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ABSTRACT: Solar fuel generation has attracted vast research interest as
an environmentally benign means of producing energy from sunlight for
catering to the ever growing world energy demands. As an alternative to
inorganic semiconductors, organic polymers have entered the stage as
promising photocatalytic systems offering a yet unprecedented scope for
molecular engineering and precise tuning of optoelectronic properties.
This perspective presents an overview of the development, state-of-the-
art and growth perspectives of this emerging field and highlights recent

advances in photocatalyst design with a particular focus on structure -
property - activity relationships in structurally well-defined 2D polymers for hydrogen evolution.

1. INTRODUCTION

Global energy demands continue to soar due to grow-
ing population and increasing industrialization. With
limited reserves of fossil fuels and rising environmental
concerns, the conversion of solar energy into clean trans-
portable fuels such as hydrogen or methanol is the key to
sustainable growth. Since Honda and Fujishima’s seminal
report' on hydrogen evolution from a TiO, photoanode in
the 1970s, materials research into novel photocatalysts has
reached almost every corner of the periodic table of ele-
ments. Some state-of-the-art developments include sacri-
ficial systems with quantum efficiencies approaching
100% * 3 or photocatalytic composites capable of water
splitting at up to 2% efficiency.* > These rapid advances
show that the US Department of Energy’s (DoE) current
target of 10% solar to hydrogen conversion efficiency® is
not only a desirable but also a feasible goal in photocatal-
ysis research. Despite the research progress thus far,
meeting the DoE cost target® of $2.10 kg” for commercial
deployment still requires significant improvements in
terms of photocatalytic efficiency, stability, and cost.””
Following Honda and Fujishima’s work, there has been
significant focus on inorganic photocatalysts, particularly
the metal oxides and chalcogenide semiconductors and
modifications thereof (e.g. incorporation of dopants,
formation of solid solutions, assembling composites etc;
see the comprehensive reviews by Yang et al® and Oster-
loh et al" for example), since they combine high photo-
catalytic activity with chemical stability, though they are
disadvantaged by limited variability. In contrast, organic
or metal complex-based homogeneous photocatalysts
offer molecular customizability to tune their optoelec-

tronic properties, activity and selectivity.” Furthermore,
their homogeneity enables unambiguous characterization
to better understand the catalytic processes and redox
mechanisms involved, which may be translated into ra-
tional catalyst design. However, the tunability of molecu-
lar photocatalysts comes at the expense of low stability,
challenging synthesis routes, and difficulty in scalability.
A promising compromise between the two is the hetero-
genization of homogeneous photocatalysts by incorporat-
ing the functional molecules within a robust matrix.” This
strategy - in its original conception from the field of con-
ventional (thermal) catalysis' * - can afford highly active
and synthetically tunable “single-site” catalysts which are
molecular in nature, but come with the benefits of heter-
ogeneous catalysts, including ease of separation (and
therefore recyclability) and improved photophysical
properties, and, in many cases, can confer improved
chemical and thermal stability. Such polymeric or “soft”
materials also benefit from properties such as being light
weight, inexpensive and earth-abundant, facilely synthe-
sized, and of relatively low toxicity.

This perspective will provide an overview of the emerg-
ing field of polymer photocatalysis, which has its roots in
the 1980s and finds its most prominent representatives in
1D and 2D carbon nitride polymers based on triazine and
heptazine units. Owing to their strictly alternating C-N
backbones without any C-C or C-H bonds and their re-
sulting electron deficient character, carbon nitride poly-
mers are distinct from classical organic polymers in both
their molecular structures, as well as chemical behavior.
After briefly surveying the key advances and challenges in
carbon nitride chemistry, we will turn to the more general
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and less explored class of organic photocatalysts which
are composed of polymerizable organic monomers, re-
sulting in C-C bonded, mostly n-conjugated polymer
backbones. First demonstrated in 1985 for light-induced
solar fuel synthesis, the one-dimensional, n-conjugated
polymers have since progressed to increasing topological
complexity in terms of dimensionality (1D vs 2D vs 3D)
and structural perfection (amorphous vs crystalline),
thereby setting the stage for an emerging class of molecu-
larly editable organic frameworks for photocatalysis
(Scheme 1). This account will be devoted to photocatalysis
for solar fuel production only; light-assisted organic
transformations subsumed under the term photoredoxca-
talysis'®* will only be discussed at places central to the
photocatalytic system under study.

2. POLYMERS AS PLATFORMS FOR
PHOTOCATALYSIS: DESIGN STRATEGIES

Engaging organic polymeric materials for solar fuel syn-
thesis offer a range of benefits.™ ** As efficient light cap-
ture by the photocatalyst is a primary step in the photo-
catalytic process, organic chromophores, used as building
blocks, provide a virtually unlimited variety of optoelec-
tronic and photophysical properties that can be translated
into the polymer, including high absorption cross section
in the visible range and variable optical bandgaps, high
charge carrier mobilities (n- and p-type) and long-lived
excited states. These properties can further be refined by
choosing suitable combinations of building blocks and
adjusting their ratios or as a function of the degree of
polymerization.
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Scheme 1: Overview of the different classes of polymeric
photocatalysts derived from molecularly tunable building
blocks, which are discussed in this perspective.

Following the harvesting of photons with energies
equal to or exceeding the optical bandgap of the photo-
catalyst, electrons are excited from the valence band into
the conduction band, leaving behind electron holes
(Scheme 2). The electron - hole pairs (excitons) thus

formed may separate into polaron pairs (e.g., within =
200 fs for carbon nitride polymers™*) and need to be suffi-
ciently long lived to effectively diffuse to the catalyst sur-
face where redox processes leading to water splitting or
CO, reduction take place. Interfacial charge transfer for
these reactions in the prototypical inorganic system TiO,
takes place in the micro- to millisecond timescale.”

Choosing building blocks with inherently high charge
carrier mobilities and extending the conjugation length of
the polymer is expected to improve exciton/polaron mi-
gration along the polymer chain or plane. Notably, n-
stacking in 2D polymers can significantly enhance inter-
planar charge migration, thus providing an additional
charge percolation channel perpendicular to the layers.*
Inherently micro- or mesoporous polymers can form
bicontinuous donor - acceptor architectures (heterojunc-
tions) where the host (i.e., the framework) and guest (i.e.,
a species contained in the pores) are phase-separated on
the nanometer scale, which is expected to facilitate
charge separation and to induce proximity effects relevant
for catalysis. This makes porous 2D and 3D polymers
particularly attractive, and even more so if ordered charge
percolation pathways and heterojunction architectures
are accessible, as for example in crystalline covalent or-
ganic frameworks (COFs, see 2.6).

Ordered porosity can also be an asset when it comes to
the catalytic conversion. Typically, a metal co-catalyst is
used to reduce the kinetic overpotential for the redox
process involved, and enabling efficient charge transfer
from the polymer to the catalytic site is the key to prevent
recombination of the charge carriers and to facilitate
substrate conversion. Introducing - through non-covalent
or covalent bonding - the co-catalyst into the pores of
high internal surface area polymers may therefore be an
efficient means to increase catalyst loading and to pre-
concentrate the substrate or sacrificial agents.

A wealth of information regarding the photophysics
and redox catalysis is already available from the research
on organic photovoltaics (OPV) on the one hand,” and
molecular photocatalysts containing metal coordination
complexes, dyes, dyads and triads on the other hand.”®
We expect that findings from these fields will radiate out
into polymer photocatalysis and can be conveniently
adapted to the rational design of new polymeric hetero-
geneous photocatalysts with engineered photophysical
and catalytic properties.
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Scheme 2: Schematic overview of the photocatalytic pro-
cesses in an idealized 2D layered polymeric photocatalyst
with simplified eclipsed representation of the stacking of
individual layers.

2.1 Carbon nitrides

This section is not meant to provide a comprehensive
overview of the ever-growing field of carbon nitride pho-
tocatalysis, and the reader is referred to a number of ex-
cellent reviews on this topic instead.” * Rather, we in-
tend to pinpoint some of the research lines in carbon
nitride chemistry that have led up - both causally and in
parallel - to the emerging field of polymer photocatalysis,
and to highlight differences and commonalities between
the two. Widespread interest in graphitic carbon nitride
(g-C;N,) first arose in the 1990s as it was considered to be
the precursor to the hypothetical 3D B- and cubic phases
of binary carbon nitride, C,N,, which computationally
have been predicted to have ultra-high hardness." **
While g-C,N, has not been unambiguously synthesized in
bulk amounts and there is an ongoing controversy as to
the chemical nature of “graphitic carbon nitride”, interest
in these materials is enjoying a resurgence following the
seminal work of Antonietti, Domen and co-workers, >
who demonstrated that a heptazine-based polymer can
photocatalyze each of the two half reactions of water-
splitting in the presence of sacrificial agents. The material
used in this work, christened “melon” in the 1830s by
Berzelius and Liebig*¥ is now synonymously called
“graphitic carbon nitride” or “g-C;N,” in the current litera-
ture. We will therefore use the terms melon and g-C,N,
interchangeably to maintain consistency in this field. The
structure of melon remained elusive for over 150 years
since its first synthesis, as its amorphous nature and lack
of solubility hamper structural characterization. The
structure of crystalline melon has only been solved re-
cently using a combination of spectroscopic methods,
electron diffraction, and structural modelling. Together,
they reveal that melon consists of heptazine units linked
by secondary amines into one-dimensional polymer
strands, which are hydrogen-bonded into arrays that
stack together as in layered materials (Figure 1, left)3® %
This structural model was also found by Tyborski et al. to
fit best to the powder x-ray diffraction pattern.*’ Results
from neutron diffraction and pair distribution function
analysis also provide experimental support for this 1D
polymeric structure.* More recently, a triazine based 2D
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polymer, poly(triazine imide), PTI (structure shown in
Figure 1, right), was developed by ionothermal synthesis
in salt melts at temperatures beyond 500°C, which was
shown to be photocatalytically active for the hydrogen
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Figure 1: Crystal structures of melon (left) and PTI (right)
viewed along the c-axis3® *

The research interest in these materials stems from its
many advantageous properties for photocatalytic solar
fuel production, including: 1) suitable electronic struc-
tures and band positions, which straddle the redox poten-
tial for water reduction and oxidation while having an
optical gap sufficiently narrow for visible light harvesting;
2) excellent chemical and thermal stability, and 3) ease of
synthesis from inexpensive, earth-abundant precursors.
Carbon nitrides however suffer from severe draw backs,
such as 1) limited chemical diversity, i.e. the limited
number of building blocks available (triazine and hep-
tazine) and their lack of reactivity; and 2) the low rate of
photocatalytic hydrogen and especially oxygen evolution,
which is alleviated in part by the use of noble-metal co-
catalysts and sacrificial electron donors or acceptors. The
moderate activities of unmodified carbon nitrides are
attributed to fast exciton relaxation® and inefficient
charge transfer, which is amplified by their generally low
intrinsic surface areas.” The strategies taken to improve
these limitations generally fall under three categories: 1)
co-polymerization for modulating the optoelectronic
properties such as light harvesting,”  2) compo-
site/hybrid formation for exciton separation,” and 3)
texturization to increase the number of reactive sites.>” >
5° More recently, an increasing trend towards replacement
of noble metal co-catalysts with homogeneous and bio-
inspired systems is noticeable, which is driven by the
need to better understand the photocatalytic mechanism,
and to reduce the overall cost of the system,”* In fact,
quantum efficiencies of 26% under sacrificial conditions
have been attained for a carbon nitride synthesized by the
self-templating precursor urea.” Other promising sys-
tems in terms of activity, earth abundance, and scalability
prepared through judicious selection of the co-catalyst
have also been reported. Prominent examples include g-
C,N, paired with carbon nanodots* or a combination of
cobalt oxide and platinum,’ both of which exhibit com-
plete water-splitting without the use of sacrificial agents.
Despite these successes, the lack of synthetic flexibility
and control over polymer size, composition and defect
levels hinders their photocatalytic improvement, e.g. by

3
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modulation of their intrinsic optoelectronic properties
through modifying the bandgap, carrier localization, or
the electrochemical driving force for hydrogen evolution.
As an example, we and others have shown that the optical
gap and orbital energies (thermodynamics), as well as the
availability of reactive sites (kinetics), are dependent on
the number of heptazine units in the polymer; in turn, all
these properties affect the observed photocatalytic activi-
ty.” ® Examination of how each feature affects the mac-
roscopic properties, including photocatalytic activity, is
challenging given that one cannot systematically vary the
polymer size in carbon nitrides through bottom-up syn-
thetic chemistry; in fact, even the structure of the proto-
type carbon nitride photocatalysts is typically ill-defined.
These drawbacks thus highlight the need of using well-
defined, synthetically flexible systems, such as the poly-
mers and frameworks discussed in the following.

2.2 7-Conjugated linear polymers

Although a new and rapidly emerging field at first sight,
polymer photocatalysis has its roots in the early 1980s,
when in the aftermath of the global oil crisis the daunting
challenge of solar fuel generation by sustainable materials
was recognized. In their seminal work, Yanagida and co-
workers demonstrated H, evolution photocatalyzed by an
organic semiconductor in sacrificial systems for the first
time.®* Poly-p-phenylene (PPP; Figure 2), synthesized by
Ni-catalyzed cross-coupling of 1,4-dibromobenzene or
4,4’-dibromobiphenyl, reduces water in the presence of
amines as sacrificial electron donors. Further analysis of
the structure of the polymer showed that, depending on
the residual bromine content, the average length of a
polymer chain was between 7 and 1n phenylene units
(hence termed PPP-7 and PPP-u, respectively). With a
bandgap of 2.9 eV, which was found to be largely inde-
pendent of the polymer chain length as determined by
photoacoustic spectroscopy, PPP-11 shows a hydrogen
evolution rate of 2.1 pmol h™ using diethylamine as sacrifi-
cial electron donor (see also Table 1). It is of note that PPP
powder synthesized from benzene according to the Kovacic®
method was photocatalytically inactive under similar condi-
tions. This may hint to the active role residual Ni metal, intro-
duced through the cross-coupling reaction, could play as a co-
catalyst. In fact, while apparent quantum efficiencies
(AQESs) of < 0.04 (A > 290 nm) were recorded for the as-
synthesized polymer, the use of photodeposited colloidal
noble metal co-catalysts such as ruthenium dramatically
improves the rate by a factor of 9 when compared with
unloaded PPP in methanolic trimethylamine solution
under full spectrum irradiation, yielding an AQE,,, of
0.015 at A = 405 nm.* Nevertheless, nonmetallized PPP was
found to more efficiently photocatalyze the reduction of car-
bonyl compounds and electron-deficient olefins by triethyla-
mine (TEA) in methanol as compared to Ru-loaded PPP. No-
tably, for example, the reduction of methyl benzoylformate to
methyl mandelate in the presence of PPP-11 proceeded in 78%
yield without the formation of other reduction products after a
3h irradiation period.”® The authors rationalize the ob-

served photocatalytic activity by the chain geometry of
PPP which upon photoexcitation may form a quinoid-like
substructure giving rise to intra- or intermolecular
charge-separated states aiding charge transfer to or from
the polymer backbone. However, the low density of the
polymers suggests out-of-plane twisting of the p-
phenylene chains, thereby giving rise to an increase in the
ionization potential with increasing chain length. This
may assist charge carrier localization in solid PPP and,
concomitantly, give rise to a contribution of electrons exist-
ing in excitonic states rather than from free electrons in the
conduction band.*

Heteroatom substitution is known to reduce the
bandgap, hence improving the light harvesting ability of a
photocatalyst. A linear polymer containing pyridyl units
(PPy; Figure 2) was synthesized by Ni-catalyzed Yamamo-
to coupling of 2,5-dibromopyridine. Compared to an opti-
cal gap of 2.9 eV in PPP, PPy shows a reduced bandgap of
2.4 €V.” This observed red shift in the absorption spectra
of PPy coupled with better photoinduced charge separa-
tion, results in an almost 10-fold enhancement for hydro-
gen evolution by PPy under visible light irradiation
(>400 nm) compared to PPP. The rate of photocatalysis
was improved further by a factor of 14 in the presence of
colloidal Ru as co-catalyst.”® Interestingly though, the
observed products of the photoreduction of carbonyl
compounds suggests that a sequential two-electron trans-
fer reduction is operative in PPy, rather than the one-
electron pathway observed for PPP.

The authors reason that the photoexcited state in PPy is
reductively quenched by the sacrificial electron donor,
hence resulting in the formation of an anion radical
which is better stabilized by the pyridine rings (Scheme 3)
as compared to the phenyl rings in PPP. The PPy struc-
ture is expected to be more co-planar than the PPP back-
bone owing to the smaller steric hindrance between the
hydrogen atom at the 6-positions and the nitrogen atom
of the neighboring pyridine ring. It is this coplanar geom-
etry in PPy that should stabilize, through delocalization,
the radical anion that is formed upon reductive quench-
ing with an electron donor (Scheme 3; P, Q and R). In
addition, the authors present evidence for the formation
of a hydrogenated PPy intermediate occurring through a
photo-Birch reduction (Scheme 3; A, B, C and D), which
may play an important role in the photoreduction of ke-
tones with very negative reduction potentials. In other
words, two different photoreduction mechanisms may be
at play in PPy, the dominance of which depends on the
reduction potential of the involved substrate, namely
direct electron reduction via radical anion or bipolaron
states (Scheme 3; P, Q, R) vs. photo-induced hydride
transfer through the hydrogenated PPy intermediates
(Scheme 3; A, B, C and D).
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Figure 2: Structures of linear polymers: poly-p-phenylene
(PPP), polypyridine-2,5-diyl (PPy) and oligomers used for
photocatalysis. * 7%

An interesting question is whether there is a minimum
polymer length for which photocatalytic activity is ob-
served. This question was addressed by Matsuoka et al.
who compared a series of linear oligomeric p-phenylene
chains OPP-n (n=2-6)"° with each other and with their
pyridine analogues (OPy-3 and OPy-4; Figure 2).* They
found that three p-phenylene (OPP-3) units were neces-
sary for photoinduced charge-separation and, hence,
hydrogen evolution to occur; the hydrogen evolution
efficiency increased with increasing chain length. Inter-
estingly, the efficiency also scaled with the solubility of
the oligomeric model catalysts, giving rise to more effi-
cient hydrogen evolution in the more soluble systems in
which homogeneous catalysis may prevail over heteroge-
neous contributions, albeit at the expense of lower long-
term stability. OPP-3 was also shown to photocatalyze the
photoreduction of CO, to formic acid and CO in the pres-
ence of triethylamine as a sacrificial electron donor.” Use
of electron mediators such as Cobalt(IlI) complexes of
cyclam  (1,4,8,11-tetraazacyclotetradecane or related
tetraazamacrocycles) facilitates electron transfer from the
radical anion of OPP-3 to CO,. Mechanistic and kinetic
studies suggest the formation of intermediate Co-CO,
adducts that assist the electron transfer and improve the
overall efficiency of the photoreduction.””

7 N N\ \_/ 7 N N
N= N=" N=" N N= N=

4
N

Scheme 3: Proposed mechanism of PPy/OPy-catalyzed
photoreductions, which is also invoked to operate in
PPP/OPP-type systems. Adapted from reference 68 with
permission from The Royal Society of Chemistry.
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The oligomeric systems OPy-n (n = 3 or 4; Figure 2)
show similar quantum yields at A = 313 nm, which are
however superior by at least one order of magnitude to
those of their phenyl counterparts OPP-n.* Investigations
using y-radiolysis, pulse radiolysis and laser flash photoly-
sis revealed that, like for the OPP-n systems, the primary
photocatalytic processes in these oligomers involve reduc-
tive quenching of the photoexcited singlet state by the
sacrificial electron donor triethylamine, giving rise to the
anion radical OPy-n" and the TEA* radical cation, fol-
lowed by noble metal mediated electron transfer from the
anion radical to the protons, thereby evolving hydrogen
gas (Scheme 4). Photoreduced RuCl, acts as an electron
relay, which is crucial for efficient charge separation and
transfer to occur. The protonation of the anion radicals
occurs in competition with electron transfer, thus leading
to photodegradation of the oligomers and loss of photo-
catalytic activity. The radical cation (TEA®) further
hydrolyzes to give diethylamine and acetaldehyde
(Scheme 4).

OPy-n+hy —> 10Py-n*
1OPy-n* —> 3OPy-n*
1OPy-n*+ Et;N ——>  OPy-n""

30Py-n*+Et;N ——>  OPy-n"

OPy-n"" —> OPy-n+t+e
3¢ +RuCl; ——> Ru’
e +H —R .y,

OPy-n*+ H* —> OPy-n-H’

2h,,~H* OH™
Et,N—-CH,CH, —* ", Et,N*CHCH, ——_, Et,NH + CH,CHO

Scheme 4: Hydrogen evolution mechanism using pyridine
oligomers as photocatalysts. Adapted with permissions
from references 69 and 66 from The Royal Society of
Chemistry and the American Chemical Society.

Nearly two decades after Yanagida’s work, the interest
in organic polymeric semiconductors for photocatalytic
hydrogen evolution is back.”*  Using low molecular
weight conjugated phenylene oligomers with up to six p-
substituted phenyl rings, Cooper and co-workers noted an
increase in photocatalytic hydrogen evolution with in-
creasing oligomer size.”” As a means of increasing conju-
gation across the polymer chain, a bridging group be-
tween the phenyls in the linear oligomers was introduced.
The lowering of the torsional angle leads to greater charge
delocalization. The result of decreasing the optical gap
can be seen in an increased hydrogen evolution rate when
compared with the non-planar polyphenyl oligomers. The
authors propose that the increased efficiency of the pla-
nar analogues primarily stems from longer charge carrier
lifetimes, induced by the increased conjugation length,

5
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thus pointing out important design principles affecting
the charge carrier dynamics in polymer photocatalysis.

P1K: by Kumada coupling
P1S: by Suzuki coupling

X =C(Me),; P2
CH,; P3
N-H ; P4
N-Me ; P5
S; P6
SO, ; P7

O~

Figure 3: Structures of poly-p-phenylenes synthesized by
Kumada (PiK) and Suzuki coupling (P1S) and planarized
polymers with carbon or heteroatom substitution (P2-P7).
Adapted from reference 75 under a Creative Commons At-
tribution License.

A further extension in the conjugation length by
polymerization led to a series of linear polymers (Figure
3) that include poly-p-phenylenes synthesized by Kumada
(P1K) or Suzuki coupling (P1S).” Analogous conjugated
co-polymers with phenyl 1,4-diboronic acid and planar-
ized units such as fluorene (P2, P3), and with heteroatom
substitution - carbazole (P4, Ps), dibenzo[b,d]thiophene
(P6) and dibenzo[b,d]thiophene sulfone (P7) - were also
prepared. The photochemical hydrogen evolution shows
an increasing trend when compared with the other linear
analogues (PiK; 2.0 pumol h™ and PiS; 3.9 umol h™) upon
planarization and heteroatom substitution from CMe,
(P2; 83pumolh™) to N-H (P4; 7.8 umolh™), S (P6;
26.6 umol h™) and SO, (P7; 92.2 pmol h™) in methanolic
triethylamine under > 420 nm irradiation. The optical
bandgap of the polymers shows a narrow distribution
from 2.72 to 2.86 eV thus leading to very similar light
harvesting abilities. Furthermore, DFT calculations do not
indicate significant differences in the thermodynamic
driving force for proton reduction in these polymers.
Thus, a combination of longer charge carrier lifetime,
higher charge carrier mobility arising from planarity, and
increasing rigidity of the polymer network was elaborated
as a plausible explanation for the observed trend.

2.3 All-polymer nanocomposites

Heterojunction design, i.e. casting two types of poly-
mers with complementary bandgap into nanoscale bicon-
tinuous donor-acceptor architectures, can be a suitable
method for facilitating the separation and extraction of
photogenerated charge carriers. Coupling low bandgap
polymers with high charge carrier mobility as photosensi-
tizers with organic polymers having the desired bandgap
and band level alignment for photocatalytic hydrogen
evolution can lead to higher photocatalytic activity. Het-
erojunction designs have successfully been used in OPV
for photocurrent generation and are expected to improve
the separation of photogenerated electron-hole pairs

following exciton formation. Poly(3-hexylthiophene)
(P3HT) - a semiconductor with an optical gap of 1.9-2.1 eV
- when mixed with g-C;N, results in a 300-fold improve-
ment in hydrogen evolution when compared with pristine
g-CN, using sulfide/sulfite as the sacrificial electron do-
nors with Pt as the co-catalyst.”® Using as little as 3 wt% of
P3HT (with g-C,N,) leads to a high H, evolution rate of
560 pmol h™. Photoluminescence (PL) quenching studies
show a decrease in intensity of g-C;N, emission upon
addition of P3HT. Nearly 60% PL intensity of g-C;N, was
quenched with the addition of mere 1wt% P3HT, thus
suggesting efficient charge transfer between the two
components (Figure 4a).

g-C;N,  P3HT

Figure 4: Proposed mechanism for photocatalytic hydrogen evolu-
tion using a g-C3N4 nanocomposite with conductive polymers. a)
With P3HT in the presence of sacrificial electron donor and b)
with PPyr without sacrificial agent. Reproduced from reference 76
and 77 with permission from The Royal Society of Chemistry.

Another conductive organic polymer employed to form
a bulk heterojunction with g-C;N, is polypyrrole (PPyr).
Using 1.5 wt% of PPyr in the nanocomposite, a 50-fold
increase in hydrogen evolution was observed in the pres-
ence of Pt co-catalyst without any sacrificial electron
donor.” The authors argue that the use of conductive
polymers increases the surface electronic conductivity
and facilitates the transport of the photogenerated elec-
trons and holes. As the valence band (VB) and conduction
band (CB) of the conducting polymers are more negative
than the VB and CB of g-C;N,, the conducting polymer
also acts as a photosensitizer, transferring electrons in the
photoexcited polymer to g-C;N, and thus more electrons
are available for proton reduction. The holes in turn are
either quenched by P3HT acting as sacrificial electron
donor or oxidize hydroxide ions, yielding H,O, when used
in pure water (Figure 4b).

2.4 Conjugated Porous Polymers

Organic two-dimensional (2D) polymers exhibit ex-
tended m-conjugation combined with structural and tex-
tural micro- or mesoporosity; the systems discussed in
this section are invariably amorphous, i.e. do not possess
long-range order. 2D porous polymers have been exten-
sively explored in areas such as gas adsorption, heteroge-
neous catalysis, and sensing.”® As photocatalysts for solar
fuel generation, however, these polymers have hardly
been investigated to date. In fact, only a handful of sys-
tems besides the ubiquitous carbon nitrides have been
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reported. Miillen and coworkers prepared a series of
poly(azomethine) networks (ABi-AB4; Figure 5) using
1,3,5-tris(4-aminophenyl)benzene (A) with bifunctional
aromatic aldehydes containing benzene (B2), naphthalene
(B3) and anthracene (B4 and Bs) cores.” Using DFT cal-
culations the authors show that the positions of the HO-
MOs largely lie on the aromatic chromophore containing
the aldehydic groups (Figure 5 c¢ and c). This in turn in-
fluences the light harvesting properties of the polymers as
seen in their optical bandgap which ranges from 2.38 to
1.96 eV. Using triethanolamine as sacrificial electron do-
nor and Pt as co-catalyst, the amount of photocatalytical-
ly produced hydrogen was found to be 1.5, 6.7, 6.2 and
0.7 pumol h™ for AB1, AB2, AB3 and AB4, respectively. The
lower photocatalytic activity of AB4 in comparison to AB3
in spite of similar optical bandgaps presumably arises
from poorer charge transport in the former due to the
higher torsional angle of the chromophore (B4) in the
polymer. These results clearly point to the fact that the
optical gap is an important but not the sole factor in de-
termining photocatalytic activity.

a —> AB1

ouc—@—cuo
B1
NH OHC
2 " C“O — > AB2
B2
O + OHCH\ )
" O O " 33 CHO —> AB3
2 A 2
OHC @ CHO
9,

)

—> AB4

B4

Figure 5: a) Building blocks of 2D polymers (AB1-AB4) syn-
thesized from 1,3,5-tris(4-aminophenyl) benzene (A) and a
series of bifunctional aromatic aldehydes - terephthalalde-
hyde (B1), naphthalene-2,6-dicarbaldehyde (Bz), anthracene-
2,6-di-carbaldehyde (B3) and anthracene-9,10-
dicarbaldehyde (B4). b & ¢) Graphical HOMO representation
of the model segments from AB3 (b) and AB4 (c) obtained by
geometry-optimized DFT calculations (B3LYP, 6-3uG**).
Adapted from reference 79 with permission from The Royal
Society of Chemistry.

Using the statistical copolymerization approach, the
Cooper group reported a series of conjugated mi-
croporous polymers (CMPs) where the optical gap was

Chemistry of Materials

tuned by changing the proportions of phenyl and pyrene
building blocks.”* The chromophores were introduced
into the polymers by Suzuki-Miyaura coupling using 1,4-
benzene diboronic acid (A) and 1,2,4,5-
tetrabromobenzene (B) as phenyl precursor, while the
1,3,6,8-tetraboronic pinacol esters of pyrene (C) and
1,3,6,8-tetrabromopyrene (D) were the sources for the
pyrene chromophore. Under visible light (> 420 nm) irra-
diation, all CMPs showed steady hydrogen production
using diethyl amine as the sacrificial electron donor with-
out any added noble metal co-catalyst (Figure 6). As a
direct consequence of bandgap engineering, the polymers
show an increasing hydrogen evolution rate with decreas-
ing optical gap from 2.95eV for CMP1 (1 umol h™) to
2.33eV for CMP1o (17.4 pumol h™). A further decrease in
bandgap, however, led to a decrease in photocatalytic
activity that was attributed to either an increased non-
radiative electron-hole recombination or an increase in
electron transfer barrier between the polymers and pro-
tons in the pyrene-rich CMPs. 2D conjugated polymers
thus bring together essential elements of linear polymers
in terms of conjugation and easy synthesis. Additionally,
they offer the added benefits of extended n-overlap across
and, in some cases, perpendicular to the layers, porosity
and increased robustness of the chromophors by locking
them in place through the network formation.
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Figure 6: Conjugated microporous polymers (CMP 1 to 15)
synthesized by statistical co-polymerization of the four mon-
omers A, B, C and D. The CMPs show a steady decrease in
optical bandgap (red squares) as a function of increasing
pyrene content. Upon irradiation with visible light for 6
hours using diethylamine as sacrificial electron donor, the
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copolymers show sustained photocatalytic hydrogen evolu-
tion (blue circles) with a maximum observed rate at a
bandgap of 2.3 eV. Adapted from reference 20.

2.5 Covalent Triazine Frameworks (CTFs)

CTFs*® represent a bridge between the carbon nitride
class of materials and conjugated organic polymers, com-
bining the thermally stable and robust triazine motif from
PTI-type carbon nitrides with variable, rigid aromatic
linkers to extend the m-conjugation and functionality as
found in conjugated polymers. Unlike carbon nitrides
though, CTFs are inherently micro- and mesoporous 2D
polymers and, as such, are more akin to the broader class
of m-conjugated porous polymers and covalent organic
frameworks, depending on their structural order. CTFs
are prepared under ionothermal conditions by the trimer-
ization of aromatic nitriles using a Lewis or Brensted acid
catalyst, typically either ZnCl, or trifluoromethanesul-
fonic acid. Depending on the linker and synthesis condi-
tions, the porous frameworks typically have high nitrogen
contents and multimodal pore size distributions with a
high fraction of ultramicropores and BET surface areas up
to 3000 m” g”, which render them also interesting candi-
dates for carbon capture and storage with high CO, over
N, selectivity.® > * Modelling of the optical®” and elec-
tronic structures® has recently shown that some CTFs,
namely CTF-o and CTF-1, have frontier orbitals that
straddle the water reduction and oxidation potentials
while having energy transitions sufficiently narrow for
visible light excitation (Figure 7). Combined with their
porous morphology, their optoelectronic properties make
them promising photocatalysts for water splitting. Alt-
hough photocatalytic hydrogen and oxygen evolution in
sacrificial systems have been claimed for CTF-1%, our
investigation indicates that only phenyl triazine oligo-
mers (PTOs) are substantially active as hydrogen evolu-
tion catalysts. The extended polymer CTF-1, synthesized
following the original conditions (400 °C using ZnCl,), has
only minute hydrogen evolution activity, which may be
attributed to extensive carbonization of the material.*
Reducing the synthesis temperature (to 300 °C) and the
ZnCl, to precursor ratio yields incompletely condensed
yet active photocatalysts for hydrogen evolution, with
activities exceeding those of the benchmark carbon ni-
trides PTI and melon.*” Such triazine-based oligomeric
chains and rings with residual nitrile terminations show
increased crystallinity and hydrophilicity, which improves
their dispersion in aqueous solution. In addition, the
nitrile function may provide anchoring sites to the Pt co-
catalyst and facilitate interfacial charge transfer of the
photoelectrons to the substrate.”

CTF-2
2
g1 | cBm CBM Ll
o}
€ ¥
= H'/H,
% 2.49 eV 2.42 eV 2.07 eV
=S 14
£ 0,/H,0
£ o] | vey |
A VBM VBM
34
CTF-0 CTF-1 CTF-2

Figure 7: Structural motifs of covalent triazine frameworks
CTF-o, CTF-1, and CTF-2 (above), and their calculated elec-
tronic structures (below). Adapted from reference 92 with
permission from The Royal Society of Chemistry.

Hence, while the optoelectronic properties dictate
whether the thermodynamic requirements for photocata-
lytic hydrogen evolution are satisfied, the kinetics of
charge transport and charge transfer at the polymer-
solution interface are influenced by the material’s interac-
tions with the substrates and/or co-catalyst(s), which are
determined by the moieties present at the polymer termi-
nations. The role of such “functional defects” thus high-
lights the necessity of considering kinetics in addition to
the underlying thermodynamics in the synthetic design of
photocatalysts based on organic polymers.

2.6 Covalent Organic Frameworks (COFs)

The special charm of COFs lies in their inherent crystal-
linity which the aforementioned 2D organic polymers
conspicuously lack. COFs are 2D or 3D frameworks which
are formed from di- or multitopic rigid aromatic linkers in
solvothermal reactions. The reversibility in bond for-
mation between the building blocks, using dynamic cova-
lent chemistry protocols, dictates the long range order in
these materials. Hence, COFs are well defined materials —
on the local level and periodically - that feature high
surface areas and porosity in the micro- and mesopore
range.”*> However, as condensation reactions are typical-
ly employed to realize reversibility in bond formation,
this comes at the expense of network stability, specifically
with respect to hydrolysis. For this reason, a large number
of COFs are primarily investigated for gas storage and
separation or their optoelectronic properties.> %7

With increasing complexity of the building blocks used
in COF synthesis and the development of suitable linking
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schemes came the era of stable COFs that helped diversify
the range of applications for this class of crystalline po-
rous polymers. Important landmarks in this regard in-
clude hydrazone®® and azine® linkages as well as the
‘locking strategy’ devised by the Banerjee group' ' for
providing stability to the imine linkage through a keto-
enol tautomerism. More importantly, the introduction of
electro-* and photoactive organic chromophores capable
of light harvesting, photoactivation and
photoconduction®® 7 '%3™°° led to the recognition of COFs
beyond classical porous materials and became an im-
portant stepping stone for the development of COFs for
solar fuel production by our group.

Condensing a porphyrin skeleton (copper(Il) 5,10,15,20-
tetrakis(4-aminophenyl)porphyrin) with squaric acid,
Jiang and coworkers synthesized a stable COF (CuP-SQ)
with extended n-conjugation within and perpendicular to
the COF plane, resulting in a small bandgap of 1.7 eV."”
The COF shows promising photocatalytic activity by trig-
gering the activation of molecular oxygen to form reactive
singlet oxygen. The authors conclude that the =-
conjugated COF architecture facilitates charge transfer,
thus demonstrating the possibility to use the inherent
photoactivity of the COF building blocks to participate in
chemical transformations.

Combining the salient features of COFs such as crystal-
linity, porosity and stability with the ability of extended
visible light harvesting led to the genesis of COFs capable
of photocatalytic hydrogen evolution. Using 1,3,5-tris-(4-
formyl-phenyl)triazine ~ (TFPT) and  2,5-diethoxy-
terephthalohydrazide (DETH) building blocks, we devel-
oped a hydrolytically stable hydrazone-based COF pos-
sessing a bandgap of 2.8 eV.*® Using ascorbic acid as sac-
rificial electron donor and Pt as co-catalyst, TFPT-COF
showed sustained hydrogen evolution for up to 3 days
under visible light irradiation for the first time. Apparent
quantum efficiencies of around 2% put this COF system
on par with prototypical carbon nitride photocatalysts,
with large scope for optimization still available, both at
the building block and the framework level. Although
long term photocatalysis led to a loss in long range order
(but not activity) of the COF, likely due to exfoliation,"*
crystallinity was re-installed after photocatalysis by sub-
jecting the COF to the initial synthesis conditions.

Efficient light capture and high porosity of COFs also
provide an ideal platform for anchoring photocatalytically
active nanoparticles to the COF. Here, the latter primarily
acts as a sensitizer and provides a large surface area scaf-
fold which can increase the catalytic activity of the nano-
particles. Combining CdS nanoparticles with a COF syn-
thesized from 1,3,5-triformylphloroglucinol with 2,5-
dimethyl-p-phenylenediamine, Banerjee and co-workers
developed a hybrid system that shows significantly im-
proved photocatalytic hydrogen evolution using lactic
acid as sacrificial electron donor and Pt as co-catalyst.”™
The photocatalytic hydrogen production increased about

Chemistry of Materials

30-fold to 3678 pmol h™g™ using a CdS-COF (90:10) hybrid
compared to a rate of 128 umol h™g” with CdS alone.

As with linear polymers, the key idea for exploring
COFs as photocatalysts is to avail the richness of organic
chemistry in providing readily tunable building blocks.
We synthesized a series of 2D azine-linked COFs using a
triphenylarene platform that was tuned for photocatalytic
water reduction through molecular engineering (Figure
8)." The building blocks included hydrazine and tri-
phenylarylaldehydes differing in the number of nitrogen
atoms (from zero to three) in the central aryl ring. This
subtle modification on the local molecular level translates
directly into varying degrees of planarity of the building
blocks which in turn leads to gradual changes in the over-
all crystallinity, morphology and optoelectronic proper-
ties of the resulting COFs, clearly in consonance with the
nitrogen content. Although all four COFs showed similar
absorption profiles with an optical bandgap between 2.6
and 2.7 eV, the increase in nitrogen content and hence
the planarity of the building blocks led to a gradual in-
crease in porosity and crystallinity from N,-COF to N,-
COF.
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Figure 8: Modulating covalent organic frameworks for pho-
tocatalytic hydrogen evolution. a) A platform for synthesiz-
ing COFs with gradually varying nitrogen content. b) Struc-
ture of the N,-COFs. ¢) TEM image of N,-COF. d) Increasing
photocatalytic hydrogen evolution activity as a consequence
of molecular engineering. Adapted from reference 11 under a
Creative Commons CC-BY license.

Interestingly, with each isolobal substitution of C-H by
N in the central aryl ring of the COF platform, a fourfold
increase in hydrogen evolution was observed under visi-
ble light irradiation. The average amount of hydrogen
produced by the series N, N,, N, and N,-COF was found
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to be 0.1, 0.4, 2.2 and 8.5 pumol h”, respectively. Analysis of
the COFs after photocatalysis did not indicate any notice-
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able change in connectivity or long range order.
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Table 1: Summary of the photocatalytic activities and quantum efficiencies (where given) for hydrogen production re-
ported for organic polymeric semiconductors. Detailed experimental conditions are given below.

Photocatalyst

PPP
PPP-n
PPP-11-Ru
PPy (with Ru)
PiK
P1S
P2
P3
P4
Ps
P6
p7
3 wt% P3HT -g-C;N,
1.5 wt% PPPyr-g-C,N,
AB1
AB2
AB3
AB4
CMP1
CMP2
CMP3
CMP4
CMP5
CMP6
CMPy
CMP8
CMPg
CMP10
CMPu
CMP12
CMP13
CMP14
CMP15
PTO
CTF-1
TFPT-COF
CdS - COF (90:10)

Optical gap ~ BET Surface

(eV) Area (m”g")
2.9 39.1
2.9 44
2.9

2.4
2.79 -
2.78 -
2.79 -
2.86 -
2.72 -
2.78 -
2.77 -
2.70 -
1.89

2.75
2.38
2.46

2.10

1.96
2.95 597
2.69 682
2.61 710
2.54 684
2.53 734
2.5 726
2.47 339
2.42 1056
2.38 762
2.33 995
2.24 770
2.1 987
2.07 1710
1.96 1525
1.94 1218
3.2 19
2.94 19
2.8 1603

174

ACS Paragon Plus Environment

Activity (umol h™)

visible light

0.03
0.1
0.3
2.5
2.0
39
83
0.1
7.8
2.2

26.6

92.0

560

1.0 £ 0.1
1.4 +0.1
1.8 £ 0.2
2.4 0.1
3.0 £ 0.2
2.6 £ 0.2
2.9 £0.2
6.0 £ 0.6
10.9 £ 0.1
17.4 £ 0.9
2.0£0.2
1.4 +0.2
1.0 £ 0.1
<0.1
0.2 £<0.1
10.8
250
19.7
110

full spectrum

2.1

0.6
5-5

10.3
14.3
43.6
492
351
27.3

102.4

145.0

15.4
1.5
6.7
6.2

0.7

QE (%)

<0.04

0.015
0.21

0.13

110

2.25

2.9

13.4
79
5-4
53
93
5.8
5.7
53
3.8
4.2
0.5
0.6
0.4
0.2
0.3
5-5
2.4
2.2

4.2

Conditions

rA— I I ITIT T I ITTITITITITITITTOOOOOTT®IXRHITOUOUOOOOUON®m®m >

64
66
66
68

75
75
75
75
75
75
75
75
76
77
79
79
79
79
74
74
74
74
74
74
74
74
74
74
74
74
74
74
74
90
89
108

110

Ref.
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N,-COF 2.67 702
N,-COF 2.68 326
N,-COF 2.62 1046
N,-COF 2.65 1537

Chemistry of Materials

0.1 - M 11
0.4 0.08 M 1
2.2 0.19 M 11
85 0.44 M m

A: 20 mg polymer in water/diethylamine (1:1) solution, irradiated by 300 W mercury lamp. Full spectrum (>290 nm). Visible light irradiation
at >400 nm with 10 mg polymer in water/diethylamine (1:3). Apparent quantum yield.

B: 10 mg polymer in water/MeOH/triethylamine solution with (Ru 1.4%) co-catalyst, irradiated by 300 W Xe lamp. Full spectrum (>290 nm).

Apparent quantum yield at 405 nm.

C: 10 mg polymer in water/MeOH/triethylamine solution, irradiated by 300 W halogen lamp fitted with a sodium nitrite solution filter. Visible

light (>400 nm). Apparent quantum yield at 450 nm.

D: 25 mg polymer in water/MeOH]/triethylamine solution, irradiated by 300 W Xe lamp. Visible light (>420 nm) and full spectrum (>325 nm).

Apparent quantum yield at 420 nm.

E. 300 mg polymer with Pt co-catalyst in 0.25 M Na,S-0.25 M Na,SO; solution, irradiated by 300 W mercury lamp. Visible light (>400 nm).

Apparent quantum yield at 420 nm.

F. 100 mg polymer with Pt co-catalyst in water, irradiated by 300 W Xe lamp using simulated solar light.

G. 100 mg polymer with Pt co-catalyst in 10 vol % triethanolamine solution irradiated by 300 W Xe lamp. Full spectrum (>300 nm).

H. 100 mg polymer in 20% diethylamine solution in water, irradiated by 300 W Xe lamp. Visible light (>420 nm). Absolute quantum yield.

I. 10 mg photocatalyst with Pt co-catalyst (2.5 wt%) in phosphate buffer and triethanolamine irradiated under simulated sunlight (AM1.5). Ap-

parent quantum yield at 400 nm.

J. 80-100 mg photocatalyst with Pt co-catalyst (1 wt%) in water (70 mL) and triethanolamine (10 mL) irradiated under visible light (>420 nm).

Apparent quantum yield at 400-440 nm.

K. 4 mg polymer in triethanolamine solution irradiated by 300 W Xe lamp. Visible light (>420 nm). Pt co-catalyst. Apparent quantum yield at

400 nm.

L. 30 mg polymer in lactic acid solution irradiated by 400 W Xe lamp. Visible light (>420 nm). Pt co-catalyst. Apparent quantum yield at 420

nm.

M. 5 mg polymer in PBS buffer and triethanolamine with Pt co-catalyst irradiated by 300 W Xe lamp. Visible light (>420 nm). Apparent quan-

tum yield at 450 nm.

3. Outlook

The advent of organic electronics in the early 1990s,
materialized in polymer solar cells, field-effect transistors
or organic light-emitting devices, has transformed our
daily lives ever since. It is of little surprise that plastic
electronics has become a vital branch of material science
and one of the most transformative, and steadily growing,
technologies over the past thirty years. Given the maturity
of this field on the one hand, and the explosive growth of
energy materials of just about all stripes on the other, the
virtual absence of systematic studies into organic poly-
meric photocatalysts - besides the ubiquitous carbon
nitrides - is stunning. And yet, drawing on the unique
achievements and materials kaleidoscope organic elec-
tronics has to offer, the field of organic photocatalysis is
up for a head start with little inertia to be expected.

One of the arguably most promising polymeric photo-
catalysts — carbon nitrides - have already been consoli-
dated, testifying not only to the potential of polymers as
energy materials, but sensitizing also for their shortcom-
ings. Despite the numerous breakthroughs achieved in
carbon nitride photocatalysis in recent years, many as-
pects of the reaction mechanism and structure-activity
relationship in these systems need further exploration.
Even though the bulk structures of the prototypical car-

bon nitrides melon and PTI have been largely deter-
mined, elucidation of their local molecular structures —
the terminations and “defects” at the solid—liquid inter-
face which are considered to be catalytically relevant
sites®  — is far more challenging given that bulk averag-
ing characterization techniques are inapplicable. Addi-
tionally, these materials lack the chemical reactivity for
conventional organic reactions, limiting variability in
their structure and the rational insertion of catalytically
relevant moieties using synthetic methods. On the other
hand, carbon nitrides possess a range of unique features
which need to be conserved or emulated in future poly-
meric photocatalysts. Among these, extremely high ther-
mal and chemical stability as well as appropriate band
level positions for water splitting and CO, reduction are
the most important ones to name.

As a first step in this direction, the first photocatalytic
platforms based on m-conjugated organic polymers have
been developed, the synthetic flexibility of which enables
the rational incorporation of functional groups, whilst
providing a rigid and lightweight backbone for heteroge-
neous photocatalysis. The tunable nature of polymers in
turn induces further desirable traits in photocatalysts,
including absorptivity in the visible region, extended
conjugation for exciton/polaron percolation, the synthetic
framework for creating inherently porous, bicontinuous
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donor-acceptor architectures, as well as the facilitation of
charge transfer from the catalyst to the sub-strate or co-
catalyst. While the synthetic and photophysical tools are
largely at hand, research in n-conjugated polymeric mate-
rials for solar fuel generation is still in its infancy. Pro-
gress in this field is contingent on identifying the key
areas for development along with the major challenges
lying ahead. Among these, stability against photodegrada-
tion, accessing long-lived photoexcited states and impart-
ing high charge carrier mobilities are lessons to be learnt
from organic photovoltaics, organic light-emitting devices
and the like. In contrast, a significantly less charted re-
search area involves the catalytic conversion itself, which
so far is developed largely disjoint from the polymer
backbone and taken care of either by a dedicated molecu-
lar or nanoparticulate electrocatalyst. A key question to
be addressed in future research will therefore be whether
the catalytic conversion can be done either by the poly-
mer itself or by earth-abundant, low cost metal co-
catalysts which interact strongly and persistently with the
polymer backbone and facilitate charge transfer between
the polymer and the substrate.

Along these lines, our recent efforts to identify the ac-
tive sites responsible for the catalytic conversion at the
solid—liquid interface in carbon nitrides have indicated
higher activity of oligomers as compared to polymers. On
the one hand, this suggests that light harvesting may not
be the limiting factor after attaining an optimum length
as in linear poly-p-phenylenes, where optoelectronic
properties tend to converge after 6-7 monomeric units.””
"> On the other hand, the higher activity of oligomers
indicates that other factors such as surface terminations
may play an important role and therefore need to be con-
sidered for the rational design of organic photocatalysts.”
99 Developing an understanding about such catalytically
relevant sites intrinsic to the polymer is important to
ultimately realize co-catalyst free polymeric photocata-
lysts. In addition, using well-defined oligomers as model
compounds, we believe that useful insights can be drawn
regarding the photocatalytic mechanism and structure-
activity relationships on the molecular level, including the
interaction of the co-catalyst with the light harvesting
unit. Moreover, well-defined oligomers furnish better
photophysical descriptors such as band positions and
bandgaps, and are inherently more accessible to ultrafast
optical spectroscopy and highly accurate theoretical mod-
eling which in turn can shine light on the kinetics and
thermodynamics of the system.

For example, theoretical calculations by Zwijnenburg
and coworkers® ™ have offered insights into the thermo-
dynamic descriptors of hydrogen production using organ-
ic polymers. Design features such as increasing chain
length and heteroatom substitution (especially nitrogen)
seem to be critical for decreasing the optical gap, adjust-
ing the energy level positions, increasing exciton lifetimes
as well as improving the wettability of the polymers in the
solvent mixtures used for photocatalysis.

The principal challenge in this field is to provide a pre-
dictive framework that allows for the rational design of
polymer photocatalysts through engineering their indi-
vidual components and orchestrating them to drive the
photocatalytic process. Organic materials provide a
unique platform for advanced material design by offering
virtually infinite possibilities to simultaneously tune the
molecular, optical and material properties for solar fuel
generation. Where sustainable materials chemistry meets
functional design, “soft” polymer photocatalysts mark a
promising path forward.
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