared, resulting in deep red
solutions with a pH between 11 and 12 (Fig. 1b). Methanol was
included as a sacricial electron donor for photocatalysis, as
discussed below. The pH of solutions was then lowered, while
stirring, by the addition of 10 mL aliquots of 0.1 M HCl to form
aggregates in solution. Initial studies showed that PBI-F has two
apparent pKa values (Fig. S1†) at 8.6 and 5.7. These are related to
the consecutive protonations of the carboxylic acid groups.
Whilst it might be expected that there is only one pKa since the
two carboxylic acids are apparently identical, these elevated pKa

values can be associated with the pKa of self-assembled struc-
tures.37 It is therefore expected that structural changes will
occur within the solutions at each apparent pKa.37,38 For ease, we
will describe solutions at pH > 8.6, at pH 5.7–8.6, and at pH < 5.7
as high, medium, and low pH respectively. The PBI-F solutions
can also be gelled by a slow acidication using glucono-d-
lactone (GdL) (Fig. 1c and S2†).27,39 The stable structures that
PBI-F forms in aqueous solutions of 20 v/v% methanol were
probed using UV-Vis absorption spectroscopy, viscometry and
small angle neutron scattering (SANS) (Fig. 1d–e and S3–S7†).

The higher intensity of absorbance of the 0–1 vibronic
transition of the S0–S1 band at 506 nm compared to the 0–
0 transition at 543 nm is an indication of H-type aggregation
and is observed in the PBI-F samples at 10 mgmL�1 (Fig. 1d and
S3†) at all pH values.40–45 H-type aggregation describes a face-to-
face stacking of the perylene cores of adjacent molecules and
coincides with a bathochromic shi in the UV-Vis absorption
7556 | J. Mater. Chem. A, 2017, 5, 7555–7563
spectra. In the case of PBI-F, we expect a slight rotational
displacement to account for the steric hindrance and direc-
tional H-bonding of the peripheral phenylalanine groups.46

Upon decreasing the solution pH, the absorption peaks
broaden indicating increased intermolecular interactions and
increased aggregation.47

SANS is well suited to study LMWGs as neutrons are non-
destructive and have the ability to probe the bulk material.
The tted data provide details of the size and shape of struc-
tures in the sample.48–50 For the SANS experiments, deuterated
solvents were used to enhance the contrast; UV-Vis absorption
spectroscopy and viscometry studies with deuterated solvents
showed no changes in structures as compared with the
protonated solvents (Fig. S4a and b†). The pD of a deuterated
solution of PBI-F in 20 v/v% d4-methanol(aq) was reduced by
adding 0.1 M DCl. Aliquots were taken from the solution
spanning the whole pD range and a scattering pattern was
obtained from each sample (Fig. S4c and d†). All pD
measurements were converted to pH to allow effective
comparison with data collected in pH. The SANS data were
tted by combining exible cylinder, power law and spherical
models (Fig. S5†).51–53 The exible cylinder model depicts
a worm-like micellar structure which is expected for this class
of PBIs.27,54,55 The parameters reported here are derived by
model-tting the scattering data to analytic expressions
describing different shapes. In some instances this has
resulted in exible cylinder lengths that are beyond the actual
measurement limit of the instrument (>150 nm) in the
conguration used. This does not invalidate the analysis, it
just means that affected values are associated with a greater
uncertainty.

Fitting the SANS curves to the exible cylinder and power law
models revealed that anisometric structures are present in
solutions at both high and low pH (Fig. S6 and S7†), although as
will be shown below the relative concentration of these struc-
tures is strongly pH dependent. These structures may be
described as worm-like micelles at high and medium pH where
the PBI still holds a negative charge. However, at low pH, below
the second apparent pKa, there is expected to be little charge on
the PBI molecules and we describe these as bres. The tting
parameters from the exible cylinder model (Fig. S7†) depict the
worm-like micelles with radii of 6.2 (�1.0) nm and a length of
414 (�110, +86.0) nm (where the minimum and maximum
errors are stated in brackets and plotted in Fig. S7†). The bres
at low pH have radii of 5.1 (�1.0) nm and a length parameter
>500 nm. This shows that at low pH the extent of stacking in
a single structure is increased due to the absence of strong
coulombic interactions and the dominance of the weaker
intermolecular interactions that promote self-assembly,
including p-stacking, H-bonding, van der Waals and hydro-
phobic interactions. The low pH bres also have a Kuhn length
parameter of 7.8 (�1.0, +7.0) nm compared to 26.3 (�3.00,
+4.00) nm for the high pH worm-like micelles; the Kuhn length
is a segment of the exible cylinder model (Fig. S5†) and
a smaller Kuhn length indicates a more exible structure.52,53

For the bres at low pH, the lack of a supporting hydrated shell
of water molecules around the bre may give rise to the higher
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 (a) SANS intensity (triangles) from scattering patterns and
optical density (O.D., squares) fromUV-Vis absorption spectra of PBI-F
(10 mg mL�1) solutions in 20 v/v% d4-methanol(aq). SANS intensity
taken at 0.01 Å�1 andO.D. at 506 nm; vertical dotted lines indicate pKa1
(pH 8.6) and pKa2 (pH 5.7) (b) percentage of PBI-F collected from a 2
mL solution by filtration (column) and viscosity of solutions at a shear
rate of 5 s�1 (triangles). Arrows indicate which axis data correspond to.
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exibility of the structures. Additionally, the reduced coulombic
interactions at low pH may open up additional interactions
between PBI-F molecules via the peripheral phenyl rings on the
imide groups.

The solutions at high and medium pH also showed an
additional type of structure dominating the scattering curve,
which exhibits a hump-like feature at around Q ¼ 0.1 Å�1

correlating to structures a few nanometres in size (Fig. S5–S7†).
We hypothesised that free molecules were present in solution
above the second apparent pKa at pH 5.7; in order to test this,
diffusion 1H-NMR was carried out on a high pH solution. Broad
NMR signals, reduced relaxation times and negative NOEs
clearly indicated the presence of aggregated species in solution
(Fig. S8 and S9†). However, the observed species were found to
possess hydrodynamic radii of only 1.7 (�0.03) nm. The hump-
like feature in the scattering pattern at Q¼ 0.1 Å�1 was found to
t well to the spherical model with a sphere radius of 0.9
(�0.1) nm. The SANS and NMR data thus strongly suggest the
presence of free molecules at high pH, which co-exist with
worm-like micelles. The difference between the radii calculated
from the two techniques can be related to the uncertainties
associated with the tting and calculation56,57 as well as solva-
tion effects.

The combination of the spherical model with the exible
cylinder and power law models provided a convincing t for all
data (Fig. S6†). We can also further our understanding by
addressing the contributions of each of the models to the ts
(Fig. S7†). The power law scale factor increases as the pH is
lowered showing a corresponding increase in long-range
structures. Interestingly, at high pH the spherical model
dominates ca. 99%, which is in general agreement with 1H-NMR
measurements which show ca. 90% of PBI-F exists as free
molecules in solution at high pH. At low pH, the SANS data ts
to 100% exible cylinder model indicating that the PBI-F
molecules are assembled into bres.

At pH 6.5, the power law scale contribution along with its
exponent m begins to signicantly increase, showcasing the
increase in assembly of the molecules into structures which
scatter. An increase in the contribution of the exible cylinder
model is also observed at pH 6.0. The transition from free
molecules to aggregated species at�pH 6.5 proves to be vital for
photocatalysis, as discussed below.

The optical density (O.D.) of the PBI-F samples at 506 nm
and the SANS intensity at Q ¼ 0.01 Å�1 help to reveal how
aggregation increases as the pH decreases (Fig. 2a). As the pH is
lowered below the rst apparent pKa at pH 8.6, the O.D. begins
to decrease quickly and the scattering intensity increases slowly.
At the second pKa at pH 5.7 the scattering intensity increases at
a notably greater rate with not much change thereaer. It is
clear that the greatest change in aggregation occurs as the pH is
decreased below pH 5.7; this is where gelation of these mate-
rials occurs and where the formation of longer brous struc-
tures is observed in SANS. It is also interesting to note that UV-
Vis absorption data shows that aggregation begins to occur
below pH 8.6 when the mono-protonated PBI-F begins to form
and that SANS indicates the structures begin to change signif-
icantly below pH 5.7.
This journal is © The Royal Society of Chemistry 2017
Viscometry was used to identify the extent of networks in the
solutions (Fig. 2b and S10†). Samples were ltered, using lter
paper, to collect any solid aggregates present in solution. Fig. 2b
shows the percentage of solid collected aer ltering 2 mL of
a sample compared to the viscosity intensity at a shear rate of 5
s�1. Greater than 95% solid, compared to the amount of PBI-F
added into solution, was collected from the fully protonated
solutions below the second apparent pKa. This shows we have
aggregated species suspended in solution. The dried solutions
at high pH and collected solids from low pH were imaged by
transmission electron microscopy (TEM) and scanning electron
microscopy (SEM) (Fig. S11†). The microscopic data shows
aggregates much larger than those observed from SANS. Drying
artefacts are highly prevalent in these systems as drying leads to
further aggregation and structural changes.58 Therefore, the
SANS data, which probes the bulk sample, along with UV-Vis
spectroscopy and viscometry are better representations of the
system used.

The viscosity of solutions (Fig. 2b, and S10†) increases
greatly between pH 8.6 and 5.7 showing that the singly
protonated species promotes the formation of a self-assembled
network; this correlates with the broadening of absorption
bands in the UV-Vis spectra and changes in the SANS parame-
ters towards longer bres. It is likely that the increasing
viscosity of the solutions down to pH 5.7 is due to the presence
of a higher concentration of worm-like micelles in solution.

Hence we conclude from the UV-Vis, SANS and viscometry
data that a low concentration of short, worm-like micelles and
J. Mater. Chem. A, 2017, 5, 7555–7563 | 7557
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a high concentration of free solvated molecules are present in
the PBI-F solutions at high pH. The free molecules aggregate to
form more worm-like micellar structures below pH 8.6. As the
pH approaches 5.7 and the molecules become fully protonated,
all the molecules are aggregated into long bres. The proton-
ation steps lead to intermolecular interactions prevailing over
solvating forces, allowing self-assembly on a larger scale to
occur.
Photocatalysis

Photocatalytic hydrogen evolution was tested at a range of pHs
using PBI-F (10 mg mL�1) in the presence of poly-
vinylpyrrolidone (PVP)-capped platinum nanoparticles (1
mol%, ca. 8 nm diameter) and methanol (20 v/v%). Methanol is
a widely used sacricial electron donor that induces a minimal
pH change upon addition and operates across a range of pH
values. Platinum nanoparticles have been widely studied as
proton reduction co-catalysts and have a relatively simple
synthesis and characterisation (Fig. S12–S15†). Samples were
irradiated for 4 hours (90 mW cm�2, 300–795 nm (KG1 lter))
while stirring as described in the Experimental (Fig. S16 and
S17†). The amount of hydrogen evolved was measured using gas
chromatography (GC) via a gas injection from the quartz cuvette
headspace.

Initial control experiments in the absence of platinum yiel-
ded minimal hydrogen. In the absence of methanol a large
amount of CO evolved during photocatalysis indicating that
PBI-F oxidation occurs without the sacricial donor.30 The
amount of CO evolved was signicantly reduced whenmethanol
was present. However, no photodegraded product could be
detected by NMR or FTIR; we note that this would only be
present in very small amounts and so might be below the limit
of detection.
Fig. 3 Amount of hydrogen evolved from 4 hour photocatalysis of
PBI-F/PVP–Pt/methanol mixtures at different pH values (column with
error bars). pH measurements between pH 4–5 are grouped together
with�0.2 pH units, all othermeasurements are grouped up to�0.3 pH
units.

7558 | J. Mater. Chem. A, 2017, 5, 7555–7563
Aer 4 hours of irradiation, no hydrogen was evolved at pH
values above 8, Fig. 3. Between pH 7–5.4 a low rate of hydrogen
was produced, but repeat experiments to yield error estimates
clearly demonstrate the photocatalytic formation of hydrogen.
The solution noticeably begins to form a gel at pH 5 which
results in a reduced rate of hydrogen production, likely due to
the increased viscosity. Below pH 5 the structures aggregate and
are present as a suspension in solution at which point the bres
still hold a residual charge.59 At pH 4.75 a sharp increase in the
rate of H2 evolution is observed to occur. The hydrogen evolu-
tion reaches a maximum at pH 4.5 with a decline at lower pHs.
At pH 4.5 our structural characterisation studies show that PBI-
F has self assembled into long-bres and it is proposed that
these large aggregates are the photocatalytically active species.
The PBI-F/PVP–Pt/methanol solution was stable for up to 13
days (307 hours) of irradiation (Fig. S18†); the solution became
inactive aer this time due to the complete evaporation of
methanol from the system as a result of the daily purging of the
cell. Aer 307 hours, a turnover number of 158 per PVP–Pt NP,
or 1.32 � 10�2 per Pt atom (see ESI† for calculations), was
achieved. The resulting solution was freeze dried and analysed
to try and characterise any products of PBI photodegradation
(Fig. S19†). Again, no product of degradation was detected by
NMR or FTIR. This could be due to the amount produced being
below the detectable limit, a signicantly lower solubility of the
degraded product, or simply that no degradation had occurred.
Therefore it is apparent that PBI-F supramolecular structures
show a reasonable degree of photocatalytic stability.
Electrochemical characterisation

We have explored the mechanism of photocatalytic hydrogen
evolution and its pH dependence further through electro-
chemical measurements. PBIs can be chemically, electro-
chemically and photochemically reduced to form radical anion
(PBIc�) and dianion (PBI2�) species.9,27,30,35,60,61 Square wave
voltammetry (SWV) (10 mg mL�1, 20 v/v% methanol, 0.1 M
NaCl, 1 Hz) was carried out at a range of different pHs, Fig. 4. A
complex voltammogram was obtained with three close lying
reductions (�0.285, �0.411 and �0.472 VAg/AgCl). The charac-
teristic absorptions in the UV-Vis absorption spectra of the
PBIc� at 725 nm and PBI2� at 610 nm allow for these reduced
species to be identied by UV-Vis absorption spectroscopy.60

Therefore, spectroelectrochemical measurements of PBI-F at
a lower concentration (1 mg mL�1, 20 v/v% methanol, 0.1 M
NaCl, vs. Ag/Ag+ pseudo-reference, pH 11) were carried out
(Fig. 5). Lower PBI-F concentrations are required here due to the
high extinction coefficient of the material. Prolonged reduction
(1 min) at potentials close to the rst reduction potential gives
rise to partial conversion of the PBI to PBIc� with an increase in
the 725 nm absorption. As the potential is moved negative, we
observe PBI2� forming with a UV-Vis absorption maximum at
610 nm as the PBIc� band at 725 nm decreases. This begins to
occur at the 2nd reduction potential, but does not complete until
the most negative reduction potential is reached. It is therefore
proposed that the rst and third reduction features at �0.285
and �0.472 VAg/AgCl can be assigned to the PBI/PBIc� and PBIc�/
This journal is © The Royal Society of Chemistry 2017
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Fig. 4 (a) Reduction potentials of PBI-F (10 mg mL�1) in 20 v/v%
methanol(aq) at various pHs. Reduction peaks were picked from SWV
measurements shown in (b) which shows three reductions. The dotted
line indicates the energy required for hydrogen evolution–reduction
potentials which lie underneath this line can feasibly drive hydrogen
evolution. (b) SWVs of PBI-F (10 mg mL�1) at pH 10–4 in 20 v/v%
methanol(aq). Measured using Ag/AgCl electrode with a scan rate of
1 Hz. The SWVs were scaled in the y-axis (mA) to roughly the same size.

Fig. 5 (a) UV-Vis absorption spectra of PBI-F (1 mg mL�1, 20 v/v%
methanol(aq)) from thin layer spectroelectrochemical (SEC) measure-
ments. The voltage applied through the cell during data collection was
(from bottom to top): �0.05, �0.1, �0.2, �0.25, �0.3 (x), �0.35, �0.4,
�0.45 (y), �0.5, �0.55 (z), �0.6, �0.65, �0.7, �0.8, �0.9, �0.95, �1.1,
�1.15, �1.2, �1.25 V vs. Ag wire. x ¼ �328; y ¼ �450; z ¼ �552 mV vs.
Ag wire. (b) Cyclic Voltammogram (CV) of PBI-F (line, mV vs. Ag/AgCl)
overlaid with the UV-Vis absorption intensity at 725 nm (PBIc�,
circles, mV vs. Ag/Ag+) and 610 nm (PBI2�, squares, mV vs. Ag/Ag+).
Vertical dotted lines from right to left correspond to x, y, z in (a).

Paper Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
M

är
z 

20
17

. D
ow

nl
oa

de
d 

on
 1

6.
10

.2
02

5 
13

:3
0:

31
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
PBI2� couples. The spectroelectrochemical measurements
indicate that the reduction at �0.411 VAg/AgCl also appears to be
related to the PBIc�/PBI2� couple. The presence of this addi-
tional reduction peak is tentatively ascribed to the presence of
multiple PBI-F environments in the assembled structures or
may also be due to the formation of states with charge delo-
calised across the aggregated structure.62

All three reductions are found to show minimal pH depen-
dence between pH 10–4 with a <50 mV difference between pH 6
and 4 for all reductions, Fig. 4. Notably only the 3rd reduction of
the solution PBI (PBIc�/PBI2�) at a pH of approximately 5 and
lower is predicted to be sufficiently reducing for hydrogen
evolution to occur (Fig. 4a). However, it should be noted that
this electrochemical analysis focuses on soluble species, as
indicated by the decrease in current response at lower pHs
where the soluble species are present in lower concentrations
(Fig. 4b). At low pH, the increasing viscosity of the solution
(Fig. 2) and the gradual formation of insoluble aggregates
hampers studies and attempts to electrochemically characterise
the collected solid are to date unsuccessful. As we measure
photocatalytic hydrogen production at pH 7, a pH where we
would not anticipate PBIc�/PBI2� in solution to be active for H2

production, it is likely that the active species are the large
aggregated structures which begin to be present in signicant
levels at these pHs.

To explore if PBIc� or PBI2� generation is required for
hydrogen evolution, UV-Vis absorption spectroscopy was used
to probe the formation of radical anion and dianion species
aer visible (470 nm) and UV (365 nm) irradiation (Fig. S20†).
For both pH 9.5, pH 6, and pH 4.5 solutions, the radical anion is
This journal is © The Royal Society of Chemistry 2017
formed under 470 nm irradiation. Under 365 nm irradiation
a decreased yield of PBIc� is observed and a new UV-Vis
absorption at �610 nm is present, assigned to PBI2�. None-
theless the ndings at pH 9.5 and 6 are in agreement with the
wavelength dependence of a pH 4.5 sample for hydrogen
evolution activity (Fig. S21 and S22†) where activity is only
observed during UV irradiation. Here, the irradiation wave-
length overlaps with the UV absorption band of the S0–S2
transition and this may suggest that PBI2� is generated during
photocatalysis, however further studies are required to explore
the aggregated structures. An apparent quantum efficiency of
0.018% was obtained from 365 nm irradiation, calculated for
a two electron reduction of H+ to H2. These ndings are in
agreement with other work where <400 nm irradiation induces
conductivity and photocatalytic activity.12,27,30 Although this
value is low compared to many inorganic semiconductors, it is
inline with comparable perylene-based systems.12,13,16 Here, it is
important to note that the aim of this work is to understand the
relationship between supramolecular structure and photo-
catalytic activity and not to optimise activity.

We have therefore demonstrated that PBI-F solutions
become photochemically active for H2 production at low pH
with a maximum hydrogen evolution rate being observed at pH
4.5. Characterisation of the PBI-F samples demonstrates that at
the pH where hydrogen evolution occurs long self-assembled
bres are present. Notably, we begin to observe a level of
hydrogen evolution at around pH 7, the point at which the SANS
experiment indicates that an increased amount of assembled
structures begin to form. Strikingly we also nd that at this pH
the potential of the PBIc�/PBI2� couple in solution is not suffi-
ciently reducing for proton reduction to occur. All of these
observations strongly suggest that hydrogen evolution occurs
from the self-assembled structures and not from free molecules
in solution. The large increase in hydrogen evolution rate is in
J. Mater. Chem. A, 2017, 5, 7555–7563 | 7559
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line with the structural changes and the point at which we
observe the highest concentration of the self-assembled brous
structures. It is likely that the formation of these brous
structures, which are known to be effective for long-range
electron transport,27 are vital in enabling photoelectron trans-
fer to the sites of the platinum co-catalysts. The rationale for the
subsequent decrease in hydrogen evolution rate at lower pH is
not yet clear. It is likely that activity is a product of a delicate
balance between aggregate size, self-assembled structure,
charge state and availability of edges in the material and is still
to be fully understood.
Conclusions

Through a combination of pH-dependent electrochemical and
photocatalytic studies, we have shown the importance of the self-
assembly of a perylene bisimide on its photocatalytic activity.
Currently, there are very few reported examples of self-assembled
materials for H2 evolution and our focus on understanding the
pH-induced structural changes of perylene bisimides provides
important new insights for the eld. This work provides a route
to open up a wealth of opportunities for the optimisation of self-
assembled PBIs for photocatalytic applications.
Experimental
Materials

Perylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA), L-
phenylalanine and imidazole were obtained from Sigma Aldrich
for the synthesis of PBI-F. K2PtCl6, polyvinylpyrrolidone (PVP,
MW ¼ 40k) and potassium L-tartrate monobasic were obtained
from Sigma Aldrich for the preparation of PVP-Pt nanoparticles.
Photometric grade methanol, glucono-d-lactone, HCl, DCl,
NaOH, NaOD and D2O were obtained from Sigma Aldrich and
used as received. d4-Methanol was obtained from Apollo
Scientic. MilliQ water was used throughout.
Procedure for preparation of PVP-capped Pt nanoparticles

The preparation of PVP-Pt NPs was carried out using a previ-
ously described method.63 A 20 mL aqueous solution of potas-
sium L-tartrate monobasic (0.5 wt%) was brought to reux (ca.
100 �C). Then, a 20 mL aqueous solution of H2PtCl6 (1 mM Pt)
and PVP (1.0 wt%) was added into the vortex of the stirring
reux solution and le to reux for 60 minutes. A dark brown
solution formed aer 5 minutes, with no further visible change
thereaer. The solution was cooled to room temperature and
then spin ltered by distributing across 3 � 20 mL Corning®
Spin-X® UF concentrators containing a polyethersulfone
membrane with a 50k molecular weight lter. The solutions
were centrifuged for 3 � 30 minutes at 5000 rpm and then
redispersed in ultra-pure water to a total volume of 20 mL and
1.0 mM Pt. The PVP-Pt NPs were characterised by dynamic light
scattering (DLS), TEM, thermogravic analysis (TGA) and UV-Vis
absorption spectroscopy (Fig. S12–S15†).

DLS measurements were performed on a Malvern Zetasizer
Nano ZS using non-invasive backscatter optics with a He–Ne
7560 | J. Mater. Chem. A, 2017, 5, 7555–7563
laser source at 633 nm. Measurements were collected at room
temperature using 3 runs of 25 scans.

TGA measurements were carried out on a TA Instruments
SDT Q600 TGA machine using a constant air ow of 100 mL
min�1. Samples were heated up to 120 �C at a heating rate 10 �C
min�1. The samples were kept at 120 �C for 20 minutes to
remove any water, then ramped to 200 �C at a heating rate of
10 �C min�1.

Synthesis of PBI-F

The synthesis of PBI-F was scaled up from a previously described
synthesis.27 In a 100mL Schlenk ask, PTCDA (3.0 g, 7.62mmol),
imidazole (10.42 g, 152.94 mmol) and L-phenylalanine (2.43 g,
15.3mmol) weremixed and purged with nitrogen for 10minutes.
Once purged, the mixture was heated up to 120 �C and the
resulting molten solution was stirred for 5 hours at 120 �C under
nitrogen. The reaction was then cooled to 90 �C and 5 mL of
deionised water was added. The reaction was stirred at 90 �C for 1
hour and then cooled to room temperature before ltering to
remove unreacted PTCDA. The pH of the ltrate was then
adjusted to 2–3 using 2MHCl (ca. 100mL). The resultingmixture
was stirred at 60 �C for 8 hours. The precipitate was collected via
vacuum ltration andwashed thoroughly with acidiedH2O. The
nal compound was analysed by NMR spectroscopy, mass spec-
troscopy and FTIR spectroscopy (Fig. S23–S25†).

Preparation of LMWG solutions

7 mL solutions of PBI-F were prepared by weighing out 70 mg
PBI-F (10 mgmL�1) into 14 mL vials then, while stirring, adding
4.98 mL deionised H2O, 1.02 mL 0.2 M NaOH(aq) (2 eq.) and 1.4
mL methanol (20 v/v%). The solutions were stirred overnight
and pH was adjusted the next day by adding 0.1 MHCl dropwise
to the solution while stirring and measuring the pH. The solu-
tions were stirred for another 30 minutes and the pH was
checked and adjusted if needed before use. Any aggregates of
PBI in solution were present as a suspension. The solutions
were not stirred during UV-Vis absorption spectroscopy, elec-
trochemistry, and SANS measurements.

pH measurements

A FC200 pH probe from HANNA instruments with a 6 mm � 10
mm conical tip was used for pH measurements. pD measure-
ments were collected with the same probe and corrected with
a constant offset of pH ¼ pD � 0.4.64

UV-Vis absorption spectroscopy

UV-Vis absorption spectra were taken using a Shimadzu UV-
2600 spectrometer and a 0.1 mm demountable quartz cuvette
(Starna). For irradiation experiments an LED (RS Electronics)
was pointed at the sample and the spectrometer covered with
a black cloth.

Small angle neutron scattering

SANS measurements of the gelator solutions were performed
using the SANS2D instrument (STFC ISIS Pulsed Neutron Source,
This journal is © The Royal Society of Chemistry 2017
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Oxfordshire, UK). A simultaneous Q-range [Q ¼ 4p sin(q/2)/l,
where q is the scattering angle] of 0.005 to 0.7 Å�1 was achieved
using an incident wavelength (l) range of 1.75 to 16.5 Å and
employing a sample-to-detector distance of 4 m, with the 1 m2

detector offset vertically 60 mm and sideways 100 mm. Samples
were housed in 5 mm quartz cuvettes and measured for �30
minutes. Scattering data were normalized for the sample trans-
mission and background corrected using a quartz cell with 20 v/
v% d4-methanol in D2O and also corrected for the linearity and
efficiency of the detector response using theMantid framework.65

The scattering data were then tted in the SasView soware
(version 3.1.1)66 to a customised model comprising of a (Kratky-
Porod) exible cylinder, a sphere and an absolute power
law.51–53 The power law (Q�m) accounts for the mass fractal
contribution to the scattering intensity which is combined with
the exible cylinder and sphere models (Fig. S5†).

Viscometry

Viscosity measurements were performed on an Anton Paar
Physica MCR301 rheometer utilising a 75 mm cone and plate
geometry. 1.0 mL of solutions were pipetted onto the plate and
le to stabilise for 2 minutes before measurements. Experiments
were run at 25 �C. The viscosity of each solution was recorded
under the rotation, with the shear rate varying from 1 to 100 s�1.

Electrochemistry

Cyclic voltammetry (CV) measurements were collected using
a three-electrode system and a PalmSens1 potentiostat. All
systems were measured in aqueous conditions using 5 mL of
sample. 0.1 M sodium chloride (NaCl) was used as the electro-
lyte, glassy carbon as the working electrode (d ¼ 3 mm, BASi),
a Pt mesh as a counter electrode and an Ag/AgCl electrode with
a double junction as the reference electrode. CVs were
measured from 1.0 V to �1.0 V then back to 1.0 V and repeated
over a range of scan rates: the most successful in observing the
desired peaks was 0.01 V s�1. All samples were purged with
argon for 30 minutes before a measurement was run.

SWV measurements were collected using a three-electrode
system and a Dropsens potentiostat with a glassy carbon
working electrode, a Pt wire counter electrode and a Ag/AgCl
reference electrode. The supporting electrolyte was 0.1 M
NaCl. The measurements were scanned from 0.3 V to �1.0 V at
a rate of 1 Hz (0.01 V s�1).

Spectroelectrochemical experiments were carried out on
1 mg mL�1 samples of PBI-F using a thin layer SEC cell con-
taining a Pt counter electrode and an Ag wire pseudo-reference
electrode. The cell was placed inside a Shimadzu UV-2600
spectrometer. The current through the sample was monitored
while a chosen potential was applied across the cell and a UV-
Vis absorption spectrum was recorded when the current
reached a plateau. This took approximately 1 minute due to the
slow diffusion through the cell.

Photocatalytic experiments

Photocatalytic experiments were carried out using a 75 W Xe
lamp, a lens and 2� KG1 lters to achieve an output of 100 mW
This journal is © The Royal Society of Chemistry 2017
cm�2 onto the sample (Fig. S16 and S17†). Solutions tested for
photocatalysis were stirred in a 1 cm pathlength quartz cuvette
with a 25 mL headspace sealed with a rubber septum. Solutions
were pre-purged for 30 minutes with N2, and H2 was measured
via gas chromatography at t¼ 0 and aer 4 hours of irradiation.

For wavelength dependence studies a similar setup was used
and the lamp exchanged for an LED. A photodiode was used to
monitor the power output of the LEDs onto the sample and the
power was altered accordingly to ensure all samples received
a matching irradiance as 5 mW cm�2 at 365 nm (Fig. S21†).

GC headspace analysis was performed using an Agilent
6890N employing N6 helium as the carrier gas (5 mLmin�1). A 5
Å molecular sieve column (ValcoPLOT, 30 m length, 0.53 mm
ID) and a pulsed discharge detector (D-3-I-HP, Valco Vici) were
employed. H2 peak areas were quantied with multiple cali-
brant gas injections.
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M. A. Zwijnenburg, D. J. Adams and A. J. Cowan, J. Phys.
Chem. C, 2016, 120, 18479–18486.

31 E. Kozma, G. Grisci, W. Mróz, M. Catellani, A. Eckstein-
Andicsovà, K. Pagano and F. Galeotti, Dyes Pigm., 2016,
125, 201–209.

32 A. T. Haedler, K. Kreger, A. Issac, B. Wittmann, M. Kivala,
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