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Structure-property-activity relationships in solution processable polymer photocatalysts for hydrogen production from
water were probed by varying the chemical structure of both the polymer side-chains and the polymer backbone. In both
cases, the photocatalytic performance depends strongly on the inclusion of more polar groups, such as
dibenzo[b,d]thiophene sulfone backbone units or oligo(ethylene glycol) side-chains. We used optical, spectroscopic, and
structural characterisation techniques to understand the different catalytic activities of these systems. We find that
although polar groups improve the wettability of the material with water in all cases, backbone and side-chain
modifications affect photocatalytic performance in different ways: the inclusion of dibenzo[b,d]thiophene sulfone
backbone units improves the thermodynamic driving force for hole transfer to the sacrificial donor, while the inclusion of
oligo ethylene glycol side-chains aids the degree of polymer swelling and also extends the electron polaron lifetime. The
best performing material, FS-TEG, exhibits a HER of 72.5 umol h* for 25 mg photocatalyst (2.9 mmol g* h?) when
dispersed in the presence of a sacrificial donor and illuminated with A >420 nm light, corresponding to a hydrogen
evolution EQE of 10% at 420 nm. When cast as a thin film, this HER was further boosted to 13.9 mmolg'h?

(3.0 mmol m2 ht), which is among the highest rates in this field.

Broader context: High performance, light absorbing semiconductor materials are of interest for the photocatalytic solar-driven generation of hydrogen from
water. Organic semiconductors are attractive candidates that can be synthesised from abundant materials. They offer control over microstructure, light
harvesting properties, and redox potentials, and can be used in technologically simple devices. Despite strong recent advances in activities for organic
photocatalysts, few studies have attempted to deconvolute the structural, optical, and electronic factors that affect photocatalytic performance. Here, we
use computational design rules to guide the synthesis of a collection of novel linear conjugated polymer photocatalysts, focussing on the effect of polar
groups in the backbone and as side chains on the polymers’ interactions with their liquid environments. The most polar materials are among the best
performing organic photocatalysts reported to date, with hydrogen evolution rates reaching levels similar to many inorganic photocatalysts. We combine
computational, spectroscopic and other experimental techniques to distinguish the different effects of modifying the backbone and side chains. By
capitalising on the impact of polarity on polymer microstructure, we used the champion polymer to build a scaled-up photoreactor that operated under
natural sunlight, demonstrating a beginning-to-end workflow from computational design through to fully scalable devices.

Introduction

While inorganic
investigated for decades for the photocatalytic production of
hydrogen from water,~4 the application of organic materials as
photocatalysts has attracted attention only recently. Organic
photocatalysts can be prepared from earth-abundant starting
materials and offer advantages such as synthetic modularity
and tunability of band gaps.>7 In particular, the recent
development of linear conjugated polymer photocatalysts®-11
has allowed for a more systematic fine-tuning of optical
properties, band positions and other properties compared to
carbon nitrides (C3N4),1213 covalent organic frameworks
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(COFs),14-16 covalent triazine-based frameworks (CTFs) 17-19
and conjugated microporous polymers (CMPs).20-22
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Figure 1. a) Structure of the fluorene co-phenyl (FP-R) and fluorene-co-dibenzo[b,d]thiophene sulfone (FS-R) polymer series where R is the alkyl group which is modified as shown;
b) Molecular dynamics simulations of FS-Oct and FS-TEG in 1:1:1 water/methanol/TEA. TEA is shown in blue, and the water / methanol phase is shown in pink. In these
simulations, FS-TEG draws a substantially higher concentration of water close to the polymer backbone at the expense of TEA; (c) Bar chart showing fraction of volume within a 2
nm radius of the oligomer that is occupied by each component in the liquid medium: methanol (orange), water (red) and TEA (blue).

In most cases, these organic photocatalysts have not been
shown to oxidize water. For this reason, hole scavengers,
typically amines, are used to facilitate hydrogen production,
with the exception of a few reports on modified carbon
nitrides,23-25> Z-schemes with carbon nitrides,'2 and two claims
of overall water splitting using CMPs.26:27

We demonstrated recently that the addition of solubilizing
alkyl side-chains to a carbazole-phenylene co-polymer allowed
for the processing of photocatalytically active films with a high
surface area to volume ratio.?8 However, the activity of this
material was rather low, in part due to the hydrophobic nature
of the side-chain. Recent studies have shown that polymer
hydrophilicity is an important factor in determining
photocatalytic performance.2®-32 The incorporation of polar
moieties such as dibenzo[b,d]thiophene sulfone33 or nitrogen
substituted benzenes3* into the polymer backbone
substantially improves the interaction with water. This in turn
enhances the hydrogen evolution activity, partly by stabilizing
the charge-separated state that is produced by hole transfer to
the hole scavenger following photoexcitation of the polymer.2®
While control of charge separation via chemical structure is
useful, modification of the backbone to control polarity will
also impact the electronic properties of the materials. To

address the challenge of catalyst hydrophobicity
independently of electronic properties, we investigate here
the incorporation of more hydrophilic side-chains, which also
allow for convenient processing in common organic solvents
and enhanced interaction of the catalyst with water.

While control of charge separation via chemical structure is
useful, modification of the backbone to control polarity will
also impact the electronic properties of the materials. To
address the challenge of catalyst hydrophobicity
independently of electronic properties, we investigate here
the incorporation of more hydrophilic side-chains, which also
allow for convenient processing in common organic solvents
and enhanced interaction of the catalyst with water.

We present two series of co-polymers containing fluorene and
either non-polar phenylene or polar dibenzo[b,d]thiophene
sulfone units.82° The polarity is further modulated through the
choice of the side-chain on the fluorene unit; that is, by using
di-n-hexyl-, di-2-ethylhexyl-, di-n-octyl-, di-n-dodecyl-, or di-
tri(ethylene glycol) side-chains. In particular, tri(ethylene
glycol) (TEG) side-chains are more hydrophilic compared to the
alkyl side-chains and are hence expected to attract water
when the polymers are dispersed in aqueous mixtures, thus
aiding photocatalytic performance.3>

Please do not adjust margins
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Figure 2. a) Absorption spectra of FS-TEG and FS-Hex dispersions in water/methanol/TEA (1:1:1), filtered from 1 mg mL dispersions using a 1.5 um filter to reduce scattering. The
dashed line is at 420 nm; b) (1-Transmittance) at 420 nm of FS-TEG and FS-Hex samples which have been filtered from 1 mg mL? dispersions with Nylon filters of different pore

sizes (see also Fig. S-58 for spectra). All polymers were
Dimethyl-9H-fluorene co-polymers,33° which are insoluble in
chloroform, were also included in this study to further
investigate the effect of the side-chains. Hydrogen evolution
experiments were performed on polymer particles dispersed
in water mixtures containing triethylamine (TEA) as the
sacrificial hole-scavenger, with methanol also added to
enhance the miscibility of TEA with water.8 We found that
photocatalytic activity is substantially increased both by
modifying the backbone to include polar
dibenzo[b,d]thiophene sulfone and by using polar TEG side-
chains instead of alkyl side-chains. A comparison of co-
polymers of dibenzo[b,d]thiophene sulfone with either alkyl-
fluorene or TEG-substituted-fluorene units, were studied by
atomistic molecular dynamics (MD), density functional theory
(DFT) calculations, contact angle measurements, quartz crystal
microbalance (QCM) gravimetry, atomic force microscopy
(AFM), photoelectron spectroscopy in air (PESA), and
femtosecond and microsecond transient absorption
spectroscopy (TAS). This combination of techniques revealed
in detail how the TEG side-chains influence the photocatalytic
properties of the polymer. We confirmed that TEG side-chains
enhance the polymer’s affinity for water, and found that this
increases swelling in aqueous environments as well as
lengthening the lifetime of the photogenerated polaronic
state. We also evaluated the performance of the most active
material when cast on different supports, highlighting the
benefit of solution processing for maximizing catalytically
active surface area. Furthermore, the potential for scale-up
was shown through application of a solution-processable

material in a photoreactor on a 1-liter scale.

dispersed

in  water/methanol/TEA and measured in a 1 mm quartz cuvette.

Results
Materials design and synthesis

Our design objective was to improve the photocatalytic
performance of linear conjugated polymers through the
inclusion of polar groups. As a design tool, we first used
atomistic molecular dynamics (MD) simulations to explore the
liquid-polymer interactions in a co-polymer of
dibenzo[b,d]thiophene sulfone and 9,9-dioctyl-9H-fluorene,
FS-Oct, and the analogue where n-octyl side-chains are
replaced by tri(ethylene glycol) (TEG) side-chains, FS-TEG. We
chose to study n-octyl side-chains in order to avoid effects due
to differences in side-chain length, as opposed to solvation
interactions. In these simulations, we studied short oligomers
(trimers) of each polymer in the same water/methanol/TEA
(1:1:1) mixture that was used in hydrogen evolution
experiments. We see from Figure 1c that TEG side-chains
increase the water content of the local environment of the
polymer at the expense of TEA. Our previous work?® showed
that this water affinity can also be achieved using
dibenzo[b,d]thiophene sulfone units in the polymer backbone,
with the more polar local environment being critical to
achieving higher hydrogen evolution rates. Thus, based on this
molecular dynamics model we would predict that TEG side-
chains should increase the polarity of the surrounding medium
and, hence, might tend to assist hydrogen evolution.?®
Following these simulations, two series of polymers with
fluorene-phenylene (FP) and fluorene-dibenzo[b,d]thiophene
sulfone (FS) backbones were prepared (Figure 1a). Within each
series both n-octyl (FP-Oct, FS-Oct) and TEG (FP-TEG, FS-TEG)
side-chains were utilized.
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Table 1. Number- and weight-averaged molecular weights, polydispersity indices, optical band gaps, contact angles of films with water droplets and hydrogen evolution rates

(HER) of the FP and FS series of polymers.

Polymer Mn? M2 ob Optical gap® Contact anFIe (H.0)¢ HER®
/ g mol* / g mol* / eV / / umol ht
FP-Me -f -f -f 2.868 94.0 + 8.0" 0.20+0.03
FP-Hex 18,200 43,200 4.4 2.97 92.8+0.6 0
FP-EtHex 14,600 39,000 2.7 3.02 94.7+0.3 0.10+0.03
FP-Oct 16,300 57,900 3.6 2.98 101.4+£0.6 0.13+0.03
FP-Dodec 6600 12,900 2.0 2.99 99.4+0.5 0.15+0.03
FP-TEG 8200 12,300 1.5 2.94 72.0+1.0 7.65+0.15
FS-Me -f -f -f 2.598 77.0+3.0" 21.00 £ 0.50
FS-Hex 3800 8200 2.2 2.80 83.0+4.0 34.25+0.75
FS-EtHex 19,000 36,900 1.9 2.84 86.4+1.2 13.38 £ 0.08
FS-Oct 14,900 25,400 1.7 2.83 90.2+04 17.00 £ 0.75
FS-Dodec 18,900 31,900 1.7 2.82 109+2.7 12.00 £ 0.15
FS-TEG 8700 11,500 1.4 2.79 69.6 +0.3 72.50 +2.50

[a] Obtained from gel permeation chromatography in chloroform calibrated against polystyrene standards (see Sl for full details); [b] Polymer dispersity index (Mw/Mn);
[c] Optical band gap calculated from absorption on-set of films; [d] Contact angles of polymer films with water (3 pL) at room temperature calculated using the
Laplace-Young equation; [e] Conditions: 25 mg polymer was suspended in 22.5 mL water/methanol/triethylamine solution (1:1:1), irradiated with visible light (A > 420
nm filter, 300 W Xe light source); [f] Not determined due to insolubility in CHCls; [g] Measured in the solid-state with diffuse reflectance spectrophotometry; [h]

Measured for polymer pellets instead of thin-films.

A further three pairs of polymers with different alkyl side-
chains (FP-Hex, FS-Hex = n-hexyl, FP-EtHex, FS-EtHex = 2-
ethylhexyl, FP-Dodec, FS-Dodec = n-dodecyl) were also
synthesized to study the influence of the type of solubilizing
side-chain on photocatalytic performance. All polymers were
synthesized by Pd(0)-catalyzed Suzuki-Miyaura-type
polycondensation, purified by Soxhlet extraction and
reprecipitation into methanol from chloroform except for FP-
Me (previously reported as P2)8 and FS-Me (previously
reported as P35),30 in which case no chloroform-soluble
fraction was obtained. In these two cases, the insoluble
fraction was used for all further experiments. All other
polycondensation reactions gave chloroform-soluble fractions
in yields ranging from 17-79%.

IH NMR spectroscopy (Figures S-1 and S-2), and gel
permeation chromatography (GPC) were used to study the
structures and molecular weights of the soluble materials. The
number average molecular weights (Mn) range from 6600 to
18,200 g moll for the FP series and from 3800 to
19,000 g mol'! for the FS series (Table 1). Powder X-ray
diffraction (PXRD) patterns that show none of the polymers
are highly crystalline although, in line with observations by
others,3® members of the FS series with shorter side-chains
appear to have some limited long-range order (Figures S-4 and
S-5). Thermogravimetric analysis (TGA) shows that all materials
exhibit thermal stability under air up to 300 °C (Figures S-6 and
S-7). This is somewhat lower than for other insoluble,
unsubstituted photocatalysts,2%2%30  but is typical for
polyfluorenes with solubilizing side-chains.3537

Absorption and emission properties

The light absorption and photoluminescence of the polymers
were measured as powders, as spin-coated films, and as
solutions dissolved in chloroform (Figures S-8 to S-19). The
absorption and emission profiles of the FP series dissolved in
chloroform are typical of poly(fluorene)-type materials (Amax =
370 nm, PLmax = 410 nm, Figure S-8).38 The absorption spectra
of solutions of the FS series (Figure S-14) are all red-shifted in
relation to the FP series, but are otherwise similar with
minimal variation across the series. (TD-)DFT calculations,
performed for both the chloroform and solid-state cases
(Table S-2), show the same red-shift in the absorption on-set
for FS polymers relative to FP polymers as observed
experimentally.

5.0 - -
o] e ;]
4.0 .
35
3.0
25

2.04
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Figure 3. Water vapor isotherms of FS-Hex and FS-TEG at 20.0 °C and up to 23 mbar.
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The ground state absorption of FS-TEG and FS-Hex dispersions
in the water/methanol/TEA mixture are shown in Figure 2a.
Both exhibit an absorption peak around the 400-420 nm
region with tails which extend into the visible region such that
these materials may be expected to show photocatalytic
activity upon 420 nm excitation (vide infra). Both materials
also exhibit some absorption below 300 nm, though this is
irrelevant in the context of the visible-light-driven hydrogen
evolution experiments performed here. The specific
absorbance of FS-TEG is considerably higher than that of FS-
Hex when dispersed in water/methanol/TEA mixtures at low
concentrations. As the decadic molar extinction coefficients of
the two polymers are similar in chloroform, this difference in
absorbance in the aqueous mixture may be caused by
differences in the particle size distributions, given that the
efficiency of light harvesting per unit volume for a particle
decreases continuously with increasing particle size, once the
particle is large compared to the wavelength of light. Different
particle size distributions could result from differences in
dispersibility in reaction mixture between the two materials.
We note that, although there is a significant difference in
absorbance in the samples shown in Figure 2, the same
difference in absorptivity may necessarily not apply to the
samples measured for hydrogen evolution. Dispersions studied
for hydrogen evolution are significantly more concentrated
and of a larger volume, making FS-Hex and FS-TEG highly
scattering and relatively opaque, such that specific absorption
is difficult to measure.

Polymer-liquid interaction

Particle size distributions of FS-Hex, FS-Oct, FS-Dodec and FS-
TEG were estimated by static light scattering (SLS) in water and
water/methanol/TEA (1:1:1) (Table S-3). In all cases, Sauter
mean diameters3® were on the order of micrometers or higher
(Supporting Information, Section 7). SLS measurements show
that these dispersions are polydisperse and dominated by
particles that are relatively large (ca 10 pum) relative to their
likely exciton diffusion lengths (< 10 nm). Hence, the Sauter
mean diameters are representative of particles with relatively
low specific activity; smaller, more active particles that may be
present are not detected in this measurement. To characterize
the distribution of these smaller particles, 1 mgmL?
dispersions of FS-Hex and FS-TEG were passed through filters
of varying pore size and their ground state transmission
measured.

For exactness, the data in Figure 2 represents the amount of
light not transmitted rather than absorbed and hence includes
a contribution of light lost due to scattering. However, these
scattering differences are small relative to the intensity of the
main absorption peak, allowing valid discussion of differences
in absorbance.

This journal is © The Royal Society of Chemistry 20xx

Energy & Environmental Science

Figure 2b shows the percentage of photons not transmittedat
420 nm for each filtered sample. The spé&étrdGawHOFAMEIA
Figure S-22. Neither polymer is filtered out completely at a
specific pore size, indicating that both are highly polydisperse,
in line with the SLS experiments. The absorbance of the FS-TEG
samples are higher than those of the FS-Hex samples for all
filter sizes.

Absorption measurements taken on FS-Hex and FS-TEG films
of varying thickness suggest that 99% of 420 nm photons are
absorbed within approximately 200-300 nm of the surface. By
assuming that absorption only occurs within the ~200-300 nm
of each particle that is closest to the probe beam source, and
that the dispersions can be represented by a quad-modal
distribution with particles of exactly 1.5, 1.0, 0.45 and 0.20 pum
in diameter, the calculated relative absorbance per particle
can be used to estimate this quad-modal number distribution
from the dispersion absorption data. Details of this calculation
can be found in the Supporting Information (Figures S-22, S-24,
S-25 and Table S-4).

For the 0.2 um pore size, the absorbance of FS-TEG is around
16 times higher than FS-Hex. Since the absorbing volume per
particle is similar for the 0.2 um filtered samples, the FS-TEG
dispersion is estimated to comprise approximately 16 times as
many particles as FS-Hex that are smaller than 0.2 um. Contact
angle measurements on polymer films (Table 1) show that FS-
TEG exhibits a lower contact angle with water (69.6°) than
both FS-Hex (83.0°) and FS-Oct (90.2°). Similarly, FP-TEG has a
significantly reduced contact angle with water compared to
FP-Hex and FP-Oct (72.0° vs 92.8 and 101.4°). The TEG side-
chains enhance the wettability of these materials considerably
compared to their alkylated counterparts, as expected from
MD simulation results. We also observe an increase in contact
angle with increasing alkyl side-chain length from 83.0° for FS-
Hex to 109.0° for FS-Dodec. The FS series of polymers are
found to be less hydrophobic than the FP polymers.

The polymers in this work were not expected to be porous.
Nitrogen sorption measurements confirmed that both FS-Hex
and FS-TEG are non-porous to nitrogen with Brunauer—
Emmett—Teller surface areas (SAger) determined to be 46 and
6 m2 g1 (Figure S-29). This is low compared to non-alkylated,
crosslinked polymer networks.3® However, dynamic water
vapour sorption (DVS) measurements showed a notably higher
uptake for FS-TEG compared to FS-Hex (Figure 3). The type-Ill
water uptake isotherm of FS-TEG is indicative of swelling of the
polymer in an aqueous environment.?® To investigate the
possibility that these polymers are permeable when dispersed,
we compared the thickness and mass of dry FS-Hex and FS-
TEG films to films exposed to either water or TEA. Atomic force
microscopy (AFM) shows that films of FS-TEG swell by 37 + 7%
when in contact with water. FS-Hex, conversely, exhibits
negligible swelling (Figure S-30).

J. Name., 2013, 00, 1-3 | 5
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Figure 4. Experimental potentials for FP-TEG, FP-Hex, FS-TEG and FS-Hex films in air (left panel. shorter, light blue lines) and DFT-predicted ground and excited-state ionization
potentials and electron affinities of FP-Me and FS-Me in the presence of air (left panel, thicker lines), TEA (central panel) and water (pH ~11, right panel). In the DFT (B3LYP/DZP)*~
44 calculations the polymers are modelled as single strands embedded in a dielectric continuum?® with a relative dielectric permittivity value of 80.1, 2.38 and 2.0, describing the
dielectric screening of charges in the polymer near the surface of the polymer particles by water, TEA or the polymers themselves in the absence of a liquid (i.e., air) respectively.
Solution potentials have been taken from previous work,?® where protons in all half-reactions were modelled as adducts with TEA (i.e. TEA:H*). TEA** = charged triethylamine

radical; DEA = diethylamine; ACO = acetaldehyde; TEAR = neutral triethylamine radical.

Quartz crystal microbalance (QCM) measurements also
support this result, showing that a FS-TEG film gains more
mass upon exposure to water than a FS-Hex film (Figure S-31).
AFM measurements also show that both FS-TEG and FS-HEX
swell moderately in TEA (19 + 7% and 14 +10% respectively),
suggesting that the nature of the side-chain does not

significantly impact permeability to the scavenger.

Potentials

The ionization potentials (IP) of the polymers were measured
experimentally for dry films using photoelectron spectroscopy
in air (PESA) and in the case of FS-TEG films also by cyclic
voltammetry (CV) in acetonitrile. The ionization potentials,
electron affinities (EA) and exciton potentials (IP* and EA*) of
the polymers with alkyl side-chains were also predicted using
(TD-)DFT.294647 |n these calculations, the potentials of dry
polymers are considered alongside polymers immersed in pure
TEA and immersed in pure water. For reasons of
computational tractability, in all calculations side-chains are
described as methyl groups. Focussing initially on the dry
polymers, both the experimental PESA measurements and the
DFT predictions agree that the ionization potentials of the FS
polymers with alkyl side-chains, e.g., FS-Me or FS-Hex, lie
deeper than those of the corresponding FP polymers, e.g. FP-
Me or FP-Hex (Figure 4, air panel, see also Table S-2).

The IP of a FS-TEG film in acetonitrile, approximated from the
onset of oxidation current in a cyclic voltammetry experiment,
gives similar values to those predicted by DFT (see Fig. S-33
and Table S-8). The PESA-measured ionization potentials of the
polymers with TEG side-chains maintain the same relationship
between backbone and IP but are also shifted to slightly

shallower values than their alkylated analogues relative to
vacuum (see also Table S-2). This shift is most likely due to the
higher relative dielectric permittivity of TEG side-chains than
alkyl side-chains, combined with the possible absorption of
atmospheric water vapour, stabilizing the photogenerated
holes.

The predicted IP values for FP-Me and FS-Me get shallower as
the relative permittivity of the environment is increased (air to
TEA to water), whilst the predicted EA values get
correspondingly deeper (Figure 4). In all cases, FS potentials
remain deeper than FP potentials. This is in line with what is
expected from previous work simulating different dielectric
environments.*® Comparing the predicted EA potentials to the
solution half-reactions for proton reduction to molecular
hydrogen suggests that both polymers FP-Me and FS-Me
should have a significant driving force for proton reduction.
However, the EA* level for FP-Me is shallower than the
potential for the one-hole oxidation of TEA to its radical form
(TEA**/TEA2), both in TEA and in water, while FS-Me has a
small driving force for this reaction when in water. As this
reaction is the first step of TEA oxidation, this indicates that
the ability of FP polymers to oxidise TEA may be severely
hindered despite having a significant driving force for the
overall reaction TEA/[DEA+ACO].
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Figure 5. a) Schematic diagram of FS-TEG-coated glass slides stacked in series under the experimental conditions; b) UV-Visible transmittance spectra of slides stacked in series; c)

Hydrogen evolved by stacked films in series under visible light; d) Hydrogen evolution rates of FS-TEG films of varying thicknesses. Conditions for c) and d): Spin-coated from

chloroform solution onto OTS-functionalized glass slides; 5 vol.

Hydrogen evolution experiments

Hydrogen evolution experiments were performed under visible
light irradiation (A> 420 nm, 300 W Xe light source) on
polymer dispersions in water/methanol/TEA (1:1:1 by volume).
The hydrogen evolution rates (HERs) of insoluble methyl-
substituted FP-Me and all alkylated FP polymers were found to
be poor (<0.25umol hl see Table 1). However, the
performance of the TEG-substituted FP-TEG was significantly
higher than the alkylated polymers, HER of
7.65 umol h1.

The photocatalytic activities of polymers in the FS series are all
notably higher than analogues in the FP series. All alkylated
polymers evolve hydrogen at a lower rate than FS-Me
(21.0 umol h1) apart from FS-Hex which is somewhat higher
(34.3 umol h1), which can possibly be explained by differences
in molecular weight. Hydrogen evolution performance is
generally found to decrease with increasing alkyl side-chain
length (e.g. FS-Hex = 34.3 pmol h1, FS-Dodec = 12.0 umol h-1).
As with the FP series, FS-TEG displays significantly enhanced
performance relative to alkylated analogues with a rate of
72.5 umol h'1 under visible light illumination. Wavelength-
dependent experiments of powders and films of FS-TEG
(Figure S-51 and S-52) show that the hydrogen evolution rate
follows the optical absorption spectrum and hence that the
hydrogen is indeed photocatalytic in origin. External quantum
efficiencies (EQE) of FS-TEG dispersions were estimated to be
10.0% at 420nm and 3.2% at 470 nm (see supporting
information for details). This is higher than many insoluble

with a

% TEA in water, irradiated with visible light (A>420 nm filter,

300W Xe light source).

polymer photocatalysts, such as poly(p-phenylene) EQE420 nm =
0.4%), dibenzo[b,d]thiophene sulfone phenylene co-polymer
P7 (EQEs20 nm = 7.2%) under the same conditions in
water/methanol/TEA mixtures,82° but than
dibenzo[b,d]thiophene sulfone dibenzo[b,d]thiophene co-
polymer P64 under the same conditions in
water/methanol/TEA mixtures (EQE420 nm = 20.7%)33 and CTF
co-polymer with phenyl-benzothiadiazole and carbazole
loaded with Pt nanoparticles from aqueous triethanolamine
solution (10 vol. %) (EQE420 nm = 22.8%).4° A wider-literature
comparison to other polymer photocatalysts can be found in
Table S-14.

The photocatalytic performance of an FS-TEG dispersion under
visible light irradiation (A > 420 nm, 300 W Xe light source) was
tested over 85 hours with intermittent degassing (Figure S-44).
Over 2.1 mmol of H, was evolved over this period. While a
reduction in photocatalytic performance was observed, this
does not seem to be due to polymer degradation as evident by
IH NMR spectroscopy taken after the photocatalysis
experiment (Figure S-3).

A freestanding film, obtained during the filtration of the
polymer after reprecipitation in methanol, was found to have
excellent photocatalytic stability; it evolved 881 pmol
hydrogen over 141 hours in 5 vol. % TEA under visible light
irradiation (Figure 6).

lower
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Figure 6. a) Images of free-standing film suspended in 5 vol.% TEA before and after photocatalytic experiment; b) Hydrogen evolution of free-standing film of FS-TEG from a 5 vol.%

TEA mixture under A > 420 nm irradiation over a period of 141 hours with intermittent degassing (black dashed lines) and replacement of scavenger mixture (red dashed lines)

(300 W Xe light source); c) Direct comparison of hydrogen evolution runs after replacing the scavenger mixture.

In this case, we were able to replace the sacrificial mixture and
show that photocatalytic activity can be almost completely
recovered, suggesting that the loss of performance over time may
be associated with degradation of the scavenger solution and/or
fouling of the catalyst surface rather than polymer degradation, at
least over timescales of a few hundred hours. This is further
confirmed by *H NMR and UV-vis spectra of the sample that show
no changes compared to the as made materials (S-45 and S-46).
Long-term performance of FS-TEG was also tested using other
sacrificial reagents: specifically, L-ascorbic acid (0.2 M) and a
Na,S/Na,SO3 mixture (0.35M/0.25M) (Figure S-47). Steady
hydrogen evolution was observed over more than 80 hours
although the rates were, as anticipated, significantly lower than for
the water/methanol/TEA mixture (1.2 and 0.6 umol h1 for the L-
ascorbic acid and Na,S/Na,SO3; mixtures, respectively).

Polymer photocatalysts on supports

Hydrogen evolution experiments were also performed on FS-
TEG films immersed in a 5 vol. % solution of TEA in water. To
prevent delamination of the film glass slides were first treated
with (OTS), which promotes
adherence of the polymers to the glass support.30>1

The homogeneity of films cast on these supports enabled the
effect of altering film thickness on photocatalytic performance
to be investigated. Film thicknesses were measured using
atomic force microscopy (AFM) for thin films and profilometry
for thicker samples. Hydrogen evolution rates, obtained by
irradiating the slides in 5 vol. % TEA solutions over a 5-hour
period, show a linear increase in performance with increasing
FS-TEG film thickness from 11.3 nm up to 79 nm (Figure 5d).
The 79 nm-thick film evolved hydrogen at a rate of 5.3 *
0.4 mmol m2h1,

n-octadecyltrichlorosilane
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Figure 7. a) fs-TAS spectra of an FS-TEG dispersion in water/methanol/TEA. The color scale is measured in picoseconds after 420 nm excitation. Inset: Magnified spectra
highlighting the 600 nm absorption feature; b) Deconvoluted fs-TAS kinetics of the electron, probed at 600 nm, for dispersions of FS-TEG and FS-Hex. These kinetics were
calculated by subtracting the shape of the TAS spectrum at 0.5 ps, at which point only excitons have formed, from all subsequent times. Both 0.2 mg mL* samples were measured

under identical

Above this thickness, performance appears to start levelling
off; a 113 nm film gave a HER of 6.4 £ 0.1 mmol m2 h1,

Based on these results, increasing film thickness beyond 79 nm
was not expected to significantly enhance performance.
Instead, polymer-coated glass slides were stacked in series to
further improve the quantity of hydrogen produced per unit
geometric area exposed to light. Up to three OTS-
functionalized glass slides spin-coated with 79 nm films of FS-
TEG were placed in series (Figure 5a), and the amount of light
harvested increased with the addition of each subsequent
slide (Figure 5b). An increase in HER was observed with the
addition of each polymer-coated slide in accordance with the
increased light absorption, from 4.8 + 0.2 mmol m2 h'! for one
slide up to 9.6 £ 0.2 mmol m=2 h-1 for three slides (Figure 5c).
Stacking more than three slides in series was not expected to
result in significant rate enhancements due to the low
transmittance of light through three stacked polymer films.
Films were also deposited on roughened glass slides without
OTS treatment to increase the amount of polymer in contact
with the aqueous solution. An FS-TEG film (0.08 mg,
0.12 mmol) evolved 4.6 umol after 4 hours and 10 minutes
under visible light irradiation in a 5 vol.% TEA solution,
corresponding to a rate of 13.9 mmol g1 h1 or 3.0 mmol m?2 h-
1 when normalized to the area of film irradiated (Figure S-49).

Transient absorption spectroscopy

To understand why the improved wettability of TEG-
substituted polymers increases the HERs relative to their
alkylated equivalents, dispersions of FS-TEG and FS-Hex in
water/methanol/TEA were studied with transient absorption
spectroscopy (TAS). We chose to focus on materials with

fluences of

87 W cm2.

different side-chains as the influence of backbone modification
has been studied in our previous work.2?

To compare the of photogenerated species,
measurements were made both under identical excitation
fluences and also with fluences adjusted such that the density
of the observed species was the same in both materials. The
femtosecond TA spectra comprise three major features for
both polymers (Figure 7a for FS-TEG, Figure S-62 for FS-Hex).
Immediately after excitation with 420 nm light, a large positive
peak which extends beyond 750 nm and a negative feature in
the 470-500 nm are at maximum magnitude. The 750 nm peak
can be assigned to absorption of the polymers’ excitonic state.
The negative feature matches the 470 nm photoluminescence
maxima seen in Figure S-63 and is assigned to the stimulated
emission of the excitonic state. The observation of these two
in good agreement with previous work on
poly(fluorene)s.>2

The third feature in the fs-TAS spectra is a positive signal
centred around 600 nm. The kinetics of this species,
deconvoluted from the raw spectra, can be found in Figure 7b
(see the Supporting Information for calculation details). It
grows over the course of approximately 100 ps before
decaying with a much longer half-life (ca. 1 ns) than the
excitonic features (<10 ps). At 6 ns after excitation, a
significant proportion of this feature remains for both
polymers whilst the excitonic absorption has mostly decayed
to zero. This feature is not seen when the polymers are
dispersed in water/methanol only (Figures S-64, S-65). Given
the role of TEA as a hole scavenger, this 600 nm feature is
therefore assigned to the polymer anion. This is in good
agreement with our previous work, where the polymer anion
was assigned to a positive feature at 630 nm in similar
dibenzo[b,d]thiophene sulfone-containing materials.2?

kinetics

features is
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Figure 8. Microsecond transient absorption data taken on 0.02 mg mL' water/methanol/TEA FS-TEG and FS-Hex dispersions, excited at 420 nm. a) Spectrum of an FS-TEG
dispersion showing the 600 nm feature, assigned to electron polaron absorption, as the only feature; b) Electron kinetics for FS-TEG and FS-Hex dispersions, illuminated with an
excitation fluence of 0.92 mJ cm™%; c) Electron kinetics for FS-TEG and FS-Hex dispersions, illuminated at different excitation fluences. The FS-Hex sample was first excited at a
fluence of 1.5 mJ cm2. The incident fluence on the FS-TEG sample was then adjusted to 0.02 mJ cm2 such that it had a comparable maximum AA at 600 nm, indicating a similar

electron density.

As the FS-TEG and FS-Hex polymers have the same backbone
structure, they are electronically similar. This is evident from
the similarity of their absorption and emission profiles (Figure
S-14, S-15). Hence the absorption differences (AA) at the
wavelengths detailed above give a reasonable comparison of
the density of the relevant photogenerated species between
the two polymer samples. When excited under identical
excitation conditions (87 w cm2, 420 nm), FS-TEG has a higher
maximum exciton density than FS-Hex (Figure S-66a). This is
expected given the stronger ground state absorbance of the
FS-TEG water/methanol/TEA dispersion (Figure 2b, Figure S-
67). The exciton decay rate is also slower for the FS-TEG
sample (half-lives: trec = 8.7 pS; Thex = 5.6 ps, Figure S-66b).
Figure 7b shows that the maximum amplitude of the 600 nm
feature is almost four times higher in FS-TEG than in FS-Hex at
the 100 ps temporal maximum, indicating that the maximum
photogenerated electron density is four times higher. The sub-
nanosecond electron decay kinetics are similar when
normalized (treg = 950 ps; Thex = 850 ps, Figure S-68a) such that
the ratio between the two populations is similar until times
beyond 1 ns.

When FS-TEG is excited at a lower fluence of 13 W cm2 such
that the exciton density in the sample is identical to FS-Hex
when excited at 102 pw cm?, the exciton lifetime is
substantially longer in FS-TEG (Trec = 22 PS; Thex = 4.4 ps, Figure
S-69a). The photogenerated electrons in FS-TEG also decay
notably slower than those in FS-Hex (treg = 2000 ps; Thex = 650
ps, Figure S-69b).

Microsecond transient absorption spectra of FS-TEG (Figure
8a) and FS-Hex (Figure S-70) dispersions in the
water/methanol/TEA mixture both have the same 600 nm
polaronic absorption peak as the sole feature when excited at
420 nm. Again, TAS performed on dispersions in
water/methanol show no such absorption features (Figure S-
71). The nature of the 600 nm peak is further confirmed

through spectroelectrochemical measurements of an FS-TEG
film (see the Supporting Information for details). When a
negative bias is applied to the film in a three-electrode setup,
the in-situ steady state absorption spectrum comprises a single
absorption peak centred at 585 nm which grows with
increasing negative bias after an injection threshold of -1.8 V is
reached (vs Ag/AgCl, Figure S-72). The strong similarity
between the steady state spectrum of the reduced polymer
and the spectra measured by TAS allows for confident
assignment of the 600 nm TAS feature as the polymer anion.
For hydrogen evolution catalysts, proton reduction is expected
to occur on the timescale of microseconds to seconds after
When dispersions of the
concentration are illuminated under identical conditions with a
fluence of 0.92 mJ cm-2, the amplitude of the electron polaron
signal in FS-TEG is approximately 15 times higher than in FS-
Hex during the first microseconds after excitation (Figure 8b)
and four times higher after 10 milliseconds. The higher polaron
density of FS-TEG over FS-Hex correlates well with the HERs
for these materials, with FS-TEG being twice as active as FS-
Hex per gram of polymer.

On the millisecond timescale, the electron density in FS-TEG
decays slower than FS-Hex (treg = 4.4 mMs; Thex = 2.0 ms, Figure
S-73a). When samples are excited at fluences such that the
electron density in the samples are the same (1.5 mJ cm2 and
0.02 mJ cm2 for FS-Hex and FS-TEG), FS-TEG electrons live
more than an order of magnitude longer than FS-Hex (treg =
22.8 ms; Thex = 1.1 ms, Figure 8c). The fluence dependence of
the FS-TEG sample indicates that the electron decay rates in
these polymers are heavily dependent on the electron density,
in good agreement with the fs-TAS data. However, the
difference in the FS-TEG and FS-Hex electron lifetimes when
their electron densities are the same shows that the polaronic
state is inherently longer lived when TEG chains are present.

photoexcitation33-55, same
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The conversion efficiency of excitons into electrons on these
timescales can be visualised by normalizing the pus-TAS 600 nm
kinetics by the maximum 750 nm AA absorption seen in fs-TAS,
which is assumed proportional to the number of excitons
generated. Figure S-73b shows that, under identical excitation
conditions, FS-TEG still has five times as many electrons per
absorbed photon surviving on a timescale of 100s of
microseconds. This contrasts with the fs-TAS electron data,
where FS-TEG and FS-Hex exhibit comparable electron density
per photon ratios in the nanosecond regime (Figure S68b). The
increase in the electron-per-photon ratio between the
nanosecond (end of fs-TAS) and microsecond (beginning of ps-
TAS) regimes suggests that the rate of electron decay in FS-
TEG slows significantly relative to FS-Hex as the electron
density reduces. This is in good agreement with the difference
in electron lifetimes seen in both femtosecond and
microsecond TAS when electron densities in the samples are
the same.

Scale-up to a photoreactor
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Figure 9. a) Side-view of the photoreactor set-up with reflective panel and polymer-
coated glass fibers submerged in 5 vol. % TEA and connected to a hydrogen collection
vessel (right) b) Amount of hydrogen evolved over a 5-hour period on a largely overcast
day (see supporting video of the experiment).

A key advantage of these polymers is that they are solution
processable, suggesting possibilities for scale up and
incorporation in more sophisticated set-ups, for example to
allow overall water splitting by contracting a Z-scheme.12:56,57
To demonstrate proof-of-concept here, we built a 1-L

This journal is © The Royal Society of Chemistry 20xx
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cylindrical glass photoreactor, where FS-TEG-gpated . glass
fibers were used. This photoreactor w3l f8dpdd/REEESIVE
hydrogen at a rate of 0.94Lm=2 h?'l under natural light
irradiation on a largely overcast day in Liverpool, U.K. (21st
August 2017) in the presence of 5 vol. % TEA (Figure 9).

Discussion

The differences in photocatalytic performance between FS and
FP polymers with the same side-chains, such as FP-Hex and FS-
Hex, can be explained by differences in the thermodynamic
driving force for the one-hole oxidation of TEA to its radical
form TEA"*. The increased polarity of the
dibenzo[b,d]thiophene sulfone unit is believed to attract water
molecules close to the polymer backbone. The resulting water-
rich environment then stabilizes the polaronic state of the
polymer, as detailed in previous work?. Specifically, the
stabilization of the EA* level makes hole transfer from the
polymer to TEA thermodynamically favourable. By contrast,
polymers in the FP series are expected to draw less water close
to their backbones, resulting in a TEA-rich environment; as a
result, the EA* is calculated as being far shallower and charge
transfer to TEA is thermodynamically unfavourable.

The electronic properties of the materials with different side-
chains are—in contrast to the backbone tuning—very similar
within each of the FP and FS series, with only slight changes in
absorption onsets resulting from side-chain variation (Figures
$-10 and S-16).

The hydrogen evolution rate of the FS series is correlated to
the side chain length for four of the polymers
(Hex>Oct>EtHex>Dodec), while FS-TEG has the highest
activity. FS-Me has a lower hydrogen evolution rate than FS-
Hex despite having shorter side chains. Due to the insolubility
of FS-Me in organic solvents, we cannot estimate its molecular
weight by GPC. The molecular weight of FS-Me may be much
lower than FS-Hex as the polymer precipitates from the
polycondensation reaction early on when comparing to the
other organic soluble materials. This expected difference in
microstructure could affect the performance. We also note
that FS-Hex has the highest degree crystallinity (only FS-Hex
and FS-EtHex show any limited diffraction), which can be
beneficial for charge-transport and may contribute to the
higher performance of FS-Hex over FS-Me.

The differences in performance caused by side-chain tuning
are exemplified primarily through the comparison of FS-TEG
and FS-Hex. Our molecular dynamics simulations show that
TEG chains attract water closer to the polymer backbone than
alkylated polymers such as FS-Oct.

The higher affinity of TEG polymers to water is demonstrated
through contact angle measurements. Generally, increasing
the length of the alkyl side-chains makes the polymer more
hydrophobic, as evidenced by higher contact angles with
water. For both the FS and FP series, polymers with TEG side-
chains have contact angles that are at least 20° lower than
their octyl-substituted equivalents. Water uptake
measurements support a difference in hydrophilicity between
TEG-substituted and alkyl-substituted polymers, with FS-TEG

J. Name., 2013, 00, 1-3 | 11
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adsorbing almost four times as much water as FS-Hex. Further,
QCM and AFM swelling measurements conclusively show that
FS-TEG is permeable to water, while FS-Hex is not. For
impermeable films, increases in performance with film
thickness should diminish at thicknesses beyond the exciton
diffusion length (typically in the order of 5-10 nm for
semiconducting polymers).58 Instead, hydrogen evolution rates
of thin films of FS-TEG increase linearly with film thickness up
to a thickness of 79 nm, suggesting that both water and TEA
may penetrate tens of nanometres into the polymer, whether
prepared as a thin film or dispersed as particles.

The higher affinity of TEG polymers to water is demonstrated
through contact angle measurements. Generally, increasing
the length of the alkyl side-chains makes the polymer more
hydrophobic, as evidenced by higher contact angles with
water. For both the FS and FP series, polymers with TEG side-
chains have contact angles that are at least 20° lower than
their octyl-substituted equivalents. Water uptake
measurements support a difference in hydrophilicity between
TEG-substituted and alkyl-substituted polymers, with FS-TEG
adsorbing almost four times as much water as FS-Hex. Further,
QCM and AFM swelling measurements conclusively show that
FS-TEG is permeable to water, while FS-Hex is not. For
impermeable films, increases in performance with film
thickness should diminish at thicknesses beyond the exciton
diffusion length (typically in the order of 5-10 nm for
semiconducting polymers).58 Instead, hydrogen evolution rates
of thin films of FS-TEG increase linearly with film thickness up
to a thickness of 79 nm, suggesting that both water and TEA
may penetrate tens of nanometres into the polymer, whether
prepared as a thin film or dispersed as particles.

Both polymers produce the same maximum density of
electrons around 100 ps when the excitation fluence is
adjusted so that the initial exciton density in the samples is the
same. This is likely because TEA penetrates similarly into FS-
TEG and FS-Hex particles, so the active area for TEA
oxidation—that is, for exciton quenching—in the two materials
is similar, given that most particles are large compared to the
penetration depth of TEA. Instead, the difference in electron
density seen on the pico-nanosecond timescale when samples
are excited at the same fluence is primarily a consequence of
the difference in absorption between the samples.

Perhaps more significantly, the penetration of solvents into
the polymer will also affect the effective dielectric constant
experienced by the material. Since FS-TEG is more permeable
to water than FS-Hex, photogenerated species within FS-TEG
particles can be expected to experience a larger effective
dielectric constant than FS-Hex based on the greater polarity
of water. For the same polaron density, electrons in FS-TEG
decay slower than those in FS-Hex. This increase in charge
carrier lifetime is likely due to the water-rich environment
both surrounding and also within FS-TEG extending the
polaron lifetime relative to the impermeable FS-Hex.

On the nanosecond timescale after excitation at the same
fluence, FS-TEG and FS-Hex electron polarons decay at a
similar rate despite the difference in environment due to the
electron density in FS-TEG being approximately three times

12 | J. Name., 2012, 00, 1-3

higher. As the electron densities decrease with, time othe
recombination rate in FS-TEG slows rel®We Ct&d FSHeX05UEH
that, by microseconds after photoexcitation, FS-TEG has an
electron density which is 15 times higher than FS-Hex. The
superior performance of FS-TEG over its less hydrophilic
relatives can then be partially attributed to it having a
substantially higher photogenerated electron density on the
timescales that proton reduction is expected to occur. We
suggest that the remaining difference is primarily due to the
increased active surface area caused by water penetration into
polymer particles and films.

The precise morphological afforded by the
processability of FS-TEG allows us to use the polymers’
permeability to maximise its catalytic activity. The linear
relationship between HER and film thickness on films up to 79
nm thick shows that morphological control can be used to
increase both light absorption and also the liquid-polymer
surface area available for catalytic hydrogen evolution. The
efficiency of light harvesting in a given irradiated area can be
boosted by stacking these polymer-coated slides in parallel,
leading to further performance improvements. The
effectiveness of polymer processing was also demonstrated
with the construction of a photoreactor that used FS-TEG-
coated glass fibres. The construction of this photoreactor
showcases the scalability and stability of solution-processable
polymer photocatalysts such as FS-TEG.

control

Conclusions

The series of polymers reported here provide valuable insights
into the design of solution-processable  polymer
photocatalysts. We have shown that both side-chain and
backbone tuning can be used to improve the wettability of
polymer photocatalysts and that this in turn improves their
hydrogen evolving activity in the presence of a sacrificial
electron donor. In line with MD simulations, the inclusion of
polar dibenzo[b,d]thiophene sulfone backbone units and
oligo(ethylene glycol) side-chains was found to increase the
wettability of the polymer, drawing water close to the polymer
backbone at the expense of non-polar TEA. This was confirmed
by contact angle measurements, as well as by QCM and AFM
swelling measurements in different liquid media. The use of
the dibenzo[b,d]thiophene sulfone unit was also shown to
improve the driving force for hole transfer to TEA, in line with
our previous work.?°

The choice of side-chain was found to have a significant impact
on the hydrogen evolution activity of these polymers, with
longer alkyl side-chains inhibiting performance. In particular, a
comparison between materials with hexyl (FS-Hex) and
ethylene glycol (FS-TEG) side-chains showed that using the
more polar side-chain substantially increased the materials’
affinity to water. This caused FS-TEG to form particles that are,
on average, smaller than FS-Hex particles, improving light
absorption three-fold. The TEG side-chains also improve the
polymers’ permeability to water, likely increasing the active
catalytic area as well as significantly increasing the intrinsic

This journal is © The Royal Society of Chemistry 20xx
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lifetime of photogenerated electrons such that far more can
survive to the timescales at which proton reduction occurs.

We find that the efficiency of electron transfer from polymer
to water is not improved by using TEG side chains to improve
polymer hydrophilicity, as might be assumed from simple
arguments based on wetting properties. Instead, the transfer
efficiency is constant and it is the density of available electrons
that changes due to differences in the polymers’
microstructural and dielectric properties.

By maximising polymer polarity through the combination of
polar TEG side-chains with a polar dibenzo[b,d]thiophene
sulfone backbone, we found that FS-TEG evolves hydrogen at a
rate of 72.5 umol h1 (2.9 mmol g1 h'1) under visible light and
has an EQE of 10.0% at A > 420 nm. These values are amongst
the highest reported in the field of polymer photocatalysts. By
optimising the microstructure through the processing of FS-
TEG thin films, we were able to further increase the HER to
13.9 mmol gl hl. The solubility of these materials also
enabled us to build a 1-Liter scale up reactor, which shows that
soluble materials have potential to be used on large scale.

This work shows that combining polarity and processability is
an effective method for improving the photocatalytic
performance of polymers. We envisage that the
structure-property-function relationships described here will
aid future polymer design through the inclusion of other
hydrophilic units. While these polymers do not oxidize water,
they have the potential to be used in composites or in Z-
schemes with an oxygen-evolving photocatalyst to achieve
overall water splitting. Their solution processability may be a
key advantage here.
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