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The hydrogen evolution activity of a polymeric photocatalyst was maximised by co-polymerisation, using
both experimental and computational screening, for a family of 1,4-phenylene/2,5-thiophene co-
polymers. The photocatalytic activity is the product of multiple material properties that are affected in

different ways by the polymer composition and microstructure. For the first time, the photocatalytic

activity was shown to be a function of the arrangement of the building blocks in the polymer chain as
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well as the overall composition. The maximum in hydrogen evolution for the co-polymer series appears

to result from a trade-off between the fraction of light absorbed and the thermodynamic driving force
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Introduction

Organic polymer photocatalysts that can reduce protons to
molecular hydrogen and/or oxidise water to oxygen gas under
illumination with visible light are currently an active area of
research.”™ The polymer absorbs the light, generating the
charge carriers required to drive the reduction and oxidation
reactions. These reactions do not proceed in the dark or in the
absence of the polymer. Frequently, these polymers are assisted
by a metal co-catalyst that (further) reduces the barriers for the
chemical reaction steps. In many cases it is unclear whether the
polymer acts as a light absorber, as a catalyst, or as both. In
contrast to many traditional inorganic photocatalysts,*>® organic
polymers are formed from earth-abundant elements and their
properties can be tuned easily and continuously by co-
polymerisation of more than one monomer.” Also, compared
to related photocatalysts such as carbon nitride®** and gra-
phene oxide,*** the molecular structure of organic polymers is
relatively well understood, although the question of molar mass
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for proton reduction and sacrificial electron donor oxidation, with the co-polymer of p-terphenyl and
2,5-thiophene showing the highest activity.

distribution in polymers does complicate structure-property
relationships.

Examples of organic photocatalysts include oligo- and
poly(p-phenylene)s®° and other unbranched conjugated poly-
mers,***  poly(azomethine)s,> triazine-type materials,**™*°
covalent organic frameworks,"* and a rapidly increasing
number of structurally diverse conjugated microporous poly-
mers.”***® The activity of these photocatalysts for hydrogen
and/or oxygen evolution is a complex function of properties
such as the absorption spectrum, the potential of the charge
carriers (ie., the band positions), and the wettability of their
surfaces, among other factors. It is challenging to optimize all of
these various properties through copolymerisation strategies
since they may have contrasting or indeed antagonistic depen-
dencies on the copolymer composition: for example, introduc-
tion of polar building blocks might increase the wettability of
the polymer while also impacting light absorption in a negative
way. Nonetheless, co-polymerisation strategies, while poten-
tially complex and multivariate, should allow us to optimise
photocatalytic performance in organic materials by finding the
optimum trade-off between these various properties under
a specific set of catalytic conditions.* We recently explored the
hydrogen evolution activity of a limited set of four isostructural
covalent triazine-based frameworks (CTFs) with 1,4-phenylene-
linkers of different lengths.*® We observed a clear maximum
in the photocatalytic activity for one of the four linkers when
using visible light and a steady decrease in photocatalytic
activity with increased linker length under UV light. We also
observed previously a maximum in the hydrogen evolution
activity of co-polymers of conjugated microporous polymers
(CP-CMPs) based on 1,2,4,5-connected benzene and 1,3,6,8-
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pyrene cores, linked via 1,4-connected phenylene linkers upon
changing the phenylene fraction.” However, the 3-D network
structure of these CP-CMP materials is inherently complex, and
the drop in activity also coincided with a change of the poly-
merisation method used, raising the question of whether the
change might be associated with a difference in the efficiency of
the polymerisation method.

Here, we study the effect of co-polymerisation on the
hydrogen evolution activity for structurally well-defined linear
ordered co-polymers based on segments of 2,5-phenylene and
2,5-thiophene building blocks (Fig. 1a). The history of phenyl-
ene homo-polymers as photocatalysts goes back to the mid-
1980s,%¢**%* while polythiophene was only recently studied for
the first time as a photocatalyst.*> We study a range of compo-
sitions; five distinct co-polymers, and the respective homopol-
ymers of p-phenylene and 2,5-thiophene. We also consider
alternate structures for one of the co-polymers with the aim of
deconvoluting the effect of structure and composition. We show
that co-polymerisation has a clear benefit: under visible light,
all of the co-polymers are more active than the two homopoly-
mers and a distinct maximum in the hydrogen evolution is
observed for a co-polymer with 33 mol% thiophene content.
Finally, using a combination of theory and experiment, we
propose a physical explanation for this maximum in the pho-
tocatalytic activity.
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Experimental section/methodology
Polymer synthesis and characterisation

General procedure for the synthesis of polymers P11-P17
(Suzuki-Miyaura-type polycondensation). A flask was charged
with the monomers, N,N-dimethylformamide, and an aqueous
solution of K,COj3; (2 M). The mixture was degassed by bubbling
with N, for 30 minutes before [Pd(PPh;),] was added, and the
mixture heated with stirring to 150 °C for 2 days. The mixture
was cooled to room temperature and poured into water. The
precipitate was collected by filtration and washed with H,O and
methanol. Further purification of the polymers was carried out
by Soxhlet extraction with chloroform to remove any low-
molecular weight by-products and the product was dried
under reduced pressure.

Synthesis of P11. 2,5-Dibromothiophene (170 uL, 1.5 mmol),
2,2/-[1,1":4’,1"-terphenyl]-4,4"-diylbis[4,4,5,5-tetramethyl-1,3,2-
dioxaborolane] (0.723 g, 1.5 mmol), [Pd(PPh;3),] (20 mg,
1.15 mol%), N,N-dimethylformamide (40 mL) and aqueous
K,CO; (2 M, 8 mL) were used in this reaction. After work-up
and Soxhlet extraction, the product was obtained as a dark
green powder (411 mg, 88%). Anal. caled for (C15H;0S3).: C,
67.05; H, 3.13%; found C, 61.60; H, 3.03%.

Synthesis of P12. 2,5-Dibromothiophene (170 pL, 1.5
mmol), 2,2'-[1,1"-biphenyl]-4,4’-diylbis[4,4,5,5-tetramethyl-1,3,2-
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(a) Structures of the polymer photocatalysts; (b) photographs of P1, P11-P17 in THF suspension; (c) UV-vis reflectance spectra of P1, and

P11-P17 in the solid-state; (d) photocatalytic hydrogen evolution of P1, and P11-P17.
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dioxaborolane] (0.609 g, 1.5 mmol), [Pd(PPh;3),] (20 mg,
1.15 mol%), N,N-dimethylformamide (40 mL) and aqueous
K,CO;3 (2 M, 8 mL) were used in this reaction. After work-up and
Soxhlet extraction, the product was obtained as a yellow powder
(303 mg, 86%). Anal. calcd for (C;6H10S).: C, 82.02; H, 4.30%j;
found C, 75.02; H, 2.73%.

Synthesis of P13. 2,5-Dibromothiophene (170 pL, 1.5 mmol),
1,4-benzenediboronic acid bis(pinacol) ester (0.495 g, 1.5
mmol), [Pd(PPh;),] (20 mg, 1.15 mol%), N,N-dimethylforma-
mide (40 mL) and aqueous K,CO; (2 M, 8 mL) were used in this
reaction. After work-up and Soxhlet extraction, the product was
obtained as an orange powder (191 mg, 80%). Anal. caled for
(C10HgS),: C, 75.91; H, 3.82%; found C, 62.67; H, 2.73%.

Synthesis of P14. 5,5-Dibromo-2,2’-bithiophene (476 mg,
1.47 mmol), 2,2’1,1"-biphenyl]-4,4'-diylbis[4,4,5,5-tetramethyl-
1,3,2-dioxaborolane] (0.597 g, 1.47 mmol), [Pd(PPh;),] (20 mg,
1.15 mol%), N,N-dimethylformamide (40 mL) and aqueous
K,COj3 (2 M, 8 mL) were used in this reaction. After work-up and
Soxhlet extraction, the product was obtained as a dark orange
powder (455 mg, 96%). Anal. caled for (Cy0H15S,),: C, 75.91; H,
3.82%; found C, 62.67; H, 2.73%.

Synthesis of P15. 5,5'-Dibromo-2,2’-bithiophene (486 mg, 1.5
mmol), 1,4-benzenediboronic acid bis(pinacol) ester (0.495 g,
1.5 mmol), [Pd(PPh;3),] (20 mg, 1.15 mol%), N,N-dime-
thylformamide (40 mL) and aqueous K,CO; (2 M, 8 mL) were
used in this reaction. After work-up and Soxhlet extraction, the
product was obtained as a red-orange powder (325 mg, 90%).
Anal. caled for (C14HgS,),: C, 69.97; H, 3.36%; found C, 63.49; H,
3.27%.

Synthesis of P16. 5,5”-Dibromo-2,2":5',2"-terthiophene
(330 mg, 1.0 mmol), 1,4-benzenediboronic acid bis(pinacol)
ester (0.406 g, 1.0 mmol), [Pd(PPh;),] (20 mg, 1.73 mol%), N,N-
dimethylformamide (40 mL) and aqueous K,CO; (2 M, 8 mL)
were used in this reaction. After work-up and Soxhlet extraction,
the product was obtained as a red-purple powder (325 mg, 90%).
Anal. caled for (C15H1S3),: C, 67.05; H, 3.13%; found C, 61.60;
H, 3.03%.

Synthesis of P17 via Stille coupling. 2,5-Dibromothiophene
(0.409 mL, 3.63 mmol), 2,5-bis(tributylstannyl)thiophene (2.00
mL, 3.63 mmol) were dissolved in 90 mL of toluene/N,N-dime-
thylformamide (5/1 v/v). After degassing for 30 min [Pd(PPh;),]
(210 mg, 5 mol%) was added and after further degassing for
20 min heated to 115 °C for 3 days. The reaction mixture was
cooled to room temperature, precipitated into methanol and
filtered. Soxhlet extraction was performed with methanol and
chloroform and the produced was dried under reduced pressure
to give the product as a dark violet powder (717 mg, quant.).
Anal. caled for (C4H,S),: C, 58.50; H, 2.45%; found C, 54.48; H,
2.63%.

Synthesis of monomers and other polymers. See ESIf for
details on the synthesis the polymers made via Stille coupling
(P13St, P13St random, P14St), oxidative coupling P150x and
P170x as well as polymers P18-P21 pseudo-random equivalents
of P13 (Fig. S1 and S2f). See also for synthesis of non-
commercially available monomers 2,2-[1,1:4',1"-terphenyl]-4,4"-
diylbis[4,4,5,5-tetramethyl-1,3,2-dioxaborolane], 1,4-di(thiophen-
2-yls)benzene (NMR spectra, Fig. S3-S67).
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Hydrogen evolution measurements

A flask was charged with the polymer powder (25 mg, unless
otherwise stated), water, triethylamine, methanol (1:1: 1 vol.
mixture, 25 mL), and sealed with a septum. The resulting
suspension was ultrasonicated until the photocatalyst was
dispersed before degassing thoroughly by N, bubbling for 30
minutes. The reaction mixture was illuminated with a 300 W
Newport Xe light-source (Model: 6258, Ozone free) for the time
specified at a fixed distance under atmospheric pressure. The
Xe-lamp was cooled by water circulating through a metal jacket.
Gas samples were taken with a gas-tight syringe, and run on
a Bruker 450-GC gas chromatograph equipped with a Molecular
Sieve 13X 60-80 mesh 1.5 m x 1/8” x 2 mm ss column at 50 °C
with an Ar flow of 40 mL min~'. Hydrogen was detected with
a thermal conductivity detector, referencing against standard
gases with known concentrations of hydrogen. Hydrogen dis-
solved in the reaction mixture was not measured and the
pressure increase generated by the evolved hydrogen was
neglected in the calculations. The rates were determined from
a linear regression fit and the error is given as the standard
deviation of the amount of hydrogen evolved. No hydrogen
evolution was observed for a mixture of water/methanol/
triethylamine under A > 295 nm illumination in absence of
a photocatalyst. Filters for the wavelength dependency experi-
ments were obtained from Edmund Optics Ltd (United
Kingdom). For the EQE experiments H, evolution was measured
using a A = 420 nm (+10 nm, fwhm) LED as the light source.

Computational screening

To computationally screen the different polymer compositions
for their potential photocatalytic activity, we generated polymer
models for each of the different compositions and studied their
thermodynamic driving force for proton reduction and trie-
thylamine oxidation, as well as the extent of their (visible) light
absorption. All time-dependent DFT calculations used Turbo-
mole 7.01.5°%

Polymer model generation

The 3D structures of the polymer models were generated using
a multistep process starting from the SMILES* codes for the
oligomers using the Supramolecular Toolkit (stk).**** stk is
a python library for the assembly, structure generation and
property calculation of supramolecules (that relies on RDKit*®
and Schrodinger PLC's Macromodel software), and allowed us
to automate the assembly process; where appropriate mono-
meric building blocks were assembled to obtain polymer
models with the desired stoichiometry followed by a conformer
search. All assembled polymer models contain 12 monomeric
units in total; e.g., Py, and (PPT),. The as-assembled polymer
models were then energy minimised using the OPLS2005 °7°*
force field (convergence criteria: maximum 2500 geometry steps
and a maximum of 0.05 kcal mol~* A~* for the gradient). After
the relaxation step, a high temperature OPLS2005 molecular
dynamics run with regular quenches (700 K, 20 ps of simulation
time and 1000 quenches) was employed to sample low energy

This journal is © The Royal Society of Chemistry 2018
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conformers for each polymer model. The lowest energy
conformers were finally re-optimised using density functional
theory (DFT), employing the B3LYP**** density functional and
the DZP*" basis-set.

Thermodynamic driving force calculations

The thermodynamic ability of the various polymer composi-
tions to reduce protons and oxidise triethylamine and/or water
was analysed in terms of the potentials associated with free
electrons (EA), holes (IP) and excitons in the material (EA* and
IP*), relative to those of the different solution half reactions.
These potentials are calculated using our standard ASCF
approach®** centred around DFT/time-dependent DFT (TD-
DFT) calculations on a combination of cluster models of the
polymer, the lowest energy conformers of the polymer models
discussed above, and the use of the COSMO® solvation model
(er 80.1, water) to approximate the dielectric environment of
a polymer chain on the polymer-solution interface. As in our
previous work®* and as in the polymer model generation
stage, the potential calculations use the B3LYP density func-
tional and the DZP basis-set, a combination that was found to
yield accurate potentials for polymeric solids when compared to
experimental photoelectron spectroscopy data.** Potentials of
solution half-reactions are based on previous work,” but
recalculated to remove an ambiguity with respect to the stan-
dard states. See Section 19 and Table S8 of the ESIf for more
details on the (solution) potentials calculations.

Calculation of the optical gap and absorption spectra

The absorption spectra of the polymer models are approxi-
mated by the vertical excitation spectra, as calculated by TD-
B3LYP/DZP. Similarly, the optical gap, the onset of light
absorption, is approximated by the energy of the lowest vertical
excitation. In contrast to the exciton potential calculations,
which for reasons of stability employed the Tamm-Dancoff
approximation,® the spectra calculations are based on full TD-
DFT in order to obtain good estimates of the oscillator strength
(intensity) of the different excitations.

Results
Polymer synthesis and characterisation

The polymer photocatalysts P12-P16 were synthesised by Pd(0)-
catalysed Suzuki-Miyaura polycondensation of dibromo and
diboronic acid pinacol esters of the aromatic cores.”** In addi-
tion, pseudo-random co-polymers of polymer P12 were also
made via Suzuki-Miyaura polycondensation (P18-P21, see ESI,
Fig. S1 and S2}), and polymers P17St, P13St, P14St, P13St
random, were prepared using a Pd(0)-catalysed Stille type
polycondensation of 2,5-dibromoarenes and 2,5-bis(tributyl-
stannyl)arenes, while P150x, and P170x were made via oxida-
tive coupling using FeCl; as the oxidant. Attempts to synthesise
P17 via Suzuki-Miyaura polycondensation resulted in
chloroform-soluble oligomeric products rather than polymers,
probably due to the commonly observed hydrolytic deborona-

tion under polycondensation conditions.” All polymers

This journal is © The Royal Society of Chemistry 2018
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precipitated during the reaction and are insoluble in organic
solvents and water. After filtration and washing with water and
methanol, all polymers were purified via Soxhlet extraction with
chloroform.

All materials were characterised via Fourier-transform
infrared spectroscopy (Fig. S7-S9%1), and matrix-assisted laser
desorption/ionisation  time-of-flight mass spectrometry
(MALDI-TOF MS, Fig. S10-S237). For P1 to P17, distinct repeat
units are observed, and all materials show peaks for masses up
to 2500 m/z, showing that molecular weights are roughly
similar. Thermogravimetric analysis (TGA) under air showed
good stability of all materials up to 350 °C (Fig. S27-S317). Less
than 1 wt% non-combustible material remained after the
materials were heated to 600 °C and held at that temperature for
30 minutes, except for the polymers made via Stille and oxida-
tive coupling, which contained significant amounts of incom-
bustible residue. Powder X-ray diffraction patterns suggest
limited long-range order in all the materials, with three peaks
corresponding to distances of approximately 4.6, 3.8, and 3.2 A,
indicating similar packing modes and distances. The exception
are P150x and P170x which were amorphous (Fig. $32-5347).*
Apparent Brunauer-Emmett-Teller (SAggr) surface areas were
calculated from nitrogen sorption experiments performed at 77
K (Fig. S35-S477). All materials had low BET surface areas
ranging from 16 to 63 m> g~ ', showing that these materials are
essentially non-porous. Scanning electron microscope imaging
showed that all materials consist of 1-5 um sized particles that
aggregate into larger particles of 60-200 pm in the solid state
(Fig. S48-S517). UV-vis spectroscopy measured in reflectance
showed that the absorption on-set was significantly red-shifted
by incorporation of thiophene from 447 nm for P1 to 658 nm for
P17 (Fig. 1c and Table 1). Time-correlated single photon
counting experiments (TCSPC, see Section 13 of the ESIt) were
conducted for all materials to study the dynamics of the mate-
rials upon photo-excitation. Weighted-average photo-
luminescence lifetimes were estimated between 0.51 ns (P13)
and 0.98 ns (P1) and no trend (Fig. S20t) was observed within
the series indicating similar photodynamics for all these
materials.

Hydrogen evolution experiments

The polymers were tested for photocatalytic hydrogen evolution
(see Section 17 of ESIT) from water in the presence of triethyl-
amine (TEA) as the hole-scavenger, and added methanol to
facilitate the mixing of the otherwise immiscible TEA/water
system.** Methanol by itself does not act as a sacrificial hole
scavenger for these materials. Static light scattering experi-
ments show that the aggregates of the polymer photocatalysts
break up into smaller particles of 4.5-6.5 pm size under pho-
tocatalysis conditions (Table S2t). Similar to previous work, no
additional co-catalyst was added,**** but significant levels of
residual palladium (0.24-0.55 wt%) were found in all samples,
as determined via energy-dispersive X-ray spectroscopy (Table
S31). Residual palladium from the Suzuki-Miyaura or Stille
coupling has been reported to act as hydrogen evolution co-
catalyst in conjugated microporous polymers,*® covalent

J. Mater. Chem. A, 2018, 6, 11994-12003 | 11997
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Table 1 Sequences, optical gaps, and photocatalytic performance of P1, and P11-P17

Fraction of

Materials”  thiophene  Sequence’  SAppr’/m*g™'  Optical gap?/eV  HERY, A > 420 nm/umol g~* h™*  HER®, 1 > 295 nm/umol g™ h™*
P1 0 —(PP),— 29 2.78 65 238

P11 0.25 —(PPPT),— 63 2.48 258 408

P12 0.33 —(PPT),— 17 2.42 420 545

P13 0.50 —(PT),,— 33 2.29 250 397

P14 0.50 —(PPTT),— 35 2.20 175 328

P15 0.67 —(PTT),— 35 2.12 78 151

P16 0.75 —(PTTT),— 16 2.06 72 133

P17* 1.0 —(TT),— 59 1.89 0.1 10

“ All materials were made via Suzuki polycondensation, except for P17 which was made using Stille coupling. ? P = 1,4-phenylene; T = 2,5-
thiophene. ¢ Apparent BET surface area, calculated from the N, adsorption isotherm. ¢ Calculated from the on-set of the absorption spectrum.
¢ Reaction conditions: 25 mg polymer was suspended in water/MeOH/triethylamine solution, irradiated by 300 W Xe-lamp and the filter specified.

triazine-based frameworks,*® and carbon nitride.® No correla-
tion between the palladium content and the activity was found,
and it is not clear how high the threshold metal level needs to be
before the hydrogen evolution rate of the photocatalyst is
affected.*

All polymers evolve significant amounts of hydrogen under
visible light (A > 420 nm) and broadband illumination (A > 295
nm), except for P17, which has a very low hydrogen evolution
rate (HER) under visible light (0.1 pmol g~ * h™", see Fig. 1d and
Table 1). In a previous report,* P1 was reported to produce 65
umol g~* h™" of hydrogen under similar conditions. We find
here that this is improved dramatically by increasing the thio-
phene content in the copolymers: 258 pmol g~* h™" for P11 and
420 pmol g~' h™" for P12. A further increase in the thiophene
content resulted in a drop in the hydrogen evolution rate to 250
umol g~* h™" for P13 and 175 umol g~* h™" for P14. Based on
their equal thiophene contents (50 mol%), we expected these
latter two polymers might have the same activity, but the
materials have slightly different absorption on-sets, which
could explain the difference in hydrogen evolution rates (vide
infra). This suggests, for the first time, that the exact arrange-
ment of building blocks in a polymer chain, as well as the
polymer composition, can affect the photocatalytic activity.
Further support for this hypothesis comes from the fact that
(pseudo-) random versions of P12 and P13 are less active than
the ordered materials, discussed in more detail below.

A further increase in the thiophene content of the polymers
made via Suzuki-Miyaura polycondensation reduced the
performance again to 78 umol g~ h™" and 72 umol g~* h™* for
P15 and P16, respectively. The visible light activity was effec-
tively zero for P17. A similar trend was observed for experiments
under broadband illumination (1 > 295 nm) with the highest
rates again being observed for P12 (Fig. S737).

We note that the very low activity of P17 is somewhat
surprising since a polythiophene material was recently been
reported to have a high photocatalytic activity.*> The experi-
mental conditions for the hydrogen evolution measurements in
that study were different, though, and in particular ascorbic
acid was used as the hole-scavenger by Zong et al., instead of the
water/TEA/methanol mixture that we use here. Also, the poly-
mer concentration used in their experiments was significantly

11998 | J Mater. Chem. A, 2018, 6, 11994-12003

lower (0.04 mg mL " vs. 1.0 mg mL ™" here, see Table S47).
When we used conditions that were similar to those used by
Zong et al., (ascorbic acid, water, Pt as a co-catalyst and a poly-
mer concentration of 0.04 mg mL '), a rate of 42 pmol g " h™"
was observed under visible light (2 > 420 nm). This is still
significantly lower than the previously reported rate, but we
note that hydrogen evolution rates measured with different
photolysis set-ups can vary enormously,*® and unfortunately no
quantum efficiency was reported.

Performing measurements for P17 using ascorbic acid/water
mixtures, while maintaining the polymer concentration used in
our water/TEA/methanol experiments, yielded a hydrogen evolu-
tion rate that was indistinguishable from that measured with the
water/TEA/methanol mixture. We therefore believe that the main
difference between the values reported here and those measured
by Zong et al. is not due to the difference in the sacrificial donor,
but rather due to difference in polymer concentration.

Following Kisch,” we have endeavoured to make our
measurements in the concentration region where the rate is
saturated with respect to light absorption. We also tested
ascorbic acid/water mixtures in the case of P12. This, however,
failed due to the poor dispersibility of the polymer in water in
the absence of methanol and TEA.

As already mentioned above, the pseudo-random versions of
P12 (P18-P21), as well as a truly random version of P13St, are
less active than P12 and P13St respectively. Both P18-P21 and
P13St random also have a red-shifted optical gap relative to
their ordered counterparts (Fig. S52t). Preparation of a truly
random version of P12 is difficult because of the hydrolytic
deboronation issues that also thwart the synthesis of P17 by
Suzuki-Miyaura polycondensation. For P18-P21, it also appears
that the optical gap red-shifts and the activity decreases with the
length of the thiophene precursor used; that is, less red-shifted
and most active when using thiophene (P18) and most red-
shifted and least active in the case of the terthiophene-based
unit (P20).

Long term stability and quantum efficiency

The stability of the most active photocatalyst, P12, was studied
by constant illumination under visible light (1 > 420 nm) for

This journal is © The Royal Society of Chemistry 2018
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a total of 65 hours (Fig. 2a). The hydrogen evolution rate
decreases somewhat during the course of the experiment, but
no changes in the UV/vis absorption profile (Fig. S431) or FT-IR
spectrum were observed (Fig. S447).

An external quantum efficiency (EQE) for P12 of 1.4% at
420 nm was determined. This is lower than for dibenzo[b,d]
thiophene sulfone-phenylene co-polymers P7 (EQEsz0 nm =
7.2%), but considerably higher than for P1 (EQE ;s nm =
0.4%).** As expected, no activity was observed at 600 nm for P12
due to lack of light absorption, demonstrating that the
hydrogen production is indeed driven by the absorption of light
(Fig. 2b).

Effect of the polymer synthesis route

The synthetic route used to prepare the polymer photocatalysts
can in principle affect their properties and have a significant
impact on the photocatalytic performance. We have previously
observed differences in the activity of polymers depending on
the synthetic route used.”* Indeed when P13 and P14 were
prepared via the same Stille coupling method as used to prepare
P17, the resulting P13St and P14St materials were less active
than their Suzuki-Miyaura counterparts. Significant amounts of
residual tin were found in these Stille polymers that could not
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Fig. 2 (a) Hydrogen evolution of P12 from water/MeOH/TEA mixture

under visible light (2 > 420 nm) for a total of 65 hours; (b) wavelength
dependent hydrogen evolution of P12 using 375, 420, 500, and
600 nm (£10 nm fwhm) band-pass filters.
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be removed during work-up. When 10 wt% of tin (from tri-n-
butyl tin bromide) was added to the best-performing polymer
made via Suzuki-Miyaura polycondensation (P12), a similar
drop in activity was observed, suggesting that residual tin might
cause the loss in activity. P150x prepared via oxidative coupling
also has a lower performance than its Suzuki-Miyaura poly-
condensation counterpart. It is known that oxidative coupling
reactions on thiophenes introduce 3 and 4 linkage defects that
limit the conjugation length in theses polymers.”” Moreover,
both polymers made via oxidative coupling (P150x and P170x)
are amorphous, which potentially also has a negative impact on
charge-transport between the polymer chains.

Despite the reduction in activity relative to their Suzuki-
Miyaura counterparts, we still observed higher rates for the
P13St and P14St co-polymers prepared by Stille coupling than
for the P17 homopolymer prepared by Stille coupling. This was
also found to be the case for P150x compared to P170x (Table
S51). It appears therefore that the effect of co-polymerisation of
thiophenes and p-phenylenes, at least in this case, is indepen-
dent of the polymerisation technique used.

(TD-)DFT calculations

TD-B3LYP calculations on the lowest energy oligomeric models
for P1 and P11-P17 (Fig. 3a and S997) predict the same trend in
absorption on-set as observed experimentally: the absorption
on-set, modelled as the lowest energy vertical singlet excitation
(S1 exciton), shifts to the red upon increasing the percentage of
thiophene in the co-polymer (Fig. S1007). The exception is for
P13 and P14, which (TD-)DFT predicts to have effectively the
same optical gap, while experimentally P14 is slightly red-
shifted with respect to P13. In line with the literature,” this
lowest vertical excitation is predicted to carry most of the
intensity in the visible-near UV range (see Fig. S101} for an
example in the case of P13). The sigmoidal shape of the solid-
state reflectance UV-vis spectra in Fig. 2a must therefore be
due to reflected light having undergone repeated transmissions,
emphasizing low intensity transitions,”” in combination with
effects due to the distribution of chain lengths, packing modes,
and light scattering effects. The oscillator strength (intensity)
predicted for the lowest vertical excitation is very similar in all
materials (Table S97).

More interestingly, (TD-)B3LYP calculations of the potentials
of the free charge carriers and excitons in the different co-
polymers (Fig. 3b) suggest that both the driving force for
reduction of protons to hydrogen and the driving force for
oxidation of sacrificial electron donors (or water) decreases
significantly with increased thiophene content within the
series. EA and IP* become steadily less negative and IP and EA*
less positive. Importantly, the first step of the TEA oxidation, the
oxidation of TEA to the TEA radical (TEAR, N(Et),CHCHy), is
predicted to become increasingly endergonic upon incorpora-
tion of more thiophene, with IP and EA* values for the co-
polymers that are less positive than the TEAR/TEA reduction
potential. As such, we predict that this step forms an effective
barrier to overall TEA oxidation that gets progressively more
difficult to overcome. Finally, the energy required to split
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a relaxed exciton into a trapped pair of isolated charge carriers,
the adiabatic exciton binding energy, decreases with increased
thiophene content (Fig. S1021). This translates into the differ-
ence between IP and EA*, and EA and IP* in Fig. 3 decreasing
from left to right. This trend suggests that it becomes progres-
sively easier to split the exciton when going down the series. We
calculate potentials as they are difficult to measure, especially
under operating conditions; that is, in the presence of water and
TEA. Immersion in water-rich environments may result in
a significant shift of potentials relative to their values in the
absence of water for polymeric solids. Finally, as discussed
above, we demonstrated previously that (TD-)B3LYP calcula-
tions yield accurate potentials for dry polymeric solids,
including P1 and P17, when compared to experimental photo-
electron spectroscopy data.*

(TD-)DFT calculations on series of alternative oligomer
models with the same overall composition as P12 and P13 but
different arrangements of the building blocks along the chain
(Tables S10 and S117) predict that the latter has an important
effect on properties. For both compositions, the optical gap, the
driving force for proton reduction and TEA oxidation, as well as
the intensity of the lowest energy excited state decrease with
increasing degree of segregation in the oligomer model. The
most segregated structures, PgT, and P¢Ts, are predicted to have
among the smallest optical gap values, as well as the shallowest
IP and deepest EA values for each series. In contrast, P12 and
P13—that is, the regular structures with the smallest possible
repeat unit—are found to have among the largest optical gap
values and the deepest IP and the shallowest EA values. The other
structures lie in between these extremes. Based on these calcu-
lations, pseudo-random P12 (i.e., P19-P21) and random P13 are
predicted to have at best the same and at worst a smaller optical
gap and a smaller driving force for both proton reduction and
TEA oxidation than P12 and P13. Calculations also predict that
the exciton, as well as both the hole and electron, localise on
thiophene-rich segments in oligomeric models (i.e., on T, or

12000 | J. Mater. Chem. A, 2018, 6, 11994-12003

(PT),). This localisation probably drives the trend with segrega-
tion observed in the calculations.

Discussion

Based on the combined experimental and computational data
discussed above, a likely explanation for the observed
maximum in the hydrogen evolution rates under visible light
illumination (Fig. 1d) is a trade-off between the decreasing
driving-force for both TEA oxidation and proton reduction with
increased thiophene content, the red-shifting absorption on-set
and, probably to a lesser degree, the reduced exciton binding
energy. Assuming that the sigmoidal shape of the solid-state
UV-visible spectra is not an experimental artefact and that
this is retained when the particles are dispersed in the reaction
mixture, a red-shift in the absorption on-set should result in the
polymer absorbing more photons. We will discuss this
assumption in more detail below, but the resulting prediction is
that under exclusively near-UV illumination, the hydrogen
evolution rate of P1 should improve relative to the co-polymers.
Indeed, measurements using a band-pass filter centred around
340 nm (U-340, see Fig. S217 for the filter transmission char-
acteristics) show that P1 shows the highest hydrogen evolution
rate (351 umol g~ * h™") under near-UV conditions. In the near-
UV, the hydrogen evolution rate drops steeply with increasing
thiophene content to 104 pmol ¢~' h™" for P12 and between 52
to 63 umol g~' h™" for the rest of the series (Fig. $241). The
difference between the activity of the polymers under visible (1 >
420 nm) and broadband illumination (1 > 295 nm) (Table 1) is
also in line with the fact that the activity of low-thiophene-
content polymers is limited by the amount of light absorbed
when using visible light. Other polymer properties, such as the
excited-state lifetimes probed by TCSPC, the surface area, and
the particle size under reaction conditions do not change
significantly when going from P1 to P11 and from P11 to P17.
Hence, at least for the copolymerisation of phenylene and

This journal is © The Royal Society of Chemistry 2018
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thiophene units, variation in these physical properties does not
significantly contribute to the trend in the hydrogen evolution
rate with thiophene content.

An approximate action spectrum for P12, where we
measured the hydrogen evolution rates using band-pass filters
centred at 375, 420, 500, and 600 nm (+10 nm fwhm), is shown
in Fig. 2b. It demonstrates that while the wavelength-dependent
hydrogen evolution rates do not exactly follow the sigmoidal
shape of the solid-state UV-vis spectrum, with the hydrogen
evolution rates first rising and then slightly falling again with
decreasing wavelength, the polymer does exhibit significant
activity at more than 100 nm beyond the absorption on-set. This
behaviour supports our assumption that light absorption far
beyond the absorption on-set can result in a significant
contribution to the hydrogen evolution rate under broadband
illumination. Hence, shifting the absorption on-set into the red,
maximising overlap between the solar spectrum and polymer
absorption spectrum, should be beneficial in terms of activity,
so long as the shift does not go at the expense of driving force or
other properties such as excited state lifetime.

The difference in hydrogen evolution rates between P13 and
P14, between P12 and P18-P21, and between P13St and P13St
random, suggest that the exact arrangement of the building
blocks along the chain is important, not only the overall
composition of the polymers. This interpretation is supported by
(TD-)DFT calculations, which explain the red-shift in the optical
gap of P13St random and P18-P21 relative to P13St and P12.
These calculations also explain the trend in hydrogen evolution
rate observed when going from P18 to P20, in terms of increased
segregation of the building blocks in the polymer and the local-
isation of the S1 exciton on thiophene-rich segments. Conse-
quently, P12 is the most active material under visible light
illumination, while P18-P21 have lower hydrogen evolution rates.
P13St random is less active than P13St, even if the (pseudo-)
random materials have a red-shifted optical gap; again, this
probably results from the trade-off between the amount of light
absorbed and the driving force for both TEA oxidation and proton
reduction; that is, the increased absorption of light does not
compensate for the reduction in driving force.

Conclusions

We report a series of co-polymers of 1,4-phenylene and 2,5-
thiophene for which the hydrogen evolution activity under
visible light illumination displays a clear maximum approxi-
mately halfway across the copolymer series. We give a possible
explanation of this activity maximum in terms of a trade-off
between the amount of light absorbed and the driving force
for proton reduction and sacrificial electron donor oxidation.
We support this explanation by comparing the activity under
visible, near UV, and broadband illumination (visible and near
UV light), as well as through action spectrum measurements
and DFT calculations. We also show that the arrangement of the
building blocks in the polymer has a significant effect on the
photocatalytic performance when compared to random co-
polymers. We propose that this ability to tune the activity of
a polymer through co-polymerisation is a general feature of

This journal is © The Royal Society of Chemistry 2018
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polymer photocatalysts and that this can be exploited in other
materials in the future, perhaps to produce tunable compo-
nents in Z-scheme architectures for overall water splitting.
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