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Self-assembled nt-conjugated chromophores:
preparation of one- and two-dimensional
nanostructures and their use in photocatalysis
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Photocatalytic systems have attracted research interest as a clean approach to generate energy from abun-
dant sunlight. In this context, developing efficient and robust photocatalytic structures is crucial. Recently,
self-assembled organic chromophores have entered the stage as alternatives to both molecular systems
and (in)organic semiconductors. Nanostructures made of self-assembled n-conjugated dyes offer, on the
one hand, molecular customizability to tune their optoelectronic properties and activities and on the other
hand, provide benefits from heterogeneous catalysis that include ease of separation, recyclability and
improved photophysical properties. In this contribution, we present recent achievements in constructing
supramolecular photocatalytic systems made of chromophores for applications in water splitting, H,O»
evolution, CO, reduction, or environmental remediation. We discuss strategies that can be used to prepare

Received 25th January 2024,
Accepted 3rd April 2024

DOI: 10.1039/d4nr00383g

ordered photocatalytic systems with an emphasis on the effect of packing between the dyes and the result-
ing photocatalytic activity. We further showcase supramolecular strategies that allow interfacing the organic
nanostructures with co-catalysts, molecules, polymers, and (inJorganic materials. The principles discussed
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here are the foundation for the utilization of these self-assembled materials in photocatalysis.

Introduction

Due to increasing global energy demands, in addition to
limited fossil fuels and environmental concerns, the conver-
sion of solar light into energy or chemicals is gaining promi-
nence. A constant source of inspiration for developing light-
harvesting systems is natural photosynthesis, in which a pre-
organized assembly of chromophores performs conversion of
light into chemical energy."® While natural light-harvesting
structures are usually organized via complex protein environ-
ments, some systems lack the support of a protein matrix. For
example, in green sulphur photosynthetic bacteria, the so-
called chlorosomes are based solely on pigments made of self-
assembled chromophores.’ In these organisms, the energy
absorbed by molecular antennas is ultimately used to trans-
form substrates, such as carbon dioxide and hydrogen sul-
phide, into organic compounds, water and sulphur. While
achieving such complex transformations in artificial systems is
still far from our reach, the ability to prepare photoactive
assemblies simply through self-assembly of chromophores has
fascinated scientists and brought forward several exceptional
systems in the last few years.

This contribution provides an overview of the emerging
field of self-assembled organic chromophores and their
application in photocatalysis. Supramolecular polymers com-
posed of chromophores are arrays formed by monomeric dye
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units interconnected through directional secondary inter-
actions, such as metal-ligand coordination, n—r stacking, hydro-
gen bonding, or a combination of these. It is noteworthy that
the first observation of supramolecular dye polymers dates back
to the late 1930s, when Scheibe'® and Jelley'' reported studies
on cyanine aggregates and their photophysical properties. Other
seminal contributions date back to the late 1980s, when Aida
and co-workers reported on an amphiphilic porphyrin that
formed co-facial stacks in aqueous media.'? Since these pioneer-
ing works and with the advent of supramolecular polymers,®
the field has been constantly evolving.'*>® Supramolecular poly-
mers are also finding applications in energy-related appli-
cations®® with recent literature reviewing the photocatalytic
application of perylene diimides (PDIs)*” and other systems for
H, production and CO, reduction.>®

Here, we will focus on organic dyes that self-assemble
through n-n stacking, as they can form robust and ordered
aggregates in water. We organise our discussion by strategies
that can be used to prepare ordered aggregates with photo-
catalytic applications. In these aggregates, the constituent
monomeric chromophores can undergo electronic coupling,
leading to emerging properties that enable solar energy conver-
sion (Fig. 1). The spotlight of this work is on one- or two-
dimensional nanostructures obtained through dye self-assem-
bly in water, aqueous solutions containing salts, or solvent
mixtures containing water. The ability to perform modern
chemical reactions in water, paired with effective recycling
strategies for catalysts, represents a cornerstone for sustainable
and green chemistry. Additionally, water is a unique medium
for self-assembly since biological systems excel at controlling
supramolecular polymerization in aqueous media. In this
context, synthetic self-assembled chromophores can combine
the bioinspired aspect from natural systems with the synthetic
accessibility and tunability of artificial molecules.

Self-assembled chromophores in
photocatalysis

When dyes self-assemble through n—r stacking (Fig. 2a), their
photophysical properties can be drastically affected. In com-

Fig. 1 Organic dye aggregates used in photocatalysis have several
advantages compared to their monomeric or semiconductor
counterparts.
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parison to the monomer, aggregates can either exhibit blue-
shifted (hypochromic shift) or red-shifted (bathochromic shift)
absorption bands and are commonly called H- or J-aggregates,
respectively. These changes can be explained through Kasha’s
exciton coupling theory,® which is summarized in Fig. 2b.
Taking a co-facially stacked dimer as an example, the tran-
sition dipole moments (TDM) of the monomers are oriented
parallel to each other (slip angle of § = 90°, H-aggregate, right
side). In the other borderline case, the transition dipole
moments are in line (# = 0°, J-aggregates, left side). In
addition, there are several deviations from the two ideal situ-
ations, but these are discussed elsewhere.’® While we exempli-
fied the case of a dimer, the discussion on transition dipole
moments and the transition energy also applies to large aggre-
gates. Therefore, in aggregates the question of which chromo-
phore is excited becomes irrelevant, as the excitation is rather
delocalized and should be treated as a superposition of locally
excited states.

In molecular photoredox catalysis,”” the photocatalyst is
promoted to the excited state, which can undergo two possible
pathways (Fig. 2c). Through oxidative or reductive quenching
mechanisms, radicals are formed and are more reactive than
the neutral precursors. Unlike in molecular photocatalysts, in
semiconductors, excitation through incident photons leads to
the generation of electron-hole pairs (excitons), followed by
their separation into free charges, which ultimately drive redox
reactions (Fig. 2c).** Depending on the distance between the
electron-hole pairs, excitons can be either localized on the
same monomer (Frenkel exciton) or diffused over several
monomers (charge transfer excitons). Indeed, the formation of
n-n stacks could allow enhanced separation and migration of
the photogenerated carriers, minimizing recombination which
is highly desirable in photocatalysis.>®> For example, crystalline
nanostructures, obtained through interchain n-n stacking of
polymeric fluorenes,**>* were found to exhibit long-range
exciton transport that is beneficial for light-driven H, evol-
ution.”® Thus, highly ordered organic aggregates could have
advantages in photocatalytic processes.

Using self-assembled dye polymers could offer additional
benefits in photocatalysis (Fig. 2d). First, molecular engineering
and customizability can be achieved through a multitude of
organic chemistry procedures, with changes in the chemical struc-
ture then being translated to an aggregate. Second, further chemi-
cal modifications can increase surface wettability, addressing the
low activity in the inherent apolar nature of various heterogeneous
photocatalysts.®® Similarly, good dispersion can facilitate the easy
processing of organic molecules. Third, the heterogeneous nature
of extended aggregates can be used to recover and recycle the
photocatalysts as well as to tune the interface for photocatalytic
reactions.”” Fourth, supramolecular protocols for the formation of
aggregates could allow relatively easy purification and eliminate
batch-to-batch variations. Finally, organic “soft materials” benefit
from properties such as relatively low toxicity, light weight, general
affordability, and abundance on Earth.*®

It should also be taken into consideration that the light
absorption depends on the band energy gap (HOMO-LUMO
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Fig. 2 Overview of self-assembled chromophores and their use in photocatalysis. (a) Schematic representation of the self-assembly of a chromo-
phore into an aggregate. (b) Schematic energy diagram for the exciton coupling of dyes with transition dipole moments and allowed transitions in
J-type and H-type dimers. (c) Schematic representation of molecular versus semiconductor photocatalytic processes. (d) Self-assembled dye nano-
structures combine advantages of homogeneous molecular photosensitizers (molecular engineering of monomers) and heterogeneous catalysts

(stability, recyclability, and processability) for sacrificial photocatalysis.

for molecules and valence-conduction bands for semi-
conductors) and that the absolute bands positions determine
the thermodynamic driving force for specific reactions. In the
following sections we will also refer to co-catalysts and sacrifi-
cial agents. Indeed, in most cases it is necessary to add a dedi-
cated co-catalyst (electrocatalyst) and a sacrificial agent that
interact with photogenerated electrons and holes, making the
light-absorbing unit essentially a photosensitiser. The addition
of electrocatalysts enables certain photocatalytic reactions,
such as H, evolution, O, production or CO, reduction. In
other cases, such as environmental remediation and H,0O, pro-
duction, the addition of co-catalysts can be avoided since the
direct interaction of the semiconductor with molecular O, can
occur. Finally, we also mention photocatalytic apparent
quantum yields (AQYs), sometimes also called apparent
quantum efficiencies, which are calculated as the ratio
between the number of reacted electrons (e.g., 2x number of
H, molecules produced) and the number of incident photons
of a certain wavelength, in the system. Since photocatalysis can
be affected by a variety of parameters, including light sources
and illumination conditions, we focus on the AQY at certain
wavelengths rather than the product evolution rate.

Self-assembly of chromophores in
photocatalytic nanostructures
Chromophores, made of n-conjugated systems, usually possess
low solubility in water and their tendency is to self-assemble

into robust aggregates due to a combination of hydrophobic
and 7n-rm stacking interactions. Large hydrophobic surfaces

This journal is © The Royal Society of Chemistry 2024

tend to aggregate in aqueous media both through entropic
(hydration water being released in the bulk) and enthalpic
(decrease of interfacial area with water) driving forces.*°
Therefore, to prepare
aqueous media, the chromophore monomers (or discrete
aggregates) need to be first solubilized (or dispersed) and then
their aggregation can be triggered. This can be achieved
through various protocols. For instance, supramolecular artifi-

self-assembled nanostructures in

cial antennas have been prepared using different procedures,
including precipitation from good to bad solvents, ionic self-
assembly, acid-base neutralization, and surfactant-assisted
self-assembly (see Fig. 3). These protocols, that have been
exploited to prepare other systems as well, will be presented
and discussed in the following sections.

Precipitation

The main approach is to dissolve the chromophore in a good
solvent and then to induce its self-assembly by addition of a
bad solvent. This is usually achieved by injecting an organic
solution of the dye into water, which induces the hydrophobic
collapse of monomers into supramolecular structures.®®*!
Organic molecules comprised of electron-rich donor and
electron-deficient acceptor units can facilitate charge transfer
in the excited state,”*® ultimately improving exciton dis-
sociation and enhancing visible light absorption. One of the
most exploited self-assembled dye system in photocatalysis is
based on perylene diimides (PDIs, perylene-3,4,9,10-tetracar-
boxylic diimides). PDIs are characterized by a strong conju-
gation between the electron-rich perylene core and the elec-
tron-poor imide groups, resulting in an exceptional acceptor-
donor-acceptor scaffold. Unsubstituted PDIs can be initially

Nanoscale, 2024, 16, 9153-9168 | 9155
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Fig. 3 Chromophore aggregation triggered in agueous media through various protocols. (a) Precipitation, charge screening, acid—base neutraliz-
ation, and surfactant-assisted self-assembly. (b) Aggregation of dyes through hydrophobic collapse and n—= stacking aided through additional inter-
actions, which include complementary charges, coordination interactions, and hydrogen bonding.

dissolved in concentrated sulfuric acid, and then its hydro-
phobic collapse can be induced by the addition of water.*
Crystalline materials can be obtained due to the strong n-n
stacking of H-aggregated molecules aided by lateral hydrogen
bonding (-N-H---O=). Strong n-r stacking also results in a
high orbital overlap between PDI molecules, leading to a
deeper valence band of the self-assembled organic semi-
conductor (+2.20 eV vs. NHE) compared to the LUMO of the
monomeric PDI (+1.61 eV vs. NHE), which was exploited for
water oxidation to O,, upon visible light irradiation and in the
presence of a sacrificial acceptor (Ag").** It was suggested that
light irradiation leads to photogenerated electrons and holes
that are delocalized along the n—r stacking direction.

Several other chromophores, consisting of donor-acceptor
motifs, have been reported to self-assemble into nano-
structures through precipitation protocols and possess photo-
catalytic activity, ranging from H, evolution®® to the photooxi-
dation of organic substrates’® and environmental remedia-
tion.” Recently, organic donor-acceptor-donor molecules
based on thiophene-benzothiadiazole-thiophene (TBT) were
precipitated (THF/H,0) and used for photocatalytic H, evol-
ution (Fig. 4a).*®*° In the presence of the triethanolamine
(TEOA) sacrificial donor, the rod-like aggregates photopro-
duced H, with an AQY of approximately 2% (400-450 nm),
which was attributed to a combination of broad visible light
absorption, a small band gap, wettability, and long exciton life-
times. Furthermore, it was observed that no additional co-cata-
lyst was added, and the residual palladium from cross-coup-
ling was found to impact the photocatalytic activity.

The presence of donor-acceptor groups in monomer dyes
can result in molecules with large dipole moments, facilitating
the self-assembly process through dipole-dipole interactions.
A naphthalene monoimide-phenyl carbazole monomer (NMI-
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Fig. 4 Representative examples of self-assembled nanostructures used
in photocatalysis prepared by precipitation. Abbreviations: THF: tetra-
hydrofuran, TEOA: triethanolamine, and AA: ascorbic acid.

Czl, Fig. 4b) was found to form nanoribbons upon precipi-
tation, driven by alternate stacking of electron-rich moieties
(carbazole, Czl) with electron-deficient groups (naphthalene
monoimide, NMI).>° It was observed that long-lived charge-
separated excitons were generated upon photoexcitation,
which were responsible for the photocatalytic activity.

This journal is © The Royal Society of Chemistry 2024
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Specifically, H, evolution was observed in the presence of a
platinum co-catalyst and TEOA as a sacrificial donor with an
AQY of 1.3% at 400 nm.

By precipitating a chromophore from a good solvent to a
bad solvent, the volume-to-volume ratio between these two sol-
vents can play an important role in tuning the hydrophobicity
and, consequently, the packing between monomers. It is
perhaps not surprising that different packings, which usually
translate into different morphologies, can lead to dissimilar
photocatalytic activity.”’>* In one example, a quaterthiophene
(QTH) molecule was observed to form crystalline nanorods in
a THF/H,O mixture (7:3 v/v), whereas a nanosheet mor-
phology was noted when a THF solution was injected into H,O
(Fig. 4c).>* It was proposed that the monomers arrange either
in a head-to-tail fashion, leading to nanorods, or in a slipped
stacking arrangement, resulting in a nanosheet morphology.
In the latter, enhanced photoexcited charge transfer was
observed, leading to higher H, photocatalytic activity (in the
presence of Pt co-catalysts and the ascorbic acid sacrificial
donor). Notably, for quaterthiophene nanosheets, it was
claimed that a solar-to-hydrogen efficiency of 18% could be
reached when a Pt co-catalyst and a 4-methylbenzyl alcohol
sacrificial donor were used. Another recent example is a
donor-acceptor organic molecule that was shown to exhibit
two different aggregate states, depending on the volume ratio
of THF/H,O used for precipitation (Fig. 4d).>®> Due to the
difference in packing, the two morphologies also showed
different photocatalytic activities with the nanospheres produ-
cing H,0, and the nanofibers promoting H, production. It
was proposed that the excitons underwent charge separation
facilitated by the nanofiber crystalline structure, while the
amorphous nanospheres showed better electron transfer to O,
(critical in the photocatalytic H,O, production).

Charge screening

Chromophores that carry charged headgroups can dissolve in
aqueous solutions due to the electrostatic repulsion between
the ionic groups on the monomers. However, upon the
addition of salts, the electrostatic repulsion can be screened,
which leads to the hydrophobic collapse of chromophores into
ordered aggregates.

The self-assembly of several perylene monoimides (PMIs),
carrying a carboxylate alkyl chain at the imide position, has
been thoroughly studied in the presence of salts. A decade
ago, a pioneering study reported the formation of crystalline
nanoribbons after the addition of salts to aqueous solutions of
a PMI amphiphile (Fig. 5a).°® The addition of salt is respon-
sible for screening the negatively charged headgroups of PMIs,
causing hydrophobic collapse into ordered nanostructures.
Another notable observation was that the formation of
extended nanostructures, and their entanglement, led to the
formation of hydrogels. It was also reported that hydrated
nanostructures, in which the supramolecular photosensitizers
and nickel DuBois catalysts were co-localized, led to better
photocatalytic H, evolution in the presence of sacrificial
ascorbic acid compared to dried gels on solid substrates.

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Illustrative examples in which charge screening was employed to
self-assemble amphiphilic chromophores and used for the photopro-
duction of solar fuels.

Recently, it was reported that enhancing the porous
scaffold within the PMI hydrogel led to better photocatalytic
properties.”” Thermal annealing (at 95 °C for 1 hour) of an
aqueous PMI amphiphile solution containing salts led to the
growth of large crystalline nanoribbons. The resulting crystal-
line polymers exhibited a more porous structure compared to
control samples, leading to enhanced diffusion of [M03S;5]”~
catalysts and the ascorbic acid sacrificial donor, ultimately
contributing to a better photocatalytic H, evolution.

PMI crystalline assemblies have interesting photophysical
properties.”® As mentioned above, chromophore assemblies
can form H- and J-aggregates that display blue- and red-shifted
absorption relative to the monomer absorbance maxima,
respectively. In addition to the long-range coulombic coupling
of the chromophore’s transition dipole moments (TDMs), in
organic crystals also short-range charge transfer (CT) coupling
between m-orbitals can affect the formation of excitons. While
TDM coupling is primarily influenced by the orientation of
chromophores in space, CT coupling is very sensitive to sub-A
molecular displacements. When crystalline PMI assemblies
are formed, the orbital orientation between pairs of molecules
becomes identical across the crystal, resulting in pronounced
CT coupling. The two modes of coupling can even mix, giving

Nanoscale, 2024, 16, 9153-9168 | 9157
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rise to the creation of a completely new electronic structure
known as the CT exciton (Fig. 5b). Therefore, in PMI assem-
blies, in addition to the typical absorption blue-shifted peak of
H-aggregates, a new red-shifted absorbance feature is observed
due to the mixing of TDM and CT states.

Several chemical modifications were reported on PMI
amphiphiles, both on the charged headgroup and the perylene
core (Fig. 5c¢). For example, increasing the distance between
the charged headgroup and the aromatic core resulted in
aggregates with higher orbital overlap and more exciton split-
ting, leading to better photocatalytic H, evolution.>
Additionally, different substituents were introduced at position
9 of the perylene core, influencing the dipole moments and
energy levels of the chromophores.®”®! Electron-poor substitu-
ents (such as -CN) led to nanostructures with no photo-
catalytic activity, due to the decreased dipole-dipole inter-
actions between monomers and the lowered conduction band
below the catalyst’s reduction potential. Electron-rich substitu-
ents (such as -NH, or ~-OCHj;) gave nanostructures with photo-
catalytic H, activity, but lower when compared to the unsubsti-
tuted PMI amphiphiles. Increased dipole-dipole interactions
were found to result in a different crystalline packing with
lower exciton splitting.®>®* Introducing substituents with
varying steric demands was found to influence crystal packing
and, subsequently, the formation of CT excitons.®*** Less
sterically demanding substituents led to molecules that
quickly crystallized in water, but with no CT exciton formation
and a low H, photocatalytic activity. Bulkier substituents
needed addition of salt and thermal annealing to crystallize,
but resulted in crystalline nanoribbons with red-shifted CT
excitons that could efficiently photosensitize the [Mo;Si5]>~
catalyst for H, evolution in the presence of ascorbic acid.

Due to the LUMO energy of PMIs, it is expected that the
corresponding nanostructures could predominantly photosen-
sitize proton reduction catalysts. By substituting the perylene
core with more electron-rich ones, such as diareno-fused ulla-
zines, supramolecular polymers capable of sensitizing CO,
reduction electrocatalysts could be obtained (Fig. 5d).°°
Ullazine imides were found to drive the reduction of CO, to
CO and CH, in the presence of dicobalt catalysts and sacrificial
TEOA over longer periods of time when compared to homo-
geneous photosensitizers.

The chromore’s photophysical properties, other than CT
formation, could also be affected by the addition of salts, ulti-
mately contributing to improved H, evolution. In one example,
an octacationic zinc porphyrin (Zn tetraphenylporphyrin fluor-
ene derivative, ZnTPP-FN) was charge screened in the presence
of sodium chloride, leading to the formation of aggregated
microspheres (Fig. 5¢).°® While no long-range order was
observed, the aggregation resulted in structures with enhanced
communication with the Pt catalysts and faster transfer of
photogenerated holes to the TEOA donor. The charge screen-
ing by various halide salts was also found to influence the
photocatalytic nanostructures (Fig. 5f).®” Specifically, addition
of iodide salts was found to increase intersystem crossing,
resulting in triplet states with longer lifetimes and achieving
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an AQY of almost 10% at 500 nm in the presence of Pt co-cata-
lysts and sacrificial ascorbic acid.

PpH switch

Similarly to charge screening, acid-base neutralization of
charged chromophore amphiphiles also leads to their hydro-
phobic collapse into nanostructures. Most commonly, chromo-
phores substituted with carboxylic acids are dissolved in water
by the addition of a base (such as NaOH), which is followed by
the addition of an acid to induce self-assembly through hydro-
phobic collapse.

Several perylene diimide (PDI) derivatives have been well
studied as model chromophore amphiphiles for the formation
of photocatalytic nanostructures through acid-base neutraliz-
ation (Fig. 6a).°*°® PDIs can be synthesized in high yields
through condensation reactions between perylene dianhydride
and substituted amines. A PDI substituted with propanoic
acid, in particular, has been exploited for its photocatalytic
properties in O, evolution,”® 'O, generation,”* and even in
environmental remediation.”>”* In one example, the relatively
deep valence band (+1.52 V vs. NHE) of the PDI nanofibers was
exploited for the water oxidation reaction (+1.23 V vs. NHE).”®
In the presence of Ag" sacrificial acceptors, it was observed
that the O, quantum yield could reach 0.5% at 600 nm. Also in
this case, the catalytic activity could be attributed to the for-
mation of n-n stacks that allow separation and migration of

pH switch a
O, O
OO~
o
r=-~Hon Ag" Ag° HO O,
b c

o 00, 00
@_OH HOdg—N 0 0 N—}_OH

T:él/ lNaOH/
b H H,
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ox CH,OH Ox. H* H,

-}

KOH/
AcOH R
l KOH/HCI
H, 0, Pt H,0,
AA; H H,0, H.0

Fig. 6 Representative examples of supramolecular nanostructures
obtained through acid—base neutralization. Abbreviations: TEA: triethyl-
amine and AcOH: acetic acid.

This journal is © The Royal Society of Chemistry 2024
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the photogenerated carriers. It is interesting to note that the
photogenerated electron-hole separation and migration could
be tuned by modifying the linker length between the PDI core
and the carboxylic acid”* or by self-sorting with nanostructures
made of other chromophore amphiphiles (Fig. 6b).”*

Conjugates of natural amino acids and PDIs have been care-
fully studied for their self-assembly into nanofibers
(Fig. 6¢).”>””7 The carboxylic acid group on the amino acid side
groups allow the chromophores to be solubilized at high pH.
The addition of a dilute acid then reduces solubility through
protonation of the side groups, initiating further self-assembly
into one-dimensional nanostructures. In addition to pH, the
aggregation state can also be controlled by the addition of
different amounts of methanol, which serves as a sacrificial
electron donor in photocatalytic H, evolution with Pt co-cata-
lysts.”” It was also noted that the amino acid side chain also
played an important role in the local packing within the aggre-
gates, resulting either in strong or weak mixing of Frenkel and
CT excitons.

Recently, perylene tetracarboxylic acid (PTCA) was first dis-
solved in water through hydrolysis of the anhydride precursor
and, upon the addition of acetic acid, self-assembled nanosheets
were formed (Fig. 6d).”® The nanostructures in the presence of Pt
co-catalysts and sacrificial ascorbic acid showed H, evolution up
to AQY = 13.5% at 420 nm. The activity was attributed to a combi-
nation of exciton coupling between n-r stacked molecules and
hydrophilic carboxylic acids on the surface that come into direct
contact with protons used for H, production.

Porphyrin nanosheets, prepared through acid-base neutral-
ization, have been reported for H, or O, evolution’® and very
recently for H,O, photoproduction as well (Fig. 6e).?° In the
latter case, it was proposed that H,O, could be produced
through both reductive (O, to H,0,) and oxidative (H,O to
H,0,) pathways. The involvement of both photogenerated elec-
trons and holes allowed the system to achieve a quantum
efficiency of 14.9% at 420 nm.%° While the reductive H,0, pro-
duction occurred as expected through O, reduction to super-
oxide radicals, which subsequently react with protons to form
H,0,, the oxidative process did not necessitate a sacrificial
donor and managed to use the holes in water oxidation to
H,0,. It was proposed that the carboxylic groups on the
chromophores could be oxidized to peroxy acid groups, which
in the presence of water could thermally decompose into
H,0,. This study paves the way forward for the use of organic
nanostructures in solar fuel production without the need for
additional co-catalysts and sacrificial donors.

Surfactant-assisted self-assembly

Among various protocols, surfactant-assisted self-assembly has
been particularly studied in the formation of porphyrin nano-
structures.®’ In particular, using surfactants allows the use of
hydrophobic chromophores that have not been chemically
modified. It permits good morphological tuning, stabilizes
nanostructures in water, enables controlled growth of nano-
structures, and is compatible with the protocols already
discussed.

This journal is © The Royal Society of Chemistry 2024
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A zinc tetra(4-pyridyl)porphyrin, first solubilized in an
acidic solution and then injected into a basic solution, yields
amorphous irregular particles.®” However, in the presence of
surfactants, porphyrin nanocrystals can be obtained
(Fig. 7a).%>"®" Furthermore, it was observed that nanocrystal
nucleation and growth are under kinetic control, which was
used to obtain different morphologies. Similarly, a deprotona-
tion-protonation reaction in a porphyrin carrying acidic
groups can lead to the formation of nanocrystalline
aggregates.®®® For example, 5,10,15,20-tetrakis(4-(hydroxyl)
phenyl)porphyrin (THPP) in the presence of a surfactant
(cetyltrimethylammonium bromide, CTAB) yielded aggregates
confined within surfactant micelles (Fig. 7b).*® The formation
of crystalline nanostructures exhibited higher photocatalytic
H, evolution with a Pt co-catalyst and sacrificial ascorbic acid,
especially when compared to the original porphyrin powders.

As an alternative to the acid-base neutralization of substi-
tuted porphyrins, surfactants can also be used to aid
precipitation®®° or facilitate the formation of micro-
emulsions.”’ In the latter, oil-in-water emulsions can be
heated to evaporate the organic solvent, triggering the self-
assembly of nanostructures within the surfactant droplets
(Fig. 7¢).”>® Recently, it was also shown that chromophores
other than porphyrins can also be benefit from aggregation
through the surfactant microemulsion procedure.”* For
example, the photocatalytic H, activity of pyrene aggregates
can reach an AQY of 20% at 400 nm in the presence of a plati-
num co-catalyst and sacrificial formic acid (Fig. 7d).

Hydrogen bonding-aided self-assembly

While n-r interactions can drive the formation of chromo-
phore stacks in aqueous solutions, by introducing lateral
groups that are able to hydrogen bond,”® monomers can be
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Fig. 7 lllustrative examples of photocatalytic nanostructures obtained
through surfactant-assisted self-assembly.

Nanoscale, 2024, 16, 9153-9168 | 9159


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nr00383g

Open Access Article. Published on 04 2024. Downloaded on 16.10.25 23:29:50.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

guided to form supramolecular nanostructures with improved
exciton coupling between the dyes.

For instance, a tricationic zinc porphyrin was modified with
aramid linkers, which guided the self-assembly of the chromo-
phore amphiphiles into micelles (Fig. 8a).°>°” The quadruple
hydrogen bonding between monomers led to photostable
nanostructures, while the solubilized monomer was found to
photobleach quickly.”® When a negatively charged cobalt por-
phyrin catalyst was added to interact with a positively charged
photosensitizer, the hierarchical nanostructure created a
micro-environment capable of driving CO, reduction to H,,
CO, and CH, with an initial AQY of 15% (at 450 nm) in the
presence of a triethylamine sacrificial donor.’® Similar to the
aramid linker, chromophores with side chains capable of
hydrogen bonding (such as peptide nucleic acids and pep-
tides) were reported to lead to nanostructures with photosensi-
tizing capabilities.”® %

Several PDI derivatives were reported to form lateral hydro-
gen bonding between the dye stacks, resulting in nanosheets
or nanoribbon morphologies.**®®7%10171% while most of
them were discussed in previous sections, since excitonic
coupling occurs along the n-m stacking directions, it has
recently been shown that lateral hydrogen bonds can be
exploited for the formation of heterojunctions (Fig. 8b).'%* The
hydrogen bonding between two organic self-assembled nano-
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Fig. 8 Hydrogen bonding can be used to aid the supramolecular
organization of chromophores.
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structures was reported to create a Z-scheme heterostructure
for overall water splitting.'”* The photogenerated traps on PDI
nanocrystals could catalyse the production of O, together with
a cobalt co-catalyst, while the electrons on naphthalene dii-
mides lead to the production of H, aided by a platinum co-
catalyst. The AQY for O, production reached 5.2% (at 380 nm)
in the presence of an Ag" sacrificial acceptor.

An interesting case is when discrete tectons are pre-
designed to self-assemble with intermolecular hydrogen bonds
to obtain crystalline and porous materials, known as hydro-
gen-bonded organic frameworks (HOF, Fig. 8c). When organic
chromophores are devised to carry multiple highly directional
complementary H-bonding interactions, frameworks can be
obtained. These frameworks take advantage of the n-=n stacking
between the layers for excitonic coupling and the porous
nature of the scaffold.'®>™°® Recently, a HOF based on 1,3,6,8-
tetrakis(p-benzoic acid)pyrene (TBAPy) was reported to reach
an AQY of 28.6% (at 420 nm) in sacrificial photocatalytic H,
evolution (ascorbic acid and Pt co-catalysts)."®® This high
activity was attributed to the fast transfer of photogenerated
excitons to the adjacent hydrophilic micropores, which
reduces the loss of excitons through recombination during
their migration. Previously, it was also shown that the same
crystalline framework had a 200-fold higher photocatalytic
activity compared to the amorphous material."*° It was further
reported that by changing the linker length between the
pyrene core and the carboxylic acids, two main effects can be
observed: (i) the pores are enlarged, aiding the diffusion of
molecules within the frameworks''"'? and (ii) the additional
n-n stacking between linkers can greatly enhance the chemical
and thermal stability of the HOFs.''" In addition to H, photo-
production, pyrene-based HOFs were also reported for photo-
oxidation of sulfides to sulfoxides through singlet oxygen
production. '3

Interaction with catalysts, (macro)molecules and materials

For improved photocatalytic activities, it is crucial to interface
the self-assembled chromophores with metals, catalysts, and
materials. Alternatively, the self-assembly of dyes can be
assisted, and even templated, by addition of other molecules
or polymers.

Ionic interactions between complementary charges are
commonly used to drive interactions between charged photo-
sensitizers and co-catalysts (Fig. 9a)."'*'® It has been
suggested that placing complementary positive or negative
charges either on the nanostructures or the catalysts is not
interchangeable and can lead to a difference of up to 5 times
in the photocatalytic production of H,.*"”

An interesting approach to creating self-assembled chromo-
phore photocatalytic nanostructures is to take advantage of
coordination bonds. Metal-ligand coordination can be
exploited to decrease the solubility of the dye in the solvent
system and thus drive the organized aggregation through n-n
interactions.’*®'!® Even more stimulating is the case where the
metals added also serve as catalysts for various chemical reac-
tions (Fig. 9a)."**'*! For example, a coordination polymer gel,

This journal is © The Royal Society of Chemistry 2024
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a - Catalysts

Fig. 9 Schematic representation of self-assembled chromophores that
can be co-assembled with co-catalysts, small molecules, polymers, or
(in)organic materials.

made through ruthenium-polypyridyl complexes, was utilized
to drive CO, to CH, photoreduction with an AQY of 7.7% (at
400 nm) in the presence of triethylamine and 1-benzyl-1,4-
dihydronicotinamide sacrificial donor. Similarly, a PDI-zirco-
nium self-assembled nanostructure showed good photo-
catalytic H, ability, reaching 11.7% AQY (at 630 nm), in the
presence of sacrificial ascorbic acid.'*® Another strategy used
to enhance the photocatalytic performance is anchoring co-
catalysts to self-assembled nanostructures through metal-
ligand interactions.'**"*?*

Oppositely charged small molecules and chromophores can
spontaneously self-assemble into hierarchical nanostructures
in the presence of salts and acids."”*"*® Small molecules, such
as peptides, can typically form supramolecular polymers by
themselves. However, when chromophores are added, a long-
range order of the latter can be obtained (Fig. 9b). This can
result in the excitons being delocalized over multiple por-
phyrin molecules, which can be utilized for photocatalytic H,
evolution in the presence of Pt catalysts and sacrificial ascorbic
acid."**"*®* Similarly, hierarchical self-assembled nano-
structures were obtained through ionic interactions between
Fmoc-dipeptides and tin porphyrins.'*® The resulting nano-
structures were found to photooxidize H,O to O, in the pres-
ence of iridium oxide as a co-catalyst and persulfate as a sacri-
ficial electron acceptor.

Charged covalent polymers were also shown to act as tem-
plates for inducing the self-assembly of chromophores
(Fig. 9¢)."*° For example, PMI amphiphiles were shown to self-
assemble into crystalline nanoribbons when loaded into posi-
tively charged covalent hydrogels.'*® It was observed that the

This journal is © The Royal Society of Chemistry 2024
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presence of a charged polymer had a similar effect on the
chromophore self-assembly to charge screening with salts.
Also in this case, the photocatalytic H, evolution, in the pres-
ence of a thiomolybdate catalyst and sacrificial ascorbic acid,
was observed. In another example, a positively charged por-
phyrin was self-assembled on anionic poly(styrene sulfonate)
polymeric brushes."*’ The polymer, acting as a nanoscale
support for controlled porphyrin aggregation, was utilized for
light-induced iodide oxidation.

Complementary charges were also employed to self-assem-
ble positively- and negatively-charged chromophores, con-
structing photosensitizing nanostructures for H, evolution (in
the presence of Pt and TEOA),"*>'** to form donor-acceptor
nanostructures that promote charge separation'** and could
potentially be used for nanostructures interaction with elec-
tron mediators in photocatalytic applications."**

Preparation of organic-inorganic composites is another
common strategy to improve the photocatalytic activity, mainly
due to the improved separation efficiency of photogenerated
electron-hole pairs (Fig. 9d). One of the most common self-
assembled organic-inorganic materials is PDI/TiO,."**"3% 1t
was proposed that the two can interact through hydrogen
bonding and it was noted that the hybrid could reach an AQY
for H, production of 70% (at 365 nm) in the presence of Pt as
a co-catalyst and methanol as a sacrificial donor."*® TiO, could
also be deposited in situ on one-dimensional PDI nanofibers
and the composite was utilized for H, evolution in the pres-
ence of a Pt co-catalyst and an amine sacrificial donor."*%"*!
Heterojunctions of PDIs have also been reported with Ag,S
quantum dots,"** SnO, quantum dots,'** Pd quantum dots,"**
indium tin oxide,'*® Bi,WOg,"*® and Ti;C,T, MXenes,'*” to
name a few. Another possibility for preparing heterojunction
photocatalysts is to self-assemble PDIs in the presence of
organic materials, such as graphene'*® and carbon nitride."*’
Other commonly utilized self-assembled chromophores to
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dynamic products, which can have different photocatalytic activities.
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n.r. stands for not reported. ¢ Metals and type of co-catalyst reported for photocatalytic activity (synthesis stands for the residual content from synthesis; photodep. stands for photodeposi-
Conditions used for photocatalytic testing which include sacrificial agents and solvents; TEOA is triethanolamine, AA is ascorbic acid, MBA is 4-methyl

[

For brevity, here it is reported the abbreviation of the compound used in the main text and, for the complete chemical structure, it is suggested either to check the figures or the references.
benzyl alcohol, and TEA is triethylamine.

Solvents and reagents (or their mixtures) used for the preparation of
ences; TON stands for turnover number; n.r. stands for not reported.

tion; NPs stands for nanoparticles).
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form composited are porphyrins, which have been reported in
conjunction  with, for example, TiO,°™*  and
graphene.’®'*® The common observation for all the men-
tioned composited is that their photocatalytic activity was
higher when compared to the individual components, demon-
strating that this is a viable strategy for further improving the
efficiency of self-assembled chromophores.

Energy landscapes of supramolecular photocatalysts

Depending on the strength and dynamics of non-covalent
bonds, there can be a subtle interplay between kinetics and
thermodynamics during aggregation. Therefore, a supramole-
cular aggregate might follow the kinetic pathway rather than
the thermodynamic one. Experimental studies have shown
that the outcome between kinetic and thermodynamic aggre-
gates depends on the preparation methods, which span from
temperature variation to solvent processing.'®” In the context
of supramolecular chromophore nanostructures, the kinetic
and thermodynamic aggregates might possess different photo-
catalytic properties, especially if the excitonic coupling in the
two states is different.

This was the case for a PMI amphiphile with a propyl tail at
position 9, which was observed to form two distinct supramo-
lecular architectures with different photocatalytic activities
(Fig. 10a)."®® When the chromophore was dissolved in an
aqueous salt solution, it formed crystalline ribbons. Upon
thermal annealing, the ribbons were transformed into crystal-
line scroll-like nanostructures. Importantly, the transformation
led to a three-fold improvement in photocatalytic H, pro-
duction with a thiomolybdate catalyst and ascorbic acid as a
sacrificial donor. Only in the stable phase, the formation of CT
excitons was observed, which were responsible for the
enhancement of H, evolution.

We already mentioned a donor-acceptor organic molecule
that exhibited the formation of two different aggregate states
in aqueous dispersion, depending on the THF/water ratio used
in the precipitation procedure.’® It was also observed that
amorphous nanospheres could transform into crystalline
nanofibers upon aging, suggesting that the former are the
kinetic product while the latter the thermodynamic one
(Fig. 10b). This case is quite peculiar as one morphology
(amorphous nanospheres) promoted H,0, photoproduction,
while the other (crystalline nanofibers) supported sacrificial
H, evolution.

In addition to aging and thermal annealing, there is also a
need to develop alternative strategies to obtain thermodynamic
aggregates. Since rapidly injecting a solution into a bad
solvent could lead to the formation of kinetic aggregates, an
in situ enzymatic hydrolysis method for self-assembled
chromophores was proposed.'®® Diketopyrrolopyrrole, functio-
nalized with amino acid methyl esters, was found to produce
supramolecular hydrogels after enzymatic hydrolysis. The
hydrogels were used to produce 'O,, which was exploited for
the oxidation of sulfides to sulfoxides.
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Conclusions

In this contribution, we have discussed the use of self-
assembled chromophores in the field of photocatalytic energy
conversion, with the representative examples summarized in
Table 1. Due to their large n-conjugated structures, dye-dye
stacking is driven by n-n and hydrophobic interactions,
enabling the formation of aggregates. A particularly interesting
case of chromophore amphiphile self-assembly is the for-
mation of hydrogels with their three-dimensional porous net-
works allowing co-localization and easy diffusion of the
species involved in catalysis.

The overlap of monomer molecular orbitals in the aggre-
gate is beneficial for the formation of band-like electronic
energy structures. Upon irradiation with visible light, the elec-
trons in the valence band of the aggregates transition to the
conduction band, generating electron-hole pairs. These pairs
then undergo separation into free charges, ultimately driving
redox reactions. Most commonly, these reactions lead to the
production of H,, O, evolution, and photodegradation reac-
tions. However, examples of photooxidation of organic sub-
strates, H,O, production, and CO, reduction have also been
reported lately.

Despite the progress in this emerging field, several chal-
lenges lie ahead. While synthetic feasibility allows rational
incorporation of functional groups, their effect on self-assem-
bly, packing, and photocatalysis is not immediate and often is
difficult to predict. Further efforts should also be directed
toward the structural characterization of the aggregates. While
the intrinsic nature of chromophores and their aggregates
allows them to be studied by photophysical means (especially
when coupled with theoretical calculations), the packing mode
between the molecules is often not fully elucidated. In this
context, having highly ordered assemblies can certainly be of
help, but often this comes at the expense of the dynamic and
reversible nature typical of supramolecular systems. For
further advancements, it is also important to study the supra-
molecular polymerization processes, especially regarding the
formation of kinetic and thermodynamic aggregates.

The photocatalytic activity of self-assembled chromophores
also faces several challenges. Among these, stability against
photodegradation, recyclability, photocatalytic mechanisms,
and apparent quantum yields for a photocatalytic reaction are
not always reported. A key question to be addressed in future
research is whether self-assembled organic semiconductors
can carry out the catalytic conversion by themselves or with
the assistance of Earth-abundant, low-cost metal co-catalysts.
While there are some indications that these systems can be
integrated into electrodes, it is yet to be determined if photo-
electrochemical systems can eliminate the need for sacrificial
agents or enable new redox strategies. Expanding the portfolio
of accessible chemical reactions, including organic photoredox
transformations and photobiocatalysis, is another open ques-
tion for the field. To further optimize the photocatalytic
activity, attention should be placed on tuning the band-like
structure of these materials, in which robotic experimentation
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could be of great help.'®*'®* The band structure could be
tuned through chromophore co-assembling and alloying
between crystalline aggregates,'®>'®® as well as attaining
precise integration of the catalytic components (already
demonstrated with covalent polymers).'®* Improving the
mechanical (and photophysical) properties of self-assembled
chromophores, which could be achieved with hybrid supramo-
lecular covalent materials,'®*™*®” could allow the preparation
of robust photocatalysts that might be even 3D printed.'®®
Finally, the dynamic nature of the aggregates could be used to
obtain photocatalytic activity in an out-of-equilibrium
State.169’170

Towards the full exploitation of self-assembled dyes for
photocatalysis, it is desirable to address these open challenges.
However, organic self-assembled materials have already pro-
vided a unique platform in photocatalysis. Promising research
has shown the virtually infinite possibilities to tune these soft
supramolecular photocatalysts for solar fuel generation.
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