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of Chemistry Avrtificial photosynthesis is a major scientific endeavor aimed at converting solar power into a chemical fuel
as a viable approach to sustainable energy production and storage. Photosynthesis requires three
fundamental actions performed in order; light harvesting, charge-separation and redox catalysis. These
actions span different timescales and require the integration of functional architectures developed in
different fields of study. The development of artificial photosynthetic devices is therefore inherently
complex and requires an interdisciplinary approach. Supramolecular chemistry has evolved to a mature
scientific field in which programmed molecular components form larger functional structures by self-
assembly processes. Supramolecular chemistry could provide important tools in preparing, integrating
and optimizing artificial photosynthetic devices as it allows precise control over molecular components
within such a device. This is illustrated in this perspective by discussing state-of-the-art devices and the
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Accepted 14th November 2020 current limiting factors — such as recombination and low stability of reactive intermediates — and
providing exemplary supramolecular approaches to alleviate some of those problems. Inspiring
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1 Introduction

Humanity has a solar-power debt as we have been using fossil
energy, which was collected by photosynthetic organisms over
the course of millions of years, in a faster rate than is currently
generated, leading to high CO, emissions and climate change
as a result. Sustainable energy is sufficiently available; one hour
of incident solar power is enough to account for the yearly
worldwide energy consumption." Decades of research into
crystalline silicon solar cells resulted in the production of
sustainable electricity on industrial scale for commercially
competitive prices. However, 80% of the energy is consumed in
the form of fuel, and it is likely that fuels will remain important
in the future. Moreover, electrical power is not easily stored and
transported.” Combined with the mismatch in energy demand
and solar energy supply due to the day/night cycle and the
seasonal fluctuations, various energy storage strategies should
be developed to allow the transition to a society that runs on
sustainable energy.® In this context, the production of a chem-
ical fuel by converting solar-energy to fuel (a solar-fuel), by
direct or indirect means, is crucial. Plants and cyanobacteria
have been converting solar energy to fossil fuel for millions of
years already.* As such they form an inspiring example, or even
a blue print, to generate man-made devices that directly
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toolbox, which eventually may be needed for the development of applied artificial photosynthesis.

produce fuels from solar energy, often referred to as artificial
photosynthesis.>>”

1.1 The fundamental actions of photosynthesis

For both natural and artificial photosynthesis, the same three
fundamental actions are required to convert solar energy into
a fuel. (i) Light-harvesting, (ii) charge-separation and (iii) redox
catalysis (Fig. 1).*° Nature has evolved to highly dedicated and
ordered, but complex supramolecular architectures, that can
capture the light, and transmit the energy with high efficiency.
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Fig.1 The fundamental actions of photosynthesis. (1) Light harvesting.
(2) Charge-separation. (3) Redox catalysis. Notice that energy transfer
occurs between chromophores (green arrows) after excitation to
funnel the energy to the special pair where it leads to charge sepa-
ration. Some energy losses are required to drive the charge separation
forward. Charges are moved to catalysts that drive uphill chemical
reactions. Adapted with permission from ref. 8.
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Also the catalytic processes carried out by complex enzymes are
highly efficient.” The excellent properties of biological systems
are a result of fine-tuned molecular components for the various
tasks, that are well-organized in space by the use of dynamic
non-covalent bonds. As this organization is important, the
efficiency in photosynthesis may be deduced from, but not
reduced to, the properties of components at a molecular level.**

Supramolecular chemistry based on well-defined non-
covalent interactions between molecules is a powerful tool to
achieve larger, organized molecular structures with an
increased level of complexity through self-assembly. As such, it
provides a tool to optimize properties of structures required for
artificial photosynthesis in a bio-inspired fashion. Like in
natural systems, preorganization leads to improved energy
transfer processes, charge-separation and redox catalysis. In
this perspective we will focus on supramolecular strategies to
perform the fundamental actions of photosynthesis in artificial
systems. Such supramolecular strategies are underexplored, but
have potential to circumvent the problems in state-of-the-art
artificial photosynthesis. For those new to this interdisci-
plinary field, a brief background on solar to fuel devices will be
presented. After exploring the limiting factors in present-day
devices, exemplary supramolecular tools will be discussed in
order to perform the three fundamental actions of photosyn-
thesis more efficiently, taking all current and future bottlenecks
into account. Firstly, we will focus on supramolecular light
harvesting, charge-separation and the combination thereof.
This is followed by supramolecular catalysis for artificial
photosynthesis. Strategies in water oxidation and proton
reduction are highlighted. A discussion of homogeneous arti-
ficial supramolecular photosynthesis will show the potential of
combined supramolecular strategies. Finally, devices already
implementing supramolecular strategies are presented in the
last section. This perspective will demonstrate the power of
supramolecular chemistry and attempts to inspire readers to
apply supramolecular thinking to overcome problems associ-
ated with artificial photosynthesis, hopefully adding to the
expanding supramolecular toolbox.

2 Artificial photosynthesis
2.1 From electricity to fuels

Any man-made system that performs the three fundamental
actions of photosynthesis can be considered an artificial
photosynthesis device. Three prominent device designs are PV-
electrocatalysis, particulate semiconductor photocatalysts (PSP)
and photoelectrochemical cells (PEC).">"* Dye-sensitized solar
cells (DSSC) are solar cells based on molecular components. For
the purpose of fuel production, the molecular strategy ties dyes
to (molecular) catalysts that perform photoredox reactions. This
type of PEC is called a dye-sensitized photoelectrochemical cell
(DS-PEC)."* The supramolecular solutions presented in this
perspective may serve each of the designs, but the DS-PEC will
profit the most from supramolecular strategies as they are
based on molecular components. Catalysis is currently the
bottleneck in DS-PEC performance, but some efficiency limiting
processes in DSSC (e.g. charge recombination) are similar to
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processes that may limit the efficiency of DS-PEC. Studying and
stretching the limits of DSSC with clever supramolecular strat-
egies potentially translate to DS-PEC as well.

2.2 Device designs

2.2.1 PV-electrocatalysis. The easiest and ready to imple-
ment strategy to generate solar fuel is to couple photovoltaic
(PV) cells that generate electrical power to electrolysers.'® The
solar to hydrogen (STH) conversion efficiencies achieved are
around 10-15% with the record efficiency in 2016 reported at
30%." These devices suffer from high material and production
costs, while using scarce materials.

2.2.2 Single compartment PEC. A seminal paper by
Fujishima and Honda published in 1972 showed that a TiO,
electrode submerged in an aqueous solution was able to split
water upon solar light illumination.” This result provided an
incentive to further develop semiconductor based photo-
catalysts for water splitting.*® Such a wireless device is exem-
plified by Nocera's famous artificial leaf.” In all these
membrane-less devices hydrogen and oxygen are formed as
a mixture, with associated safety and separation issues.

2.2.3 Dye sensitized solar cells, solar cells based on
molecular components. DSSC are solar cells based on molecular
components invented by Gritzel and O'Regan.”® The DSSC also
generate electricity like silicon-based photovoltaics, and the
molecular nature allows for supramolecular design opportuni-
ties. A DSSC consists of a conducting glass slide (FTO) with
semi-conductor (e.g. TiO, for n-type or NiO for p-type) nano-
particles deposited on the surface.”* Dyes are attached to the
surface of the semiconductor and the two electrodes are con-
nected via electrolyte that contains a redox mediator, and
a conductive wire. Upon excitation of the dye, electron (or hole)
injection takes place into the semi-conductor, and the redox
mediator shuttles electrons from one electrode to the other
leading to photocurrent. Extension to a fuel producing DS-PEC,
involves replacing the redox mediator with productive redox
reactions, such as catalytic water oxidation and proton reduc-
tion. The efficiencies of DSSC are still below silicon-based PV,
with a maximum around 15% reported for n-type, and lower
efficiencies for p-type. Further information explaining efficiency
assessment in DSSC including techniques and relevant vari-
ables can be found in the references.”?>*' Low efficiencies of p-
type DSSC prevents extension to tandem cells in general, but
artificial photosynthetic devices like DS-PEC in particular. It is
crucial to understand what losses limit efficiencies in these
DSSC, as such losses may also occur in DS-PEC. Supramolecular
strategies can aid to overcome problems in devices based on
molecular components.

A schematic picture of the n-type and p-type DSSC is depicted
in Fig. 2. Both types consist of a semiconductor, most often TiO,
for n-type or NiO for p-type, on a conducting substrate (FTO). A
molecular dye with the proper energy levels is anchored onto
the semiconductor, usually by covalent bonds. Photoexcitation
of the dye results in rapid injection into the semiconductor, and
the ionized molecular dye is neutralized by the redox mediator
(or the catalyst in DS-PEC). The ionized redox mediator gets
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Fig.2 Operational mode of the DSSC (top) and schematic diagram of a DS-PEC (bottom). (A) Dyes anchored on a semiconductor deposited on
conducting FTO glass are excited by light. (B) The dye performs charge-separation and (C) oxidizes or reduces the redox couple (RC) in the
electrolyte that delivers the charge to the counter electrode (CE) closing the circuit. For n-type the dye is excited (process 1) followed by fast
electron injection into the conduction band (CB) (process 2). The dark colour represents the dyes in the depicted electron configuration. The dye
is oxidatively quenched by the redox couple (RC) (process 3). The RC is then regenerated at the counter electrode (CE) (process 4). In p-type the
electrons move the other way around, but the processes are equivalent to n-type. The dye is excited (process 1) after which it is reductively
quenched by an electron in the valence band (VB) of the NiO. The electron of the reduced dye is transferred to the RC (process 3) after which the
redox mediator is regenerated at the CE. The possible recombination pathways are depicted with red arrows. A DS-PEC performs processes (A) &
(B) in a similar fashion. Process (C) is altered by substituting the RC for a redox catalyst performing reactions such as water splitting. The catalyst
may be anchored to the semiconductor surface or dye as diffusion is not required. Water oxidation catalysts (WOC) oxidize water to oxygen and
protons. Four oxidations are required to generate a single oxygen molecule. The hydrogen evolution catalyst (HEC) combines the electrons and
protons liberated at the anode to form hydrogen gas at the cathode. Every hydrogen molecule requires two electrons from the HEC. The half
reactions are often separated by a proton exchange membrane (PEM).

regenerated at the counter electrode. Forward electron propa-
gation is depicted in Fig. 2 with green arrows and this pathway
leads to photocurrent. The recombination pathways (red
arrows), are non-productive pathways responsible for efficiency
losses in these devices. These processes are mainly the
neutralization of the ionized dye by charges from the semi-
conductor (Fig. 2, path 6), regeneration of the redox mediator by
the semiconductor of the working electrode (Fig. 2, path 7), and
the excited electron decaying to the ground state before injec-
tion (Fig. 2, path 5). Recombination pathway 7 is readily mini-
mized by passivation of the surface via Al,O; deposition for
example. Similar processes occur for both n-type and p-type
DSSC, but because the charge mobility in NiO is much lower
the charge recombination events are more dominant in p-type
cells. Attempts to circumvent charge recombination have
mainly focused on finetuning the properties of the dyes.*** So
called push-pull dyes prevent charge-recombination, since it
leads naturally to an increased distance between the oxidized
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(for n-type) part of the dye and the surface, typically, minimizing
recombination pathway 5. This has led to huge efficiency gains
for n-type up to 14.7%.% Currently, the p-type electrodes suffer
most from recombination, the record for p-type solar cells is
2.51%.%” In order to have a working DS-PEC, analogous n-/p-type
electrodes need to be coupled to catalysts that oxidize water at
the anode (n-type) and produce fuel at the cathode (p-type). The
low efficiencies observed for p-type DSSC will limit p-type elec-
trodes and hence the overall efficiency of the tandem DS-PEC
design. Interestingly, supramolecular strategies are emerging
as a viable option to inhibit charge recombination in these
devices. In this perspective we will highlight supramolecular
strategies to reduce charge recombination in DSSC that act as
stepping stones to efficient supramolecular artificial photo-
synthesis using the tandem DS-PEC design.

2.2.4 Design of DS-PEC. In DS-PEC charge equivalents are
directly used to drive chemical reactions instead of solely
producing current.*® The eventual stand-alone devices that

© 2021 The Author(s). Published by the Royal Society of Chemistry
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operate bias-free require dyes on both electrodes to drive both
reactions in tandem, and the compartments should be sepa-
rated by a proton exchange membrane (PEM) to prevent
a knallgas mixture (oxygen/hydrogen) being generated (for
schematic drawing see Fig. 2).

The operation of a DS-PEC is similar to that of a DSSC. The
charge recombination pathways discussed for DSSC also apply
here and result in loss of efficiency. Next to this, the catalyst
properties play a role. The overpotential required for the cata-
Iytic reactions, that is the extra potential with respect to the
thermodynamic potential, results in losses and as such catalysts
with sufficient rates at low overpotential are needed. Also,
processes span hugely different timescales, and the catalyst
should be compatible with that. Based on the photon flux and
absorption cross-section of the dye, the estimated photon
absorption rate is 1-10 photons per s.** This value increases
considerably when light-harvesting antennae funnel energy
towards the catalyst. The photophysics and electron transfer
processes typically take place within picoseconds to nanosec-
onds, while the catalysis takes place at the millisecond time-
scale. This means that overall photosynthesis involves
processes that differ orders of magnitude in timescale. Because
the catalytic reactions are multi-electron processes, but the
electron transfer are single electron transfer processes with
time-delays related to the photon flux, catalysts should operate
by a mechanism in which the intermediates are sufficiently
stable, both in terms of decomposition and in terms of charge
recombination.

With all these challenges in mind one can design supra-
molecular strategies to address these issues. Although such
strategies are just being developed, it already provided inter-
esting examples which will be discussed in this perspective.

3 Supramolecular light harvesting
and charge separation

3.1 Inspiration from nature

Solar light is a dilute source of energy and efficient artificial
photosynthesis requires the conversion of every photon.
Molecular photosensitizers with long lived triplet excited-state
lifetimes are frequently used in photocatalytic experiments to
buy time for diffusion controlled forward reactions. This
approach has several potential downsides as discussed by
Wiirthner et al.* (i) The long-lived triplets formed increase both
the likelihood of productive pathways as well as competitive
back-reactions. (ii) Singlet oxygen can be produced that
damages organic ligands. (iii) Triplet sensitizers often use
precious metals (e.g. Ru). (iv) Absorption coefficients are
generally lower than organic dyes. (v) In addition, triplet
formation dissipates photon energy being invariably lower in
potential energy than the singlet. The application of supramo-
lecular preorganization reduces the influence of diffusion and
thus the need for triplet lifetimes.

In natural photosystems the lifetime of the excited state is
achieved by proper spatial organization of chromophores in huge
protein structures. The organization of chromophores needs to

© 2021 The Author(s). Published by the Royal Society of Chemistry
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be precise as otherwise quenching would lead to exciton (elec-
tron-hole pair) trapping and dissipation of the photon energy.**
Despite the very high local concentration in light-harvesting
proteins (10~" M), the chromophores are not quenching,
because orbital overlap is prevented. The supramolecular orga-
nization of chromophores inside the protein matrix yields a so-
called antenna system that collects photon energy and directs
this towards the reactive center where charge-separation (CS)
happens. These natural supramolecular structures lead to very
high quantum yields (close to unity) and are able to deliver
excitons and redox equivalents at a sufficient rate to drive mul-
tielectron catalysis, which is fast with regards to the number of
photons available per second. Thus, the lesson learned from
these natural structures is that chromophore organization can be
beneficial for two reasons. (1) Close packing of light absorbing
molecules results in delocalization of excitons across several of
the same chromophores or rapid energy transfer among them via
homo-FRET (Forster resonance energy transfer). Therefore,
distant chromophores can deliver the photon energy they harvest
to a chromophore close to a redox partner (e.g. a catalyst). Thus,
an increased fraction of the incident solar energy is delivered at
the reactive center. (2) Organizing chromophores in an energy
cascade transfers the harvested energy towards a reactive center
at the expense of small energy losses. Back-transfer is subse-
quently inhibited since that process has become energetically
uphill. This energetic funneling can be used to deliver an exciton
closer to a redox partner via hetero-FRET. In addition, the
downward energy cascade for electron transfer (i.e. redox reac-
tions) as observed in natural photosynthesis leads to long-lived
charge-separated states. Due to microscopic reversibility of
both the electron transfer and catalytic steps, the rate limiting
steps are in equilibrium with the initial excited state. Therefore,
long CS lifetime is required to drive the slow catalysis and prevent
back-reactions.

Inspired by the natural system, scientists have prepared
many different types of light-harvesting antenna systems and
charge-separation architectures.***>*> Most were studied in
solution using transient absorption techniques, assayed for
their energy or electron transfer rates and the lifetimes of the
exciton and charge-separated state was determined. Whereas
the properties of these beautiful structures are well docu-
mented, implementation into artificial photosynthesis has yet
to be developed. Systems that display the photophysical prop-
erties required for photosynthesis can be prepared via self-
assembly. Also, the integration of light-harvesting, charge-
separation and catalysis into a working device can be per-
formed in a supramolecular manner. Towards this goal, it is
important to understand the influence of the supramolecular
bond on photophysical properties of assemblies. In the next
section, we shall highlight several examples of supramolecular
light harvesting antennae, CS assemblies and their integration
into efficient light harvesting architectures.

3.2 Supramolecular chromophore organization

Porphyrins are synthetically accessible and stable analogues of
nature's chlorophylls and therefore thoroughly studied
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chromophores. When porphyrins are metallated, coordination
of axial ligands is possible. Several strategies employ this axial
binding to produce discrete supramolecular assemblies. Zn-
porphyrins are well explored, where coordination occurs at
only one axial position. These mainly consist of pyridinyl and
imidazolyl metal coordination.

Pyridine-Zn interactions show binding constants of 10°-
10* M in apolar solvents and therefore supramolecular assem-
blies use multiple interactions to produce more stable struc-
tures under dilute conditions. Often the porphyrins have
a double function, acting as the structural backbone and light-
harvesting functionality. For example, Zn"-porphyrins can be
combined with pyridine substituted free base porphyrins. The
fluorescence of Zn"-porphyrins overlaps with the Q-band
absorption of the free base porphyrins. The excited Zn"-
porphyrin molecule transfers energy to the freebase porphyrin.
Complex architectures, like supramolecular porphyrin cages,
boxes, ladders and rings could be formed this way. All these
assemblies show fast (picosecond) energetically downbhill
energy transfer processes enhanced by supramolecular pre-
organization. Supramolecular assemblies have been thoroughly
studied for the purpose of PET and CS,* such as self-assembled
dimers of porphyrins and fullerenes as well as trimers and
porphyrin squares.*® Another strategy is to use a rigid pyridine
functionalized template to organize porphyrins in close prox-
imity, resulting in rapid energy transfer among the chromo-
phores.”” In addition to axial binding, functionalization of
porphyrin macrocycles with specific binding motifs can result
in supramolecular organization of chromophore arrays using
metal-ligand, hydrogen bonding, ion-dipole and m-m stacking
interactions.*® When these interactions are adequately chosen,
extensive arrays (J-aggregates) can be formed via self-assembly,
which show energy transfer over large distances.” A comple-
mentary approach comprises the use of a scaffold such as
a polymer or dendrimer, and by means of its functionalities
induce supramolecular organization. A plethora of scaffolds has
been explored, including (viral) proteins, DNA, and lipid
membranes, (non-natural) peptides and dendrimers.*

The supramolecular interactions used to properly pre-
organize chromophores, can also alter the photophysical
properties. For example, axial coordination of nitrogen ligands
to porphyrin metal centers desymmetrizes covalent, cyclic
porphyrin arrays.> This desymmetrization decreases excitonic
coupling in the antenna system (Fig. 3). Supramolecular
binding can therefore partially localize the exciton in a supra-
molecular antenna, leading to increased fluorescence of an
acceptor upon selective excitation of the donors. Desymmetri-
zation is crucial for the purpose of energy funneling and CS as
these are inherently asymmetric processes.* Supramolecular
interactions aid in this regard and supramolecular donor-
acceptor complexes yield superior CS lifetimes compared to
covalent analogues.*

When heavy atoms are used in the self-assembly of supra-
molecular antennae they can quench exited states and indeed
decreased fluorescence intensity was first reported by Drain and
Lehn.* This phenomenon can be attributed to singlet to triplet
intersystem crossing due to the heavy-atom effect.>* Elliott et al.
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Fig. 3 As the porphyrin dimer becomes excited, energy transfer
occurs to the ring with the same rate (~1.3 ps) no matter its size (N =6,
8, 10, 12 or 30). A representation of the line-dipole model on the right
shows the effect of strain induced by coordination. The transferred
excitation is delocalized over 6 porphyrins. Adapted with permission
from ref. 50.

attempted to resolve this problem by electronically decoupling
(using insulating triazole linkers) both singlet and triplet
forming chromophores to heavy-atom coordinating pyridines.>
Since all photochemistry is determined by kinetics, metal-
ligand based supramolecular assemblies can still be used, for
example as the rate for singlet energy transfer competes with
the rate for intersystem crossing.>® Thus metal-ligand interac-
tions are an interesting strategy to produce chromophore
assemblies, but care has to be taken that heavy-atoms can
induce triplet formation at the expense of energy efficiency.

Hydrogen bonds are regularly employed for the supramo-
lecular organization of chromophores. Triplet energy transfer,*”
singlet energy transfer®® and electron transfer® are all facilitated
by hydrogen-bonding interactions, leading to increased rates of
transfer due to D-A orbital overlap (following the Dexter
mechanism of energy transfer or via PET).

Clearly, supramolecular bonding interactions are not inno-
cent and their use complicates the study of light-harvesting
assemblies. However, careful use of self-assembly by supramo-
lecular interactions can provide directionality of energy and
electron transfer and can lead to increased CS state lifetime as
well. Therefore, they are useful in the development of artificial
photosynthesis. The influence of supramolecular bonds on
photophysics is well explored. Now is the time to use these
bonds for the integration of the fundamental actions of
photosynthesis. Below examples will illustrate that otherwise
inaccessible structures are obtained using self-assembly strat-
egies, that above all show enhanced light-harvesting function-
ality over covalent analogues.

3.3 Selected examples of supramolecular strategies to
construct light harvesting and charge separation systems

The group of Kuroda attempted to generate large size antenna
systems using non-covalent strategies.®” Hydrogen-bonding
interactions have been used in conjunction with metal-
porphyrin coordination, all based on multiple interactions to
reach high binding constants such that these dyads are formed
efficiently under dilute conditions. A free-base porphyrin was
symmetrically substituted with spacers at the 4’-phenyl

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 A porphyrin acceptor functionalized with ditopic pyrazine units (top) that act as guests to the donor Zn-porphyrin cage assembled with
hydrogen bonds. A 8 : 1 donor : acceptor ratio is achieved here. Some atoms in the antenna system are omitted for clarity.

positions linked to pyrazine units. These ditopic nitrogen
ligands act as a guest by coordinating Zn-porphyrin cages that
in turn are formed via multiple hydrogen bonds. As such,
a single H,-porphyrin binds 8 light-harvesting Zn-porphyrins
(Fig. 4). The energy transfer efficiency from a single Zn-
porphyrin cage to the free base was found to be 82%, some-
what lower than previously reported related covalent systems.
However, the fluorescence of the free base in the self-assembled
structure is enhanced 18-fold demonstrating the antenna effect.
More elaborate H,-porphyrins with increasing pyrazine func-
tionalities linked in a linear or branching topology revealed that
the enhanced light-absorption could be further increased (77-
fold) when the ratio of 16:1 for Zn:H, porphyrin was
reached.”

Dendrimers are hyperbranched well-defined macromolec-
ular structures that are prepared in iterative stepwise synthetic

Fig. 5 Dendrimer with 16 porphyrin units act as a light-harvesting
antenna, and achieves long lasting charge separation when electron
accepting fullerenes bind the porphyrin metal atom. Used with
permission from ref. 62.

© 2021 The Author(s). Published by the Royal Society of Chemistry

procedures. These structures are interesting scaffolds for
applications as light-harvesting antennae, for example by the
functionalization of the end groups with porphyrin dyes. Even
more interesting is that simple addition of a coordinating Cgo
acceptor, turns a porphyrin dendrimer into an integrated light-
harvesting assembly (Fig. 5).°> The authors observed excited-
state energy migration across the porphyrins, as is also typi-
cally observed in the natural LH system, and an impressively
long charge-separated lifetime after PET to the Cgo (0.25 ms).
In a supramolecular tour-de-force Kobuke's group developed
an integrated light harvesting system that could be extended to
CS assembly.®*** The supramolecular antenna was formed by
using imidazolyl substituted Zn(u)-porphyrin building blocks.
The nonameric porphyrin antenna possessed three Zn-
porphyrins that did not partake in the assembly. Thus, simply
mixing in a pyridinyl tripodal ligand containing an energy
accepting porphyrin and covalently attached fullerene electron
acceptor provided an integrated assembly (Fig. 6). The supra-
molecular structure attained a total energy conversion efficiency
of 85% where the charge-separated state had a half-life of 0.2 ps.
The authors took their approach even further when they
incorporated supramolecular antennae into lipid bilayers
(known as dynamic self-assembled interfaces, vide infra).*

Side View

Top View

Fig. 6 Atomistic model of an integrated antenna/charge-separation
assembly. Adapted with permission from ref. 64.
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Transient experiments were not performed, but the authors
deduced inter antenna energy transfer between the different
antenna systems assembled within the membrane.

Above examples have illustrated that light harvesting archi-
tectures can be built using supramolecular strategies that collect
photons and transfer their energy over considerable distances.
Though supramolecular interactions add to overall complexity of
the system, they are a vital tool for assembling multi-
chromophoric antennae and integrating them with charge-
separation  functionality. = Such  well-organized  multi-
chromophoric systems often yield enhanced properties such as
increased absorption, panchromaticity and charge-separation
lifetimes (i.e. lowered recombination rates) vital to efficient arti-
ficial photosynthesis devices. Meanwhile, these complex struc-
tures can be constructed from simple components with high-
absorption coefficients that assemble with little synthetic effort
and when properly designed, conserve energy and prevent
degradative processes by circumventing triplet formation. The
ability to direct energy through a supramolecular assembly may
prove crucial to collect, transfer and funnel energy for the
purpose of artificial photosynthesis. Proper connection to redox
catalysis is yet to be demonstrated, however, the implementation
of integrated supramolecular antennae/CS assemblies in an
artificial photosynthetic device warrants reduced recombination
and increased overall photon efficiency. Indeed, when supra-
molecular interactions are used to preorganize dyes for light-
harvesting and CS onto conducting solid materials enhanced
device performance is often reported (see Section 6.1).

4 Supramolecular catalysis

For the efficient conversion of solar energy into fuel, redox
catalysis is essential. In artificial photosynthetic devices water
oxidation provides electrons and protons, whereas proton
reduction (or CO, reduction) delivers the fuel in an overall
thermodynamically uphill reaction. The rate of these multi-
electron processes is limited by the photon flux, which
provides the redox equivalents with a certain speed. This means
that reactive intermediates are produced that should be suffi-
ciently stable to prevent decomposition or recombination. The
redox catalysis is mostly performed by transition metals since
they can access several oxidation states. Important properties
for the catalysts used in artificial photosynthetic devices are (1)
catalysis at low overpotential as overpotential leads to losses (2)
stability of the catalyst (3) the rate of the catalyst such that the
amount of catalyst can be optimized. Supramolecular strategies
provide handles to optimize catalysts with respect to these
properties. This section focusses on catalysis for artificial
photosynthesis using the supramolecular approach. Whereas
eventually these properties should be evaluated in a light driven
device, these basic properties are easily measured using elec-
trocatalysis or catalysis driven by chemical oxidants/reductants.

4.1 Chemical and electrochemical water oxidation

A key reaction in natural photosynthesis is the oxidation of
water, which is benign and abundant, providing electrons and
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protons for the production of the fuel. Water oxidation catalysis
provides four protons and four electrons from two water
molecules leading to the formation of dioxygen. Interestingly,
PSII operates using a CaMn,Os-cluster. Therefore, chemists
have developed analogous clusters that mimic the activity of
PSII, but these show low stability and activity at least partly
because these synthetic clusters lack the protein environment.®®
The best synthetic catalyst for water oxidation are currently
based on ruthenium and iridium, and in this section we will
describe how supramolecular strategies can be used to further
increase the performance of these catalysts. The power of
supramolecular strategies is illustrated by simple water oxida-
tion catalyst (WOC) that operate via a dinuclear mechanism,
facilitated by w-m stacking interactions,®”*® as well as more
complex multi-component systems. To explain this supramo-
lecular effect rationally, the catalytic cycle for water oxidation is
explained first.

4.1.1 Mechanisms and potential of supramolecular water
oxidation catalysis. WOC can generally operate via the mono-
nuclear water nucleophilic attack (WNA) mechanism or the
dinuclear radical oxo-coupling (ROC) also known as interaction
of two M-O units (I2M) mechanism (Fig. 7). Interestingly, the
catalytic mechanism followed has consequences for the prop-
erties of the system such as the overpotential that is required
and the optimal concentration window of the catalyst. The
dinuclear ROC mechanism is favored in terms of overpotential
as less intermediates are formed putting less restrictions for
optimization as dictated by scaling relationships.*® More
specifically, it avoids the high energy M-O-O-H intermediate
that is formed during the WNA mechanism. Catalysts that
follow the ROC mechanism, require two metallo-oxo species to
react, which in principle is facilitated by higher concentrations.
Dinuclear complexes could in principle achieve this in an
intramolecular fashion, however, the M—O-O-M intermediate
has a very different optimal M-M distance than two M-OH
intermediates.” Therefore, ligand frameworks incorporating
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Optimal catalyst Optimal catalyst
AG(B) = 1.23 eV AG(B)=1.23 eV
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Fig. 7 Water oxidation catalysis follows either of two mechanisms. A
mononuclear WNA mechanism or the binuclear ROC mechanism.
Used with permission from ref. 69.
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two metal sites, with a fixed M-M distance, often do not result
in great activity.

Catalysts that operate via the ROC mechanism could also be
preorganized using supramolecular strategies, because supra-
molecular chemistry can aid in the spatial organization of two
metallo-oxo species without exerting a fixed M-M distance.

4.1.2 Selected examples of supramolecular water oxida-
tion. In 2009 the group of Sun reported a Ru-WOC with a 2,2'-
bipyridine-6,6'-dicarboxylic acid (bda) ligand and two axial
ligands, which follows the dinuclear ROC mechanism.” In 2012
they realized that 77 interactions can assist in bringing two
catalysts together in a favorable orientation. Complexes with
isoquinoline ligands instead of pyridine enhanced rates greatly,
leading to a turn over frequency (TOF) of >300 s~ " and a turn
over number (TON) above 8000.”* Richmond et al. also exploited
the 77 stacking of the Ru(bda) type catalysts, showing that
methoxy substituted isoquinolines enhance w-m stacking
increasing the rate (TOF > 900).°® Interestingly, they also report
a negative example. Axial ligands with cationic functional
groups cause repulsion of two complexes. This led to an order of
magnitude slower catalysis. The group of Concepcion reported
on systematic variations of the axial ligand to enhance the -7
interaction that brings these complexes together in the oxygen
bond forming step, which resulted in complexes that display
even higher TOFs and TONs of up to 1270 s~ * and 27 000
respectively.””

Besides m-mv stacking to bring catalysts together, concen-
trating catalysts by putting them in a confined space is benefi-
cial. In 2012 the groups of Yang and Li showed that confining
Ru(bda)(pic), (pic = picoline) WOCs in mesoporous silica led to
improved TOFs (Fig. 8).”° Interestingly, the use of different sizes
of amphiphilic RuWOCs can lead to selection between the
mononuclear WNA mechanism and the dinuclear ROC mech-
anism (Fig. 9).”* Yang et al. showed that the use of amphiphilic
groups on the axial ligands of Ru(bda) systems led to self-
assembly of liposome-like structures. A large amphiphilic
substituent increased the Ru-Ru distance which inhibited the
ROC mechanism, but a small amphiphilic group favored the
ROC mechanism resulting in faster catalysis.

Supramolecular interactions are also exploited to increase
local concentrations facilitating electrochemical water oxida-
tion, as showcased by our group in 2018.”> We incorporated
increasing equivalents of sulfonated Ru-WOC in a guanidinium
functionalized M;,L,, supramolecular cage (Fig. 10). Interest-
ingly, the rate of catalysts that follow the dinuclear ROC
mechanism was enhanced up to 130 times through encapsu-
lation, while the rate of a Ru-WOC that operates via the
mononuclear WNA mechanism was unchanged by increasing

e
@'\" °°('N il

Silylation reagent

Fig.8 WOC encapsulated in mesoporous silica. Used with permission
from ref. 73.
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Fig. 9 Alkyl chain substituted WOC self-assemble into micellar vesi-
cles in water, preorganizing the WOC for the ROC mechanism. Used
with permission from ref. 74.
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Fig. 10 Sulfonated WOC entrapped in a Mj,lo4 supramolecular
sphere. Used with permission from ref. 75.

the local concentration. This example shows that great rate
enhancements can be achieved by spatial organization of cata-
lytically active species following the dinuclear mechanism.

The group of Wiirthner showed that ditopic pyridinyl ligands
bind the axial positions of Ru(bda) complexes resulting in the
formation of a supramolecular macrocycle catalyst trimer,
[Ru(bda)bpb]s.”® They showed that supramolecular interactions
spread out the catalytic sites while capable of oxidizing water
using the WNA mechanism. These trimers showed exception-
ally stable, due to limited accessibility of the active sites by
steric repulsion of the organic scaffolds. A follow-up study
investigated the effect of the ring size and the role of the
hydrogen bonding network between water molecules that reside
within the trimeric structure (Fig. 11).”” Higher rates were ob-
tained when all reactive sites point towards the interior of the
macrocycle, because the favorable hydrogen bonding network
stabilizes the generated protons.

4.2 Chemical and electrochemical proton reduction

Water oxidation catalysis provides the electrons and protons
that are needed to generate the fuel by a reduction reaction. The
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Fig. 11 A supramolecular macrocyclic WOC trimer performs better
with increased ring size. Used with permission from ref. 76.

simplest reaction is the direct combination of protons and
electrons to form molecular hydrogen. Again, critical properties
of the catalyst include rate, stability and overpotential at which
proton reduction catalysis is achieved. The 2™ and 3™ row
transition metals Rh and Pt are effective hydrogen evolving
catalysts (HEC), both as metal-ligand complexes and colloidal
nanoparticles. In fact, Pt electrodes can do proton reduction
catalysis at virtually no overpotential. However, hydrogen
evolving enzymes utilize abundant 1% row transition metals
such as Ni and Fe to catalyse proton reduction (Fig. 12), also at
the thermodynamic potential. This has inspired chemists to
produce structural and functional mimics of the hydrogenase
active site (H-cluster) using an expanded set of abundant tran-
sition metals including Fe, Co, Ni and Mo. Though there has
been a rise in efficiency and stability of molecular catalysts and
lowering of overpotentials, further development has stagnated.
Meanwhile, the [FeFe]-hydrogenase active site works at almost
no overpotential and has TOF ~ 10 000 s~ *. The apo-enzyme is
inactive, and many H-cluster mimics that have been synthe-
sized are active, but require considerable overpotential. Inter-
estingly, when the inactive laboratory synthesized H-cluster
mimic [Fe,(pdt)(CO),(CN),] is reconstituted in its native protein
environment the activity is fully restored.” This is a clear
demonstration that the catalysts' reactivity is dictated by an
interplay between the active site and its protein environment
utilizing supramolecular interactions. Computational”®*® and
bioengineering studies have pinpointed the relevant proton
transfer pathways and those residues crucial to the catalytic
activity.

Fig. 12 The hydrogenase enzyme with the active site depicted in red
and other FeS-clusters in yellow/orange. The highlighted area shows
a close-up of the H-cluster and the tight embedding in the
surrounding protein environment. Adapted with permission from ref.
10.
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4.2.1 Mechanisms and potential of supramolecular strate-
gies to enhance proton reduction catalysis. Before discussing
supramolecular approaches in proton reduction catalysis, it is
important to understand the modes of operation at the active
site (Fig. 13). A metal hydride species is usually formed by two
reductions and a protonation. In stronger acid or lower pH, or
by using basic complexes, the protonation of the complex may
proceed prior to the reduction(s). Then the metal hydride
species follows either a heterolytic pathway in which the
hydride is protonated to form hydrogen and the starting
complex (EECC mechanism where E is an electronic and C
a chemical step), or a homolytic pathway in which two
complexes combine to form hydrogen. Whether the reaction
follows an EECC mechanism (like the natural enzyme) or ECEC
mechanism depends on the acidity of the solution, and the
basicity of the intermediate. In the hydrogenase enzyme the
structure of the cluster is controlled by the second coordination
sphere and also the electrons and protons are preorganized
with regards to the active site. Supramolecular strategies may
be used to provide similar properties. Firstly, reducing moieties
may be brought in close proximity to the reactive center, in
analogy to the FeS-clusters in [FeFe]-hydrogenase that form
a ‘conducting wire’ to the H-cluster.*" Secondly, preorganized
protons aid in formation of the common intermediate M-H
species by proton coupled electron transfer (PCET) resulting in
increased rates and stability.®»® In addition, following the
heterolytic pathway is beneficial to activity of the catalyst as
demonstrated by the DuBois Ni-catalyst.** Hydrogen-bonding
networks can be produced to allow for fast proton delivery,
and stabilization of reactive intermediates.***® Finally, whether
the homolytic or heterolytic pathway is traversed depends on
acid and catalyst concentrations, which may be controlled using
supramolecular approaches.

4.2.2 Selected examples of supramolecular proton reduc-
tion catalysis. Supramolecular strategies in proton reduction
catalysis generally rely on adding extra functionality to synthetic
mimics in order to improve the catalytic performance. In most
examples this translates to placing such a hydrogenase mimic
in a cage or a polymer environment.*” For example, the water
insoluble [FeFe]-hydrogenase mimic was made water soluble by
using benzene sulfonate substituents.®® When B-cyclodextrin (B-
CD) was added to a solution of this hydrogenase mimic, the di-
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MO2* 4 H,

MO+ Hy

Fig. 13 Possible mechanisms for the hydrogen evolution reaction.
Used with permission from ref. 2.
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Fig. 14 A sulfonated [FeFe]-hydrogenase mimic is stabilized in
a cyclodextrin, but catalytically inactive. Used with permission from ref.
88.

iron complex binds in the cavity of the host based on hydro-
phobic effects (Fig. 14). Encapsulation in the B-CD resulted in
a huge decrease in proton reduction activity, which was
proposed to be a result of reduced structural freedom required
during catalysis. Additionally, substrate delivery might have
been inhibited by the cage. Importantly, the reactivity is
changed by supramolecular encapsulation.

The assembly of supramolecular cages by metal ligand
interactions provides a universal strategy to generate a diverse
set of cage compounds.®” Cages of various shapes and sizes can
be produced that are highly modular in character and can bind
a diverse set of guest molecules under various conditions. We
have introduced a template ligand approach as a general
strategy to encapsulate catalysts in molecular cages. Along these
lines, we recently used zinc(un)porphyrin based supramolecular
cages to encapsulate an [FeFe]-hydrogenase mimic with an
appended pyridine containing phosphine ligand (Fig. 15).*° The
catalyst encapsulation is based on coordination of the pyridyl
phosphine ligand to the Zn-porphyrin building blocks of the
cage. The phosphine containing complex is an active proton
reduction catalyst, but disproportionates upon electrochemical
reduction in solution, which was established by IR-
spectroelectrochemistry. However, no disproportionation is
observed when the catalyst is bound in the supramolecular
cage, leading to a more stable catalyst upon encapsulation.
Most interestingly, the overpotential for proton reduction is
lowered with 150 mV when the hydrogenase mimic is in the
cage compared to the catalyst free in solution. The cationic

Cage-controlled catalysis
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2

Fig. 15 Comparison between catalyst in homogeneous solution and
the catalyst controlled by a tetrahedral supramolecular cage. Used
with permission from ref. 90.
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nature of the cage apparently lowers the barrier for proton
reduction catalysis. The same effect is observed when [FeFe]-
hydrogenase mimics are encapsulated in a Pd;,L,, supramo-
lecular sphere, which is also highly cationic in nature,
decreasing the overpotential by 250 mV.”* Moreover, these
larger spheres also allow for co-encapsulation and thus pre-
organization of acid substrate in close proximity to the catalyst,
leading to a rate enhancement of two orders of magnitude
compared to the system were only external acid is present. Thus,
supramolecular encapsulation strategies provide additional
tools to control the overpotential and activity of catalysts. In
addition, the ET rate from the electrode to electroactive
components in these type of larger spheres can be controlled
over two orders of magnitude by changing the connectivity,
providing new tools yet to be explored to match the reaction rate
of catalysts.”

Next to creation of well-defined second coordination spheres
by encapsulation, HEC can be embedded in polymer matrices
that act as second coordination sphere. The potential of this
approach was illustrated by Brezinski et al., who reported
a molecular hydrogenase mimic in a polymer framework that
folds around the metal cluster (Fig. 16).”* They used atom-
transfer radical polymerization to form this metallopolymer.
Interestingly, the embedded hydrogenase mimic showed
enhanced catalytic properties when compared to the natural
[FeFe]-hydrogenase enzyme. The rate increased 25 times to an
incredible kops = 250 000 s~' and an overpotential of a mere
0.3 V (compared to Pt). Moreover, these metallopolymers oper-
ated in air at 200 nM concentrations. By copolymerizing pyri-
dine and pyrene functionalities Reisner et al. were able to attach
cobaloxime HECs to a polymer matrix that showed enhanced
catalytic stability as a result.” Additionally, the polymer
assembled onto multi walled carbon nanotubes (MWCN) as the
pyrene functionalities connected via -7 interactions. When
deposited onto a MWCN modified glassy carbon electrode

[2Fe-2S] Active Site

[2Fe-2S] Active Site Mimic

[2Fe-25]
[FeFe]-Hydrogenase Metallopolymer
Kops = 10,000 s kops = 250,000 s
n'=0.2v n'=03Vv
air sensitive operates in air

Fig. 16 Comparison of catalytic parameters of a natural [FeFe]-
hydrogenase enzyme and a metallopolymer [FeFe]-hydrogenase
mimic. Used with permission from ref. 93.
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catalyst loadings comparable to metal oxide sensitization were
reported, denoting the potential of supramolecular functional-
ization of electrodes. Besides enhanced stability, polymers
facilitating a second coordination may influence reaction
selectivity. This was demonstrated by Liu and McCrory, who
embedded Co-phtalocyanine CO, reduction catalysts in poly-
vinylpyridines.®”® They postulated that high CO product selec-
tivity is obtained by sluggish proton transfer through the poly-
mer, while protonated pyridine was sufficiently acidic to act as
proton donor to CO,.

In the above examples the catalytic reactions were evaluated
by electrochemical methods, providing insight in the important
properties of the catalysts and highlighting the effects of
supramolecular encapsulation. Electrochemical methods can
also be implemented in artificial photosynthesis using PV-
electrolysis set-ups. For the preparation of integrated systems
in which light is directly used to generate fuel, supramolecular
approaches can also be fruitful and this will be discussed in the
next section.

5 Supramolecular artificial
photosynthesis

Supramolecular assemblies are mainly explored for light-driven
water oxidation, proton reduction and to a lesser extent for CO,
reduction. The catalytic systems can be divided in two cate-
gories. (i) Dye-catalyst assemblies where a light absorbing
functionality is preorganized to a molecular catalyst using non-
covalent bonds, and (ii) dynamic self-assembled interfaces
where dye and catalyst are co-embedded in a self-assembled
membrane. These strategies are discussed below.

5.1 Supramolecular photochemical water oxidation

5.1.1 Supramolecular dye-WOC assemblies. In 2012 & 2014
the group of Sun reported Ru(bda) complexes functionalized on
the axial ligand with ruthenium complexes that act as chro-
mophore. The self-assembled construct resulted in a four times
higher TON in light driven water oxidation than a molecular
system based on the free components (38 vs. 8).°° In a subse-
quent approach, a cyclodextrin-modified Ru(bpy); (bpy = 2,2'-

7N

$,05% S04 H,0

Fig. 17 Supramolecular dye-WOC assemblies are formed by cyclo-
dextrin host-guest chemistry. This results in enhanced stability in
photocatalytic water oxidation in presence of a sacrificial oxidant. Cl™
ions are omitted.
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bipyridine) chromophore was combined with a Ru(bda)(ppy),
(ppy = 4-phenylpyridine) catalyst in which the preorganization
of the chromophore and catalyst was achieved by binding of the
hydrophobic axial ligand into the cage of the CD (Fig. 17).””
Again a higher TON (267) in light driven water oxidation was
reported for the supramolecular construct compared to the
control experiments. When either the CD functionality was
omitted or the ppy ligand was replaced for a pic ligand, which is
not significantly bound in the CD, the TON dropped by an order
of magnitude. It is important to note that in these examples the
TON increases, showing that the preorganization has an impact
on the stability of the system. The effect of such preorganization
on the solar to fuel efficiency has yet to be reported.

Cobalt based polyoxometalates (POMs) are water oxidation
catalysts and were preorganized to light absorbing carbon
nanodots using electrostatic interactions.’® The supramolecular
construct was used in light driven water oxidation, resulting in
TONs up to 552. Paille and co-workers investigated metal
organic frameworks (MOF), such as MOF-545 as a light-
absorbing supramolecular host for water oxidation catalysts.*
They chose a POM [(PW034),C04(H,0),]'°" as the WOC, which
was immobilized in the MOF by mild aqueous impregnation
(Fig. 18). This system reached a TON of 70 per POM after one
hour of photocatalysis and could be recovered after catalysis by
filtration, retaining most of its activity. The authors mentioned
that the sacrificial oxidant was limiting the conversion. All
control experiments in which one of the components was
absent, showed low conversion, denoting the importance of
both the catalyst-sensitizer preorganization and enhanced POM
stability when encapsulated. When the supramolecular
assembly is loaded on thin films, the TON is increased 23-
fold.'*

Bonchio et al. wanted to increase the dye-catalyst ratio, as
this is also found in natural photosynthesis. By using a Ru-POM
structure as water oxidation catalyst, a dye-WOC assembly was
formed in 5 : 1 ratio.'** The catalyst intercalated into m-stacked

[2r(15-0){115-0H) {{OH) o H,0) ' >

P,W,4Co,@MOF-545

Fig. 18 The components (left) are the catalytic POM (top) light-har-
vesting porphyrin strut (middle) and structural Zr-cluster (bottom) that
lead to a supramolecular artificial photosynthetic assembly (right).
Used with permission from ref. 99.
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Fig.19 A supramolecular dye-WOC assembly is formedina 5 : 1ratio
when Ru-POM is added to 7t-stacked PBI in water. The Ru-oxo core of
the POM is depicted besides the assembly. Used with permission from
ref. 101.

perylene bisimides (PBI) chromophores and the structure was
likely supported by hydrogen bonds (Fig. 19). The assembly
aggregated into clusters bearing a resemblance to the PS II
architecture as shown by electron microscopy. Transient
absorption revealed very rapid electron transfer (25 ps) to the
catalyst, though the TON was still rather low (~3).

The most studied reaction for solar fuels is water splitting,
with water oxidation the most difficult reaction. A related
reaction to overall water splitting that requires less energy and
is more easily performed is the conversion of H,S to elemental S
and H, gas. Although H,S is not as abundant as water, it is
sufficiently available as a toxic and unwanted side product of
the petrochemical industry. Jing et al. developed a supramolec-
ular Ni-cage that encapsulates the dye fluorescein by hydro-
phobic effects in aqueous solution (Fig. 20).'*> Upon excitation
of the encapsulated dye, the cage framework quenches the
excited state and the cornerstones facilitate proton reduction
with a TON of 433 per Ni atom after 24 hours of irradiation.
Interestingly, the oxidized dye is ejected from the capsule,
preventing recombination, and oxidizing the S*~ ions in the
basic solution to solid elemental sulfur. As such, overall H,S

Fl Ni-TFT

Reaction Container

Fig. 20 The supramolecular Ni-TFT cage (left) has ample space to
encapsulate fluorescein (red ball). A scheme of the overall H,S splitting
at pH 11-13 is depicted (right). The cage encapsulates fluorescein (FL)
and expels the dye as it is oxidized. Used with permission from ref. 102.
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splitting is performed by spatial control over redox events.
Control experiments with a similar mononuclear Ni catalyst and
cage occupying inactive guests both gave approximately 3 times
lower H, formation. More importantly, no elemental S was
observed in those experiments.

5.2 Supramolecular photochemical proton reduction

5.2.1 Supramolecular dye-HEC assemblies. Photocatalytic
generation of hydrogen from a single molecule such as the Rh,-
complexes reported by Heyduk and Nocera,'® is complex and
therefore sparingly reported. A better strategy is to have light
absorbing and catalytic properties in separate components,
which can be self-assembled into supramolecular architectures
for light driven proton reduction. This was primarily explored
for metallosupramolecular dyads based on cobaloximes and
[Fe,(CO)e(p-pdt)] (pdt = propylene-1,3-dithiolate) complexes
and their analogues.

A thorough review of Co based H, generation is available.
Metallosupramolecular cobaloximes were first investigated by
Fihri et al. in the group of Fontecave.'”® They appended a pyr-
idinyl functionalized dye to one axial position of the cobaloxime
(Fig. 21). This led to TON of 103 after 15 hours of
photoirradiation.

These metallosupramolecular complexes used comparable
conjugated dye-catalyst linking ligands, but the question
remained what the influence of the bridging ligand was on
catalytic properties. Therefore, amide coupled analogues were
prepared in the group of Sun, showing that dye-catalyst
assemblies with a CH,-spacer that breaks the conjugation
showed enhanced photocatalytic properties.'*® Most likely, the
conjugated bridge leads to both increased electron transfer rate
as well as unwanted recombination rates.

As [FeFe]-hydrogenase are very efficient and the active site is
based on abundant metal catalysts their mimics are frequently
studied for (light driven) hydrogen production.'*”**® Our group
investigated pyridinyl phosphine appended [FeFe]-hydrogenase
mimics.”® In the presence of Zn-porphyrins, a dye-catalyst
assembly forms which shows hydrogen formation (TON = 5)
under illumination (Fig. 22) in the presence of a tertiary amine
as sacrificial electron donor. Interestingly, only experiments
containing a mixture of porphyrins yielded hydrogen. This
suggest that the active species has two different chromophores,

104

2H"

e
Et;N EtsN

Fig. 21 This dye-HEC assembly sparked interest into supramolecular
assemblies for proton reduction.
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2H* + 2e H,

Fig. 22 The photo active species of an [FeFe]-hydrogenase mimic
bears two different chromophores. Used with permission from ref.
109.

highlighting that asymmetry in the structure plays an important
role for photocatalysis.

As was shown above, encapsulation can lead to stabilization
of hydrogenase mimics. MOFs serve as interesting materials to
encapsulate these complexes in a supramolecular fashion.
Using a well-known MOF (UiO-66) Pullen and Fei et al. applied
post-synthetic exchange (PSE) to partly replace the struts in
a MOF with [FeFe]-hydrogenase mimics (Fig. 23)."° In the
presence of a Ru photosensitizer, light-driven hydrogen
production was observed, which increased three-fold to a TON
of 3 compared to the free catalyst in absence of MOF material.
MOFs based on porphyrins such as ZrPF (e.g. in Fig. 18) are able
to coordinate [FeFe]-hydrogenase mimics in the pores without
PSE."* Again a significant improvement in catalytic activity was
seen up to ~3.6 over 120 minutes compared to similar homo-
geneous complexes with substoichiometric TON (~0.1).

In analogy to MOFs, homogeneous metallo-organic cages
serve as multi-nuclear self-assembled structures that can be
used for light-driven proton reduction. For example, Duan et al.
assembled a tetrahedral supramolecular cage that encapsulates
a fluorescein photosensitizer in the cavity."> The cage is held
together by four Co™-ions that act as structural cornerstones
and catalytic sites for proton reduction (Fig. 24). Upon irradia-
tion a PET event leads to reductions of the metal nodes, which
in turn leads to proton reduction with a TON of 11 000 per cage.

=,

RT H,0
UiO-66 UiO-66-|FeFe]debdt(CO),
L%
e w ° ‘(0
A
e _Y/LI A
‘r = Te_ e e S8 YN
Y \§ \&0
.
% ‘/‘\s
Zr,0,(0OH), CH,0, Fe,C\ H,0,,8,
Zr-Based SBU BDC |FeFe]debdt(CO),

Fig. 23 The [FeFe]-hydrogenase mimic is incorporated into the MOF
structure by PSE. Used with permission from ref. 110.
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Fig. 24 Supramolecular cages self-assemble when a ligand and Co?*
ions are combined in a 1: 1 stoichiometry. The cage encapsulates an
organic fluorescein photosensitizer in a following step. The assembly is
an efficient light drive proton reduction catalyst. Used with permission
from ref. 112.

The host-guest assembly enhances the catalysis as corroborated
by the fact that cage analogues that are too small for dye
encapsulation, operate at lower efficiency. Moreover, competi-
tive binding of equimolar adenosine triphosphate (ATP)
(expelling the dye from the cage) decreased the TON by a factor
6. Clearly the preorganization of sensitizers in a multinuclear
catalytic cage is beneficial to photocatalytic proton reduction.

5.2.2 Dynamic self-assembled interfaces for proton reduc-
tion. Inspired by nature, dynamic interfaces have been used to
study artificial photosynthesis. In biological photosynthesis the
assemblies responsible for light harvesting and catalysis are all
arranged in the thylakoid membrane to assure that the active
compounds are spatially organized and compartmentalized. To
study these membrane effects, micelles and vesicles have been
investigated as support to bear chromophores and catalysts in
artificial photosynthesis."**"** These amphiphilic aggregates
form spontaneously in water and depending on their cone angle
they form vesicles (also known as liposomes), which are bilayer
structures with a water compartment at the inside or micelles
that are single layer analogues with a hydrophobic inside
(Fig. 25).

Bilayers allow for both compartmentalization and organiza-
tion. CS across the membrane can be achieved and with this
also the back electron transfer can be slowed down, as was
shown by Murata and co-workers.'*® They demonstrated elec-
tron transfer from a sacrificial electron donor present in the

Fig. 25 Schematic representation of the influence of cone-angle on
self-assembled lipid topology.
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Fig. 26 A schematic representation of Re sensitizers co-embedded
with [FeFe]-hydrogenase mimics in SDS micelles using ascorbic acid
(H2A in the figure) as a sacrificial proton and electron donor. Used with
permission from ref. 117.

interior of the vesicle to a photosensitizer embedded in the
bilayer. The photoexcited electron is then donated to an
acceptor in the exterior aqueous layer of the vesicle to evolve
hydrogen. The charge of the amphiphilic head group can be
changed to study the effect on catalysis."*®* Wu and co-workers
performed the encapsulation of both the water insoluble chro-
mophore, an [FeFe]-hydrogenase mimic and the sacrificial
electron donor ascorbate (indicated H2A in Fig. 26)."” With
these components in close proximity H, can be produced.
Although TON was low (0.13) the photostability of the catalyst
was enhanced.

Troppmann and Konig studied dye-HEC assemblies preor-
ganized onto membrane bilayers, producing hydrogen with
a TON of 165 (Fig. 27)."*®* Moreover, self-reorganization within
this system is studied by varying the membrane fluidity. More
fluidic membranes result in higher mobility of the embedded
complexes. The use of membranes with higher mobility showed
better performance of the system in terms of H, evolution,
allowing sensitizers and HECs to meet transiently at the
membrane periphery.

These effects were further investigated in the group of
Woutersen and Reek.”® In their system the hydrophobic
hydrogenase mimic as HEC was fully embedded within the
membrane layer (Fig. 28). This system evolved hydrogen with
a TON of 67. The authors found that the membrane effect is two-
fold. In the first place the high local concentration of catalyst in

the vesicles, changes the reaction pathway. Instead of
hv
OH VAR s
o - 54
N \0” ~ — A7 Y N - p
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Fig. 27 Schematic representation of the photosensitizer embedded
and the cobaloxime catalyst in the liposome membrane. The sacrificial
electron donor is triethanolamine.
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Fig. 28 A self-assembled bilayer preorganizes a Ru-photosensitizer
and [FeFe]-hydrogenase mimic for light driven proton reduction. Used
with permission from ref. 119.

protonation after the first reduction event, two of such
complexes lead to disproportionation providing the di-reduced
and nonreduced complex. Secondly, the membrane provides
a constant pH for the HEC as there is no shift in reduction
potential of HEC while varying the pH of the aqueous solution.
This implies that the bilayer provides an environment with
a certain pH that is independent of the exterior.

A seminal paper by Moore, Moore and Gust, describes
amembrane bound CS triad which was used to reduce quinones
at the periphery of the membrane (Fig. 29)."*° The reduced
quinone was protonated at the bulk water interface after which
it diffused to the other side of the membrane, where it delivered
the proton to the interior. This process results in a proton
gradient. Interestingly, CFoF;-ATP synthase, an enzyme that
converts adenosine diphosphate to ATP using a proton flow,
was co-embedded into the membrane. The photogenerated
proton gradient resulted in a proton-motive force, that allowed
the synthesis of adenosine triphosphate (ATP) with a quantum
efficiency of 7%. This supramolecular assembly mimics light-
harvesting as observed in photosynthetic bacteria, using an
ATP-synthase to generate ATP as the fuel. It should be noted

ATP

ADP + Pi

Fig. 29 Covalent artificial reaction center (1) is embedded in a lipid
bilayer, where it reduces quinones (Qs) under illumination. The
quinone imports protons into the vesical formed by the bilayer. The
arising proton gradient is used to drive the CFoFi-ATP synthase
enzyme for the production of ATP. Used with permission from ref. 120.
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that in the natural system light energy is converted into chem-
ical fuel both by the proton gradient across the membrane, as
well as light driven proton reduction to form protonated nico-
tinamide adenine dinucleotide (NADH), and that this system is
one rare mimic of the former.

A similar system was reported in the group of Matile."** Self-
assembled naphthalene diimide (NDI) rigid-rods breached
unilamellar vesicles to allow photosynthetic energy conversion.
EDTA was oxidized at the exterior, while internal quinones
could be reduced at the interior of the vesicle.

Besides vesicles other soft materials can be considered as
exemplified by the supramolecular hydrogel scaffolds reported
Wasielewski and Stupp.' Perylene monoimide amphiphiles
acted as chromophores and self-assembled into a 3D scaffold,
that preorganized HEC using electrostatic interactions.

6 Supramolecular photosynthetic
devices

The state-of-the-art applications for artificial photosynthesis
focused on DSSC and DS-PEC devices, as discussed in Section 2,
suffer from recombination processes lowering the efficiency.
Moreover, the catalytic processes need optimization as they
should require minimal overpotential, are very active and have
sufficient stability. The supramolecular strategies discussed in
Sections 3-5 address some of these issues, but mostly describe
systems that are in homogeneous solutions and are aimed at
understanding the role of supramolecular organization on
(photo)chemical and (photo)catalytic properties of assemblies.
In the next section, we will focus on a few studies that have
actually employed supramolecular strategies in functional
devices.

6.1 Supramolecular DSSC

6.1.1 n-type. In current DSSC the electron transfer between
the redox mediator and the dye is of pure collisional nature.
Supramolecular chemistry provides a tool to preorganize the
mediator to the dye to promote efficient electron propagation
through the system. Berlinguette and co-workers have shown
that dye regeneration can be optimized by halogen bonding
leading to a higher Voc and PCE (Fig. 30).** Furthermore,

=F,Cl,Br
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Fig. 30 The redox mediator binds the dye after electron injection due
to halogen-bonding substituents on the dye. It is then quickly
regenerated and as a result back electron transfer is inhibited. Used
with permission from ref. 123.
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preorganization of Li™-ions close to the dye increases the local
concentration of I, and results in decreased recombination.***

Supramolecular antennae as discussed in Section 3 are
applied in n-type DSSC. J-aggregates have been assembled by
spin-coating Zn-porphyrin solutions onto TiO,."** Interestingly,
free base porphyrins heterogenized on TiO, could be self-
assembled with spherical agglomerates of Zn-porphyrins via
H-bonding diphenylalanine substitutions (Fig. 31)."** The
implementation of such antenna led to a doubling of the DSSC
efficiency showing that implementation of supramolecular
antennae can considerably boost the efficiency in devices.

Additional strategies reported in this area are a TiO, func-
tionalized material with coordinating ligands that bind
porphyrins in multi-chromophoric assemblies.”” It also has
been demonstrated that supramolecular porphyrin assemblies
on TiO, inhibit charge-recombination by stepwise charge
separation.'®

6.1.2 p-type. The p-type DSSC's in general suffer from high
recombination rates, leading to low efficiencies. This needs to
be considerably improved for application or for the construc-
tion of tandem DS-PEC devices. Whereas most work has been
devoted to dye optimization, i.e. the generation of polar chro-
mophores, we have explored the use of supramolecular
approaches to suppress charge recombination. Pseudorotax-
anes are used in p-type DSSC to preorganize the dye and the
redox mediator (Fig. 32). The binding constant of a charge-
carrying ring that acts as the redox mediator is lower upon
photoelectrochemical reduction, improving charge-separa-
tion.” In the first prototype device the famous “blue box”
developed by Stoddart is used as ring and redox mediator. The
dye is functionalized with a naphthalene functional group as
thread (Py), and it is known that upon reduction of the blue box,
the ring loses its affinity for this particular recognition site,
allowing it to dethread to be replaced by another ring. The study
revealed a 10-fold increase in photocurrent in presence of the
ring and the dye with the thread as recognition site, compared
to the control experiments in which this interaction is not

FF-ZnP Assemblies

3
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Fig. 31 Supramolecular antenna complexes are assembled onto n-
type semi-conductors (TiO,) using hydrogen-bonding interactions.
H,-porphyrin acceptor (blue discs) act as the seed for the growth of
Zn-porphyrin antennae acting as energy donor. Used with permission
from ref. 126.
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Fig. 32 Supramolecular interactions are implemented in p-type DSSC using the “blue box” as redox shuttle. The Py dye is heterogenized onto
NiO, and binds the ring prior to excitation. As soon as the ring is reduced, it loses affinity for the chromophore, dethreads and moves away while

carrying the charge. Used with permission from ref. 129.

present. The explanation for the increase in efficiency is two-
fold. Firstly, dye-mediator interactions preorganize the medi-
ator to readily accept an electron from the photo-reduced dye,
preventing charge recombination with the semiconductor.
Secondly, the low local concentration of reduced ring by this
displacement also leads to lower charge recombination.

6.1.3 Supramolecular p/n junctions. Silicon solar cells have
a so-called p/n-junction, a layer of n-doped on top of p-doped
silicon. This p/n-junction provides a driving force for CS,
allowing excited electrons to flow from the anode (p-type) side to
the cathode side (n-type) of the device. A molecular analogue of
such a system consists of an electron donor (D) light-absorber
(C) and electron acceptor (A).

Implementation of supramolecular Zr"-phosphonate
chemistry developed in the group of Mallouk provides a tool to
create layer-by-layer assemblies.”®® By sequentially dipping
a metal-oxide (ITO, TiO,, NiO) coated glass slide in solution of
phosphonic acid functionalized components alternated by
a Zr'"V solution, Meyer and co-workers synthesized an assembly
purely based on molecular components with long lived
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Fig. 33 Molecular p/n-junctions are accessible by supramolecular
Zr'V-phosphonate chemistry. Used with permission from ref. 131.
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Fig. 34 The dye-HEC assembly is anchored to NiO to produce
a functional DS-PEC producing molecular hydrogen under illumina-
tion. The catalyst is preorganized to the dye by a dative, stable during
operation. Used with permission from ref. 134.

photoinduced charge separated states that function as p/n-
junctions (Fig. 33)."*' Electron recombination occurred after
5.6 s for the photoanode and an impressive 26 ms for the
photocathode. This bottom-up approach is very promising for
future hybrid technologies, and has already been implemented
in the preparation of supramolecular DS-PEC (vide infra).
Supramolecular p/n junctions can also be obtained via -7
stacking, NDI's based, zippers. By electronically tuning the
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Fig. 35 Heterogenized dyes bear aliphatic tails, allowing for supra-
molecular preorganization of Ru-WOC in DS-PEC devices. Used with
permission from ref. 137.
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distance. Used with permission from ref. 141.

NDI's via substitutions, a redox gradient can be prepared that
enhances fill factors in optoelectronic devices."*>'*?

6.2 Supramolecular DS-PEC

Although supramolecular DS-PEC development is at a very early
stage, these seminal devices show potential and as such are
a source of inspiration. The first example of a DS-PEC using
supramolecular strategies reported by the group of Wu was
based on pyridine functionalized Ru-dye that was attached via
a carboxylate linker to the NiO semiconductor (Fig. 34). The
pyridine function was used to bind to a cobaloxime HEC.*** This
dye-HEC design was already reported by Fihri et al. for solution
based experiments and discussed above (Section 5.2.1). The
supramolecular strategy to make this device resulted in
a system that produced steady photocurrent suggesting a stable
assembly on NiO. This was verified by absorption studies prior
and after the photocatalysis experiments. The authors reported
68% faradaic efficiency for the production of H,. This work
depicts that even a single dative bond can be sufficient to
prepare dye-HEC assemblies for proton reduction.

Another strategy—for water oxidation this time—was re-
ported by the group of Sun.”* A Ru-photosensitizer was het-
erogenized on a TiO, electrode using phosphate anchoring
groups. Both the Ru-photosensitizer and the WOC were func-
tionalized with long aliphatic chains leading to preorganization
when the WOC was co-deposited with poly(methyl methacry-
late) as supporting polymer material. The aliphatic chain was
crucial to obtain stable light-driven water oxidation catalysis
keeping the catalyst in the polymer matrix. Later, the group of
Concepcion took the same catalyst and combined it with
aliphatic chain functionalized chromophores already hetero-
genized on a metal oxide."® The catalyst self-assembled onto
the hydrophobic layer formed by the chromophores. A follow-up

66 | Chem. Sci, 2021, 12, 50-70

paper used this strategy to arrive at photoanodes for water
oxidation operating at a current density of ~2.2 mA cm™?
(Fig. 35)."*” Clearly, hydrophobic interactions are suitable to
preorganize chromophores and catalysts via self-assembly on
electrode surfaces.

Lastly, Zr-phosphonate chemistry has been used to prepare
dye-catalyst assemblies using a similar layer-by-layer deposition
strategy as described above (Section 6.1.3). This was applied to
water oxidation catalysis***** and proton reduction catalysis."*
In both examples the supramolecular strategy was of added
value as it induced directionality in electron transfer, while
inhibiting recombination from the surface to the catalyst. In an
attempt to prepare an artificial analogue of PS II in terms of
component numbers and their spatial separation, Wang et al.
prepared a multi-component assembly containing acceptors,
donors, chromophores and WOC (Fig. 36).*** Charge-separation
occurred over a distance of 70 A. The layer-by-layer strategy has
recently been extended to supramolecular DS-PEC for CO,
reduction.™?

7 Conclusions

In this perspective we have discussed the use of supramolecular
approaches in the field of solar to fuel devices. Though this
emerging field is still under development, it has already proven
to provide additional tools to control key aspects of artificial
photosynthesis (1) light absorption (2) charge separation (3)
redox catalysis. In addition, such tools can also be used in the
construction of devices based on molecular components. For
the light absorption, supramolecular organization of chromo-
phores leads to the antenna effect and fast directional energy
funnelling and charge-separation in light harvesting systems.
Various supramolecular strategies are available to improve

© 2021 The Author(s). Published by the Royal Society of Chemistry
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catalyst properties. For water oxidation catalysis, two reaction
pathways are known, and the one that proceeds via a dinuclear
mechanism can be stimulated and enhanced by supramolec-
ular preorganization. In addition, supramolecular pre-
organization of the catalyst and the substrate, leading to high
local concentrations, also enhances catalysis as is demonstrated
for proton reduction catalysis. Catalyst stability is one of the key
parameters to optimize, and encapsulation of catalysts in
supramolecular cages can prevent degradation of catalysts, for
example by preventing (dinuclear) disproportionation of reac-
tive intermediates. Supramolecular preorganization can also be
used to construct devices and electrodes, and preorganization
of redox mediators and chromophores in DSSC have resulted in
higher efficiencies.

So far mostly components for artificial photosynthetic
devices have been explored. The next challenge is to implement
the components responsible for the different actions of artificial
photosynthesis in working devices. Next to using components
that use some of the discussed supramolecular strategies, self-
assembly could also be to generate the highly organized,
complex molecular architectures within the device. Supramo-
lecular chemistry does not only enable facile synthesis of
assemblies such as antennae, charge-separating and catalytic
components, it may also allow for their integration into a fully
artificial photosynthetic device. Such an assembly will be
heavily inspired by natural photosynthesis, but may be simpli-
fied and more robust. We are looking forward to the days that
these assemblies are coupled to inorganic materials, showing
high efficiency and stability as operative DS-PEC.
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