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Backbone Heterojunction Photocatalysts for Efficient

Sacrificial Hydrogen Production

Richard J. Lyons, Rhys J. Bourhill, Ewan McQueen, Sam D. Harding, Krzysztof Pawlak,
Thomas Fellowes, Harry W. Capps, Alexander J. Cowan, Andrew I. Cooper,
Adrian M. Gardner,* Martijn A. Zwijnenburg,* and Reiner Sebastian Sprick*

A common strategy to improve the efficiency of organic photocatalysts for
hydrogen production from aqueous mixtures is to create bulk heterojunction
nanoparticles comprised of intermixed donor and acceptor phases that allow
for efficient charge separation after photoexcitation. However, many of these
systems possess poor stability due to aggregation of these nanoparticles
under operating conditions. Moreover, the use of surfactants, that inhibit
aggregation and promote donor-acceptor phase intermixing, can form an
insulating barrier that reduces the photocatalytic efficiency of these nanopar-
ticles. Here, these issues are bypassed by preparing a single-component
organic heterojunction-type polymer, P40, in which a molecular donor, pyrene,
is tethered to poly(fluorene-co-dibenzo[b,d]thiophene sulfone), a conjugated
polymer acceptor. By tethering the donor and acceptor together, phase
intermixing is guaranteed without the need for costly post-synthesis
processing or insulating surfactants. Moreover, the influence of pyrene in P40
is determined to be multifaceted, as it influences the dynamics of the excited
state, the aggregate microstructure, and the local solvent environment. P40 is
found to have an exceptional external quantum efficiency of 38% at 420 nm in
the presence of triethylamine as a hole scavenger, the highest value reported
for any linear conjugated polymer to date for sacrificial hydrogen production.

1. Introduction

We currently face a climate crisis due to
the excessive consumption of fossil fuels;(!!
yet, this consumption will persist until vi-
able alternative fuels are developed. Solar
energy is the most abundant energy source
available to us, however, the diurnal cycle
limits the availability of solar energy to the
daytime.?] But by capturing and convert-
ing solar energy into a chemical fuel, we
can make solar energy available at the point
of demand. One such chemical fuel is ele-
mental hydrogen. Hydrogen can be burned
in air to perform useful work?® or can be
used in fuel cells to generate electricity
directlyl*l with the only by-product of each
process being water. Hydrogen is also a nec-
essary chemical feedstock for the refine-
ment of hydrocarbons and the production
of essential fertilizers by way of the Haber-
Bosch process.’7! The direct splitting of
water into hydrogen and oxygen using so-
lar energy and a photocatalyst is, potentially,
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the most convenient approach to generating elemental hydrogen
due to the relative simplicity of photocatalytic systems.[®!

Over a half-century worth of research has been dedicated
to the development of water splitting photocatalysts,[®) much
of which has focused on the development and implementa-
tion of inorganic semiconductors as photocatalysts.l') While
large strides have been made, most inorganic photocatalysts re-
ported that are capable of driving overall water splitting can
only operate in the UV region of the solar spectrum;!!!! a re-
gion that accounts for only ~5% of the energy available from
sunlight.'?! This low sensitivity to much of the solar spec-
trum by inorganic photocatalysts severely limits their applicabil-
ity for real-world application as their solar-to-hydrogen conver-
sion efficiencies (STH) fall below the necessary 10%."!) Organic
semiconductors, on-the-other-hand, often possess relatively nar-
rower optical gaps, absorbing light further into the visible re-
gion of the solar spectrum than their inorganic counterparts.!3!
Moreover, organic materials provide excellent versatility due
to the comparative ease in which their physical and optoelec-
tronic properties can be altered by chemical modification.'?]
This has resulted in significant efforts being devoted toward
the development of conjugated organic materials for photocat-
alytic hydrogen evolution in recent years, with various chem-
ical structures and architectures being explored, including co-
valent organic frameworks (COFs),l"*l conjugated microporous
polymers (CMPs),[">1¢] small molecules/oligomers,!'”-2% and lin-
ear polymers.[21-26]

To develop more efficient photocatalysts, organic materials
are often processed into multi-component bulk heterojunctions
(BHJs) by exploiting the solubility of many organic semicon-
ductor materials. Typically, these are composed of molecular ac-
ceptors and soluble donor polymers,[2°2728] although alternative
configurations have been reported.?*-! Provided sufficient care
has been taken during the design stage, BH]J-type photocata-
lysts are often more efficient than their constituents in isolation
or as physical mixtures.[?72832] This increased efficiency is, typ-
ically, attributed to efficient charge transfer and separation be-
tween the donor and acceptor components; a process that sep-
arates the tightly bound Frenkel excitons generated after pho-
toexcitation and inhibits charge recombination.33! For these sys-
tems, efficient mixing of the individual components is facilitated
by solution phase processing into nanoparticles; primarily via
mini-emulsion processing or nanoprecipitation.**! Nanoparticle
preparation often, but not always, necessitates the use of surfac-
tants to inhibit aggregation, improve hydrophilicity,****! or pro-
mote efficient mixing of the donor/acceptor phases.[?’] Yet, issues
remain with these BH]J-type photocatalysts, such as surfactants
inhibiting charge transfer(3¢37] and the stability of nanoparticles
under long-term operation having been regularly highlighted in
recent years.!?>38] Particularly, control over the morphology is re-
quired, as the issue of poor miscibility between the donor and
acceptor components sometimes has resulted in phase separa-
tion in to pure donor and pure acceptor domains, rather than
as an intermixed donor-acceptor phase.*"l A noteworthy exam-
ple of this was reported by Kosco et al., who observed donor—
acceptor phase separation into a core—shell morphology that re-
sulted in a significant drop in photocatalytic performance that
they ascribed to the confinement of photoelectrons to the accep-
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tor core.l?’] Additionally, good interfacing between components
in photocatalytic systems has been shown to be of great impor-
tance in recent years, particularly in biohybrid systems.[3*40] Re-
cently, this approach has been extended to ternary systems(“!l and
controlled templated COF heterojunctions,*?! yet careful design
and control at either the synthesis or processing stages was neces-
sary to provide adequate control over phase intermixing for these
examples.

Alternatively, directly tethering the donor and acceptor com-
ponents together using covalent bonds would provide excellent
interfacing and allow for efficient charge transfer while concur-
rently suppressing phase separation.[*** Moreover, this would
circumvent the time consuming solution phase processing that is
often used to prepare BHJ-type photocatalysts. Various architec-
tures of these so-called single-component materials have been re-
ported for application in organic photovoltaic devices, these archi-
tectures include block co-polymers, molecular dyads/triads, and
double-cable polymers (outlined in Figure 1).[*] Unlike the well-
studied push-pull-type polymers, direct conjugation between the
donor and acceptor components is inhibited.[*}] Despite promis-
ing results for these materials in photovoltaics, few examples
have been translated to photocatalytic systems for hydrogen evo-
lution with only dyads!*! and block copolymers!*?! having been
explored.

Here, we present P40 (Figure 2a), a double-cable-type single-
component photocatalyst in which the molecular donor pyrene
(Py) is tethered to the conjugated polymer acceptor, poly(fluorene-
co-dibenzo[b,d]thiophene sulfone) (FS). This non-conventional
configuration of molecular donor and polymer acceptor is sim-
ilar in concept to our recently reported work on BH]J-type
photocatalysts.[?] P40 was predicted to possess a type-1I energy
level offset between FS (acceptor) and Py (donor) with nanoscale
separation between the components that was expected to pro-
mote efficient charge separation after photoexcitation. Impor-
tantly, as Py was bonded at the bridgehead of fluorene, direct
conjugation, and therefore through bond charge transfer, be-
tween the FS backbone and Py was inhibited. P40 was bench-
marked against P35, the dimethyl functionalized FS-type poly-
mer (Figure 2a),[**8 to better understand how the inclusion of
Py influenced P40. The photocatalytic performance of P40 for
sacrificial hydrogen evolution was studied in a 1:1:1 mixture of
water, triethylamine (TEA) and methanol (MeOH), where P40
was found to have exceptionally high photocatalytic efficiency
for sacrificial hydrogen evolution with an external quantum ef-
ficiency of 38% at 420 nm. This EQE represents one of the high-
est values reported to date for an organic photocatalyst for sacri-
ficial hydrogen evolution. Using a combination of transient ab-
sorption spectroscopy (TAS) and computational predictions, the
photophysical behavior of P40 was studied in detail to better un-
derstand why P40 shows such high efficiency for sacrificial hy-
drogen evolution. Nitrogen sorption isotherms showed that P40
has an apparent Brunauer-Emmett—Teller surface area (SAggr)
over three times greater than that of P35, which suggests that the
inclusion of Py also changes the microstructure of P40. There-
fore, the influence of Py in P40 must extend beyond purely being
a molecular donor and it must also play a significant role in de-
termining the polymer’s microstructure and also influences how
P40 interacted with the local solvent environment.

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 1. Schematic representation of the typical routes of developing organic semiconductor photocatalysts with greater efficiencies, including ho-
mopolymers, donor—acceptor (D/A) co-polymers, BH) systems, molecular dyads and triads, block co-polymers, and double-cable polymers.

2. Results

2.1. Synthesis and Characterization

P35 and P40 (Figure 2a) were synthesized via a typical Suzuki
polycondensation reaction in N,N-dimethylformamide (DMF) at
150 °C using [Pd(PPh,),] as the catalyst. Full details of the syn-
thesis and characterization are outlined in the Supporting Infor-
mation. The characterization details of P35 have been outlined
in detail elsewhere.?>#748] Thermogravimetric analysis (TGA) of
P40 showed that it possessed good thermal stability under air
(T4 = 399 °C, 5 wt.% loss). Transmission Fourier transform in-
frared spectroscopy (FT-IR) analysis of P40 showed the expected
peaks of the aromatic C—H stretches at #3000 cm~! and the char-
acteristic asymmetric stretching vibrations of the sulfone group
at 1300 and 1155 cm™!. No long-range order was observed in the
powder X-ray diffraction (PXRD) pattern of P40, suggesting that
the as prepared polymer is amorphous. The apparent Brunauer—
Emmett-—Teller surface areas (SAygr) of P35 and P40 were deter-
mined by obtaining nitrogen sorption isotherms at 77 K. Both
P40 and P35 are porous with specific surface areas of 346 and
109 m? g1, respectively. Residual Pd from the polymer synthe-
sis — a known impurity that can act as a co-catalyst for proton
reduction(**=] — was determined to be 0.19 wt.% for P40 by
inductively coupled plasma optical emission spectroscopy (ICP-
OES). This is somewhat lower than the quantity determined for
P35 used here (0.58 wt.%). The particle sizes of P35 and P40
were determined using static light scattering (SLS) in a 1:1:1 wa-
ter/TEA/MeOH mixture. Particle sizes were determined based
on the Sauter mean diameter of the particles and were deter-
mined to be 2.90, and 1.19 um for P35, and P40, respectively.
The optical gaps of P35, P40, and Py were estimated from the
absorption onset of the powders in the solid-state (Figure 2c).
P35 and P40 were found to have comparable optical gaps of 2.57
(483 nm) and 2.63 (471 nm) eV, respectively. Whereas Py was de-
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termined to have a larger optical gap of 2.71 eV (458 nm). Unlike
P35, that possesses a broad, featureless absorption profile, span-
ning from its onset to 300 nm, P40 has a clear absorption max-
imum at ~#420 nm. The emission maxima of P35, P40, and Py
were determined from the steady-state photoluminescence (PL)
spectra of the powders in the solid-state (Figure 2d). For P35 and
P40, the emission maxima are located at ~480 nm, whereas Py
has a slightly blue shifted emission maximum (472 nm).

2.2. Photocatalysis Experiments

Organic photocatalysts are typically unable to perform overall wa-
ter splitting as their shallow ionization potentials (IPs) lack the
thermodynamic overpotential to drive the water oxidation half
reaction, a fact that necessitates the use of sacrificial electron
donors (SEDs). Here, we utilized TEA as a SED in a 1:1:1 mixture
of water/TEA/MeOH, as this mixture has been used in previous
studies involving P35 for photocatalytic hydrogen evolution.!?>#]
The intended role of MeOH was to aid in dispersing P40, however
it was also found that MeOH acted as both a SED and a proton
source in the presence of P40, though its activity was markedly
lower than when aqueous TEA was used (Figure S40, Supporting
Information). Hydrogen evolution experiments were performed
using a 300 W Xe light source equipped with a 420 nm long pass
filter (>420 nm). The photocatalytic performance of powders of
Py, P35, and P40 (Figure 3a) were studied and a physical mixture
of Py and P35 (P35-Py) was also tested.

At low concentrations (5 mg in 22.5 mL of 1:1:1 wa-
ter/TEA/MeOH), there is a stark difference in photocatalytic
performance between P35 and P40 (Figure 3a). At these con-
centrations, P35 has a photocatalytic rate of 2.22 mmol h!
g™! (1.11 umol h7!), whereas P40 has a much higher photo-
catalytic rate of 24.0 mmol h™' g=! (120 umol h™'), an almost
tenfold difference. However, upon increasing the photocatalyst

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 2. a) The chemical structures of Py, P35, and P40. b) The DFT predicted ionization potentials (IPs) and electron affinities (EAs) of the polymers
and the proton reduction and water oxidation potentials. The proton reduction and water oxidation potentials shown in panel b are for a pH of 12.3, the
pH of a 1:1:1 mixture of water/TEA/MeOH. The normalized steady-state c) UV-vis absorption spectra and d) PL spectra (4, = 360 nm) of Py, P35, and

P40 powders.

concentration fourfold (25 mg in 22.5 mL of 1:1:1 wa-
ter/TEA/MeOH, Figure 3b), the difference in rate becomes less
pronounced, with the mass normalized hydrogen evolution rate
of P40 decreasing to 12.2 mmol h™! g=! (305.9 umol h™!) and
the rate of P35 increasing to 6.0 mmol h=! g=! (149.0 pmol h71).
We should highlight, however, that the absolute rate of P40 did
indeed increase with increasing photocatalyst concentration and
the decrease in mass normalized rate is due to the deflating effect
of mass normalization on photocatalyst rates at higher photocat-
alyst concentrations. These results strongly suggest that P40 is
an efficient hydrogen evolution photocatalyst at very low photo-
catalyst concentrations when compared with P35.

The hydrogen evolution rate of the physical mixture of
P35 and Py, P35-Py, is 5.0 mmol h™' g=! (125.9 umol h™?),
slightly less than that of pure P35. Negligible hydrogen was ob-
served for Py over a 5 h period, which is unsurprising given
that, unlike P35 and P40 that possess residual Pd from the
synthesis, Py was not loaded with noble metal co-catalysts,
which are typically necessary for organic materials to generate
hydrogen.>?!

Adv. Funct. Mater. 2025, €13025 e13025 (4 of 13)

We estimated the EQEs of P35 and P40 to be 2.4% and 38.0%,
respectively, in a 1:1:1 mixture of water/TEA/MeOH at 420 nm
at a photocatalyst concentration of 1.0 mg mL™! (full details out-
lined in Supporting Information). The EQE of P40 exceeds P35
by almost a factor of 16, a somewhat surprising observation given
the rate of P40 is only ~2 times greater than P35 at a similar
concentration (see Figure 3c,d). When the concentration of P35
was increased to 2.0 mg mL~! the EQE was also found to in-
crease to 6.4%; confirming that the concentration of P35 is a
limiting factor in these experiments. We believe that the differ-
ence between the photocatalytic rates (~2 times greater) and the
EQE (~6 times greater) for P40 compared with P35 is due to the
shorter path length used in the EQE measurements that permits
more photons to be transmitted compared to the kinetic mea-
surements, despite the greater concentration used for the EQE
measurements. Our confidence in the superior EQE value de-
termined for P40 is reinforced by our transient absorption anal-
ysis (vide infra) that suggests stark differences in the excited
state dynamics of P35 and P40, specifically P40 demonstrated a
significantly larger polaron yield after photoexcitation than P35.

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. a) Hydrogen evolved versus time for 5 mg of P35 and P40 in 22.5 mL of 1:1:1 water/TEA/MeOH. b) The hydrogen evolution rates of 25 mg of
Py, P35, P40, and P35-Py in 22.5 mL of 1:1:1 water/TEA/MeOH. c) Bar chart of the rates of P35 and P40 at mass loadings of 5, 10, and 25 mg in 22.5 mL
of 1:1:1 water/TEA/MeOH. d) The external quantum efficiencies for P35 and P40 at 420 nm in 1:1:1 water/TEA/MeOH, the EQE of P35 was recorded
at concentrations of 1.0 and 2.0 mg mL~" due to the sensitivity of P35 to concentration, whereas P40 was recorded at a concentration of 1.0 mg mL™".
Full details outlined in Sections $1.5.2. and S1.5.3. (Supporting Information).

Crucially, P40 demonstrates one of the highest EQE values for
any single-component organic photocatalyst for sacrificial hydro-
gen evolution and, to the best of our knowledge, represents the
highest EQE reported for a linear polymer photocatalyst to date
for sacrificial hydrogen evolution without the need for additional
noble metal co-catalysts, solely relying on the residual palladium
(0.19 wt.%) from the synthesis. The next highest reported EQE
appears to be by Han et al., in which they reported an EQE of
30.48% at 520 nm in 0.1 ascorbic acid with 1 wt.% Pt (see Table
S12, Supporting Information).>*! While higher EQE values ex-
ceeding 80% have been reported,?>*] these materials have re-
quired nanoscale processing to achieve these efficiencies.
Longer-term stability of P40 in a 1:1:1 mixture of wa-
ter/TEA/MeOH was studied over more than 45 h under visible
light irradiation (Figure S35, Supporting Information). The ma-
terial was found to be active for the entire duration of the exper-
iment and post-catalysis FT-IR and PL spectra showed no signif-
icant differences compared to the material as made (Figure S36,
Supporting Information). However, static light scattering experi-
ments show that there was some degree of aggregation of P40 fol-
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lowing the extended run (Figure S37, Supporting Information);
potentially explaining the loss in photocatalytic activity over time.
BH]J materials have been reported to show even more significant
changes to their microstructure as evident from their PL spec-
tra, indicating phase separation between the donor and acceptor
components,[*l highlighting the benefits of a single-component-

type system.

2.3. Computational Predictions

We modeled P40 as a tetramer with both the Py and phenyl pen-
dant groups modeled explicitly (Figure S21, Supporting Infor-
mation) using a previously developed approach based on ADFT
(B3LYP)[>7] calculations on a single oligomer strand embedded
in a dielectric continuum model to describe the effect of the re-
action mixture the polymer particles are dispersed in.’®>° Us-
ing this approach, we predicted the IPs of Py, P35, and P40 to
be +0.86, +0.64, and +1.01 V, respectively, versus the standard
hydrogen electrode (SHE) and the electron affinities (EAs) to be

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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—2.44, —1.92, —1.97 V, respectively, versus the SHE (Figure 2b;
see Table S7, Supporting Information). While the EAs of P35 and
P40 were determined to be comparable (=1.92 vs —=1.97 V, re-
spectively), the IPs, on the other hand were significantly different
(+1.01 vs +0.64 V, respectively). We predict that after photoexcita-
tion the hole localizes on the Py moiety while the electron delocal-
izes along the FS backbone. This localization of the hole on the
Py moiety, rather than the FS backbone, would account for the
comparatively shallow IP predicted for P40 compared to P35 and
many other polymers possessing FS backbones.[*’*8] Moreover,
the lowest energy conformer for P40 was found to contort (Figure
S21, Supporting Information), with the Py pendant groups form-
ing intramolecular dimers, potentially causing the IP to move up
in energy and may account as to why we predict the IP for P40
to be shallower than that of isolated Py. It should be noted that
we modeled Py, P35, and P40 as isolated molecules/oligomers,
rather than ensembles, which would result in a wider separation
of the frontier energy levels.

The predicted optical gap of P40, the energy of the lowest en-
ergy vertical singlet-to-singlet excited state, obtained using time-
dependent DFT (ID-DFT), as well as the predicted character of
all the lowest excited states, was found to strongly depend on the
density functional used. The issue here appears to be the well-
known problem of TD-DFT to correctly describe the energies of
charge-transfer excited-states,[®®! excited-states in which the hole
and excited electron are spatially separated, relative to those of lo-
cal excited states, where the hole and excited electron overlap. To
circumvent this issue, we calculated the optical gap of the P40
model instead using the wavefunction based spin-component
scaled algebraic-diagrammatic-construction scheme of the polar-
ization propagator of second order (SCS-ADC(2)) method.[61-63]
SCS-ADC(2) predicted that the optical gap corresponds to a local
excitation where the hole and excited electron are both localized
on the Py, with charge-transfer excitations, with the hole localized
on the Py and the excited-electron delocalized over the FS back-
bone, and local excitations delocalized over the FS backbone lying
slightly higher in energy (see Table S9 and Figures S22-S25, Sup-
porting Information). After the initial excitation and internal con-
version to the lowest excited state, the exciton separates with the
excited electron transferring from Py to the FS backbone. Some-
thing that could possibly be facilitated by the charge-transfer ex-
cited state coming down in energy when the excited state relaxes.

In P40, the oscillator strength for the local Py to Py transitions
were found to be two orders of magnitude lower than the FS to
FS and the Py to FS transitions (see Table S9, Supporting Infor-
mation). Therefore, we would expect these latter transitions to
dominate the absorption spectrum of P40. This would explain
why we observe similar absorption onsets for both P35 and P40
as the predicted excitation energies for these transitions are com-
parable in energy to the lowest excited state of P35 (see Table S10,
Supporting Information).

2.4, Transient Absorption Spectroscopy Experiments

Our models predicted a charge transfer process occurring af-
ter (or during) photoexcitation that could not be validated us-
ing steady-state optical measurements, such as UV-vis absorp-
tion and steady-state fluorescence spectroscopy, therefore, we
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performed a deeper investigation into the photophysics of P35
and P40 using TAS. TAS measurements were recorded in the
photocatalytic mixtures of 1:1:1 water/MeOH/TEA and a 2:1 wa-
ter/MeOH mixture. It was not possible to record TAS data for
P40 in pure water as a sufficiently stable suspension could not be
achieved for the duration of the experiment.

The TA spectra obtained for P35 and P40 in 1:1:1 wa-
ter/MeOH/TEA have similar appearance to those of similar
dibenzo[b,d]thiophene sulfone containing polymers reported
previously,2>#®4] hence the spectral features are assigned in an
analogous manner. Briefly, at the earliest times after excitation
(0.5, 1 ps) the spectra (Figure 4a,b) are dominated by a broad
photoinduced absorption (PIA) band with a peak at ~800 and
820 nm, for P35 and P40, respectively, assigned to the initially
formed singlet local excited state, and negative signals at shorter
wavelengths, which through comparison with the UV/vis spec-
tra (Figure 2c) and the suspension-state PL spectra (Figure S18,
Supporting Information), can be assigned to overlapping ground
state bleach (GSB) and stimulated emission (SE). With increas-
ing delay time, these features decay, and a PIA band at 610 and
625 nm, is observed for P35 and P40, respectively, superimposed
on the broad negative signal, which as in previous work, is as-
signed as the spectral signature of an electron polaron on the FS
backbone.[®] We show that for P40 the intensity of this feature at
the longest timescales probed (1 ns) is dependent on the volume
of TEA in the solution, consistent with this assignment (Figures
S28 and S29, Supporting Information).

We performed lifetime density analysis (LDA) of the TA data
to provide further insight into the photodynamics of P35 and
P40 (Figure 4c,d). LDA has been described in detail recently,[06-70]
and outlined within Section S5 (Supporting Information) of
the accompanying ESI. The lifetime distributions are broad for
all wavelengths (Figure 4c,d) with the breadth of kinetic pro-
cesses observed resulting from LDA often correlated to disper-
sive kinetics,[°0%871] likely a result of structural disorder within
the polymer particles. In the absence of TEA, a broad distribu-
tion of lifetimes, with a peak lifetime of ~2.7 ps is observed in
the 625 nm lifetime distribution (Figure S28e, Supporting Infor-
mation). The lifetime averaged difference spectrum, (LADS) ob-
tained for 7 &1 — 10 ps shows only a weak negative going band
at ~625 nm, corresponding to the formation of the polaronic
species, while the excitonic features decay. Owing to this, we
conclude excitonic relaxation to the ground electronic state and
excitonic dissociation to form partially-separated charges (i.e.,
polaron-pairs) on the polymer occur during these timescales; the
weak negative going band at ~625 nm observed in the LADS
suggests that charge-separation is only a minor pathway for ex-
citon relaxation. These species largely decay by 1 ns (further dis-
cussion is provided in Section S5.3 of the accompanying ESI);
these observations are consistent with the poor photocatalytic ac-
tivity of P40 in the pure water and water/MeOH mixtures (Figure
S40, Supporting Information). For P35, a similar, well-defined
feature in the LADS is not observed, with only a minor devia-
tion in the shape of the negative going signal between 575 and
700 nm observed for those obtained for during the 60 — 120 and
120 - 600 ps lifetimes, Figure S27e (Supporting Information). A
weak, but clearly perceptible polaronic feature at ~625 nm is ob-
served for P40 in the absence of TEA at the earliest timescale
(0.5), Figure S28a (Supporting Information), appearing within
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Figure 4. TA spectra at pump-probe time delays as indicated for in 1:1:1 water/MeOH/TEA for a) P35 and b) P40. c) Lifetime distribution at 525, 610,
and 850 nm obtained from lifetime density analysis of the TA spectra for P35. d) Lifetime distribution at 525, 630, and 850 nm obtained from lifetime
density analysis of the TA spectra for P40. Lifetime averaged difference spectra obtained for the lifetime ranges as indicated, obtained from lifetime
density analysis of ) P35 and f) P40 in 1:1:1 water/MeOH/TEA; the lifetime corresponding to these spectra are shown as colored panels in parts (c)
and (d). For both P35 and P40 lifetimes where polaron formation occurs are highlighted within the area indicated in red in parts c and d. Data between
680 and 730 nm in parts a and e is contaminated by scattered pump light (24) and removed before analysis.

the instrument response function, IRF, (0.4 ps) which is ab-
sent for P35, Figure S27a (Supporting Information). Deconvolu-
tion of the IRF and coherent artifact(s) from the pure molecular
response is challenging,[*’] hence owing to the time-resolution of
the TA experiment we interpret the results of LDA for timescales
> 1 ps. These differences in the photophysics of the two poly-
mers indicate that charge-separation is more facile for P40 than
P35. This is consistent with the results of our calculations, which
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suggest along with the backbone localized electronic transitions
being optically allowed (monitored by the long wavelength tran-
sient PIA signature) for both polymers, charge-transfer states are
also optically allowed for P40, explaining the spectral signature of
the electron polaron at ~625 nm, even at the earliest pump-probe
delays, which is absent for P35.

For P40, in the 1:1:1 water/MeOH/TEA solution, as used in the
photocatalysis experiments, the ~625 nm polaronic band forms
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within the IRF, as noted above, but as identified from the results
of lifetime density analysis of the TA data, also on the 1 - 6 and
6 — 33 ps timescales (Figure 4f). We observed similar timescales
for reductive quenching of the exciton of the homopolymer of
dibenzo[b,d]thiophene sulfone, P10, recently.”% For P35, the TA
spectra are remarkably similar in the presence and absence
of TEA (Figure S26, Supporting Information). Lifetime density
analysis of the TA data for P35 indicates that excitonic quench-
ing by TEA occurs between 14 and 18 ps (Figure 4c,e). However,
the weak negative going signal observed for polaron formation
indicates that this is only a minor pathway for exciton relaxation
in P35, rationalizing the difference in activities of the two poly-
mers in the 1:1:1 mixture.

Recently, we studied the kinetics of P10 following 355 nm ex-
citation in solutions containing ~2% and 33% TEA by volume;
in that case, we observed no difference in kinetics.”"! We per-
formed TA experiments of P40 suspended in water/MeOH/TEA
solutions containing a wide range of TEA volumes (0.003 — 33%),
Figures S28 and S29 (Supporting Information); these results are
described in detail in Section S5.3 of the accompanying ESI.
Briefly, from LDA of these spectra, the peak lifetime for polaron
formation is shown to be remarkably consistent (z ~4 — 7 ps) for
the 0.05 — 13.3% TEA solutions, although we note the timescales
for polaron formation are broad (r ~1 — 10 ps). Despite this,
the intensity of the polaronic band is dependent on TEA volume
(Figures S28-S31, Supporting Information). These observations
are consistent with static quenching of the polymer exciton by
TEA, with pre-association of P40 and TEA being a prerequisite
of this mechanism. The kinetics for the 33% TEA solution dif-
fers from this behavior, with little polaron formation occurring
on the 1 - 10 ps, but is formed within the IRF and with a range
of lifetimes between 10 and 20 ps. We explore this further in Sec-
tions 2.5 and 3.

2.5. Steady-State Photoluminescence in Suspension

We performed steady-state PL spectroscopy at 355 nm excitation
in suspension (Figure S16, Supporting Information). In 2:1 wa-
ter/MeOH, a band is observed with a peak at ~#475 nm, a weak
tail extending into the visible, and a shoulder at ~457 nm. How-
ever, when in the presence of TEA, the relative intensity of the
long wavelength tail increases substantially; this long wavelength
emission is absent from the spectra of P35 (Figure S16, Sup-
porting Information). The 457 and 475 nm features are consis-
tent with vibrational progression observed for other copolymers
containing the dibenzo(b,d|thiophene sulfone unit, whereas the
unstructured longer wavelength emission is generally assigned
to intrachain charge transfer states.[%*7273] However, we have re-
cently shown that the profile of the emission spectra of P10 ap-
pears to be independent of the solvent environment.”"! As out-
lined above, P10 displays similar timescales for reductive exci-
tonic quenching and increased photocatalytic activity toward hy-
drogen evolution in the presence of TEA; hence, the assignment
of the long wavelength emission to intrachain charge transfer
states in P40 is unlikely unless the presence of TEA changes
the electronic and molecular structure of the P40 aggregate via a
mechanism not possible for P10.7%) Long wavelength emissions
in the range of 480 — 520 nm for Py containing solutions are often
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assigned to the emission of excimers (Py-Py) and exciplexes (Py-
TEA) in the presence of TEA, 775 however, the precise nature of
this emission is beyond the scope of this work.

We explored the influence of TEA concentration on the steady
state fluorescence of P35 and P40 as suspensions in a 2:1 wa-
ter/MeOH mixture (3 mL) in a cuvette (Figure 5). Unsurprisingly,
we observe fluorescence quenching of both P35 and P40 upon the
addition of TEA (Figure 5a,b), however, the extent of quenching is
markedly different between P35 and P40 upon the initial addition
of TEA (10 pL of TEA to 1 mL of the mixture). The PL intensity
of P35 at its emission maximum (l,,,,) decreased to ~75% of its
initial intensity, whereas P40 showed a more dramatic decrease
to ~#40% of its initial intensity. Subsequent additions of TEA had
a diminished effect on the fluorescence quenching for both P35
and P40. Such behavior is indicative of fractional accessibility of
the quencher (TEA) to the fluorophores (polymer).l’®! This is un-
surprising as it is unlikely that the TEA (or water/MeOH) can
penetrate into the polymer particles to quench deeper situated
fluorophores, a known issue of particulate photocatalysts.l””] Af-
ter normalizing the spectra of both P35 and P40 we also ob-
served the relative growth in intensity of the long wavelength tail
of the emission of P40 upon the addition of TEA (Figure 5c,d).
For clarity, we do not intend to imply that the intensity of emis-
sion has increased, rather the emission intensity at longer wave-
lengths appears to have increased relative to the emission max-
imum. This longer wavelength emission appears to be in line
with our steady-state PL spectrum for P40 suspended in a 1:1:1
water/TEA/MeOH mixture and, as discussed above, we believe
this may be the consequence of a pre-association of TEA with the
Py moieties on P40, as the rapid timescales for excitonic quench-
ing by TEA observed for P40 in our TA spectra is consistent with a
significant degree of pre-association, as described in Section S1.4
and within Section S5.3 (Supporting Information) of the accom-
panying ESI.

To explore this further, we performed PL measurements at
l,c = 355 nm of P40 as a suspension in water/MeOH/TEA solu-
tions containing a range of TEA volumes similar to those studied
using TA. The emission spectra obtained are shown in Figure S20
(Supporting Information). These experiments were obtained us-
ing a holder for front-face measurements of cuvettes containing
highly absorbing liquids, removing the potential for inner-filter
effects. The tilted sample configuration avoids direct reflection
of excitation into emission channel; however, this makes precise
placement between samples challenging, hence we do not com-
pare the raw intensity of the emission. The results obtained for
the 0 and 33% TEA solutions are remarkably similar to those de-
scribed above (Figure S16, Supporting Information). Inclusion
of just 0.03% TEA by volume, results in the long wavelength
unstructured tail to be observed; interestingly, the 475 nm band
also becomes clear. The 457 and 475 nm features are typically as-
signed to a vibrational progression in other copolymers contain-
ing the dibenzo[b,d|thiophene sulfone unit;!®7273 the differing
intensity of the two bands, which are largely unresolved in the 0%
TEA solution (Figure S20, Supporting Information) on the addi-
tion of TEA is consistent with TEA changing the bond lengths,
and hence (electronic) structure, of the polymer. As the volume
of TEA is increased to 13% the intensity of the long wavelength
band increases compared to the 475 nm band, with the inten-
sity of the signal at ~520 and 475 nm being notably similar in
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Figure 5. PL spectra of P35 and P40 suspended in 3 mL water/MeOH excited at 360 nm with additional TEA at specified quantities. The concentrations
of the samples were 0.3 — 0.4 mg mL™" and the initial volume was 3 mL. The raw PL spectra of a) P35 and b) P40 with additional TEA added at specified
quantities. (c) and (d) are the normalized spectra of (a) and (b), respectively. N.B. the profiles of P35 overlay, whereas the relative intensity of the low

energy tail increases upon addition of TEA for P40.

the 3.3 and 13% TEA solutions. This trend is reversed moving to
the 33% TEA solution, where the signal at 475 nm is again more
intense. Itis clear that the observance of the 475 nm and unstruc-
tured long wavelength bands depend on the presence of TEA, but
their differing relative intensities suggest they originate owing to
different mechanisms, and/or several emissive transitions over-
lap. We note that there are two possible assignments for the long
wavelength band emission: (i) intrachain charge transfer states
or (ii) Py-TEA exciplex. It is interesting to note that the kinetics
observed from the TA experiments in solutions containing 33%
TEA also differ from those containing 0.05-13%.

3. Discussion

While the exceptionally high EQE observed for P40 could be
purely ascribed to efficient exciton dissociation facilitated by the
predicted type-1I energy level offset between the FS backbone and
Py pendant groups, we also considered carefully the influence of
Py within P40. We have separated the role of Py into three distinct
factors: changes to the photophysics of the excited state, interac-
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tions with the local solvent environment, and variations to the
aggregate microstructure.

First, we consider the photophysics of the excited state of P40.
In the ground state absorption and steady-state PL of the solid-
state sample of P40 (Figure 2¢,d), it is clear that both P35 and P40
possess similar absorption profiles and that P40 does not absorb
further into the red region of the spectrum than P35, therefore
ruling out improved light harvesting of longer wavelength pho-
tons as a potential cause for the high photocatalytic performance
of P40. The difference in rate must therefore be a consequence
of more efficient utilization of incident light, consistent with the
larger EQE of P40 than P35. For the TA spectra of P40 in the ab-
sence of TEA we observe the signature of the electron polaron
even at the earliest timescales (0.5 ps), which continues to grow
over the next ~10 ps. This does not occur for P35, suggesting
polaron formation via exciton dissociation is more facile for P40
than P35. Importantly, this is supported by our observations that
suggests charge transfer occurs within P40 after photoexcitation,
where the excited electron and hole are separated to the FS back-
bone and Py, respectively; a process that cannot occur within P35.
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Owing to the simple functionalization of the bridgehead car-
bon on fluorene, FS-type polymers have been studied exten-
sively for side-chain engineering.!*86+78-80] Yet, the vast majority
of these studies have targeted material processability and there-
fore focused on the use of flexible side chains, such as alkyl or
oligo(ethylene glycol) groups, rather than large inflexible aro-
matic units, such as Py. We therefore must consider carefully
the influence that Py, being a bulky hydrophobic pendant group,
will have on the local solvent environment of P40. Given the hy-
drophobic nature of Py, P40 tended to aggregate in pure water
but dispersed well upon the addition of MeOH or TEA. This
hydrophobicity may account, at least in part, for the absence
of hydrogen when P40 was tested for hydrogen evolution in
the presence of ascorbic acid and the relatively low rate in the
presence of triethanolamine (Figure S40, Supporting Informa-
tion). Moreover, it may help to explain why TEA was an effec-
tive SED, as TEA is less polar it may interact more favorably with
P40 than P35. Previous studies using molecular dynamics have
predicted that the local solvent environment surrounding a hy-
drophobic FS-type polymer with n-octyl side chains had a signif-
icantly larger proportion of TEA than MeOH or water, compared
to a hydrophilic analogue with tri(ethylene glycol) side chains;*®!
therefore, we would expect a similar effect here for P40. We see
evidence for this in our steady-state PL spectra in suspension as
we observe the appearance of an emissive band at 520 nm when
P40 is suspended in a 1:1:1 water/TEA/MeOH mixture that is not
present in the absence of TEA. A TEA concentration correlated
emission in the wavelength region of 480 — 520 nm has previously
been assigned to a Py-TEA exciplex emission that supports our
suggestion.[”* Moreover, our ADFT (B3LYP) and ADC(2) calcula-
tions suggest, as discussed above, that the holes will concentrate
at the Py moieties, localizing the holes close to the SED, which
has the potential to further accelerate reductive quenching. Al-
ternately, unstructured longer wavelength emission is generally
assigned to intrachain charge transfer states in polymers con-
taining the dibenzo[b,d|thiophene sulfone unit. The increased in-
tensity of this band compared to the narrower band at ~470 nm
with increasing TEA concentration may be explained by chang-
ing structure of the P40 aggregate through intercalation of TEA
(and likely MeOH and water) owing to the hydrophobicity of
P40 as hypothesized from MD simulations for other hydrophobic
organic polymers. Such effects could induce profound changes
in the intrachain interactions given the contorted lowest energy
conformer calculated for P40 (Figure S21, Supporting Informa-
tion) enhancing intrachain charge transfer.**7273] Importantly,
this red-shifted emission is absent for the suspension spectra of
P35 under identical conditions (Figure S16, Supporting Informa-
tion). A pre-association of TEA to P40 may partially account for
the increased photocatalytic efficiency we observe as this would
prime the material for reductive quenching. We note that the ob-
servance of this long wavelength tail (Figure S20, Supporting In-
formation) and an increase in the 475 nm band intensity com-
pared to the 457 nm shoulder in the PL spectrum coincides with
the observance of changing kinetics observed in the TA exper-
iments assigned to reductive quenching of the polymer exciton
by TEA (Figures S27 and S28, Supporting Information). As noted
above, the ps kinetics of P40 in solutions containing 0.05 — 13%
TEA differ from that in the 33% TEA solution. Consistent with
this, the trends of the relative intensities of the broad unstruc-
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tured long wavelength band and the 475 nm band in the PL, de-
scribed in detail above, also change between solutions containing
13 and 33% TEA. It is clear that the volume of TEA in the solu-
tion has a complicated, multifaceted effect on the photophysics of
P40. Finally, we consider the influence of Py on the microstruc-
ture of P40. Py is a large, inflexible polycyclic aromatic hydro-
carbon; it will influence the packing of the polymer chains both
due to steric effects and through z—z stacking. However, little
information on the microstructure of P40 can be gleaned due
to its lack of long range order, therefore, we must make some
assumptions based on what we understand for Py and FS poly-
mer chains. As Py tends to form dimers in the condensed state,
both molecular and as moieties, then we might also expect sim-
ilar behavior in the P40 aggregates.®!] This is indeed what is ob-
served in our low energy conformer used to predict the IP and
EA of P40. Here, the FS-backbone contorts to allow for the Py
pendants to form intramolecular dimers (see Figure S20, Sup-
porting Information). The intra- and inter—chain interactions be-
tween Py moieties would then inhibit close stacking of polymer
chains; potentially introducing voids within the particle aggre-
gates that are responsible for the high SA;;; and microporosity
we observe (Figurse S10and S11, Supporting Information). How-
ever, P40 was found to be amorphous, making the confirmation
of this difficult and regardless of this, recent work by McCulloch
and co-workers suggests that the SA;; determined by N, sorp-
tion isotherms correlate poorly with photocatalysts performance:
rather it is the hydrophilic surface area determined by water sorp-
tion isotherms that is a more relevant metric for water splitting
photocatalysts. (5]

4. Solution-Processible Photocatalysts

We also present a set of soluble fluorene-based polymer ana-
logues to demonstrate that the influence of Py pendant groups
extends beyond their use in an FS-type polymer. These analogues
were designed by substituting the dibenzo[b,d]thiophene sulfone
repeat unit for an n-octyl (P41) or triethylene glycol (P42) func-
tionalized fluorene unit, which makes these materials soluble in
common organic solvents, such as chloroform and tetrahydro-
furan. Additional polymers were also prepared for comparison,
including P43, an alternating copolymer of di-n-octyl fluorene
and spirobifluorene, and P44, an alternating copolymer of di-n-
octyl fluorene and dimethyl fluorene. The chemical structures of
P41 — P44 are outlined in Figure 6, and the synthetic details are
presented in the Supporting Information. P41 and P43 have been
previously reported elsewhere.[®*#* Dispersions of powders of
P41 — P44 were screened for sacrificial hydrogen evolution in
the 1:1:1 water/TEA/MeOH mixture using a different photoreac-
tor setup to that discussed above (see Supporting Information),
therefore, direct comparison to the photocatalytic rates of P35
and P40 above should be avoided. P41 and P42 were found to
generate hydrogen at rate of 212 and 1136 pmol h™! g~!, respec-
tively. The higher photocatalytic hydrogen evolution rate of P42
is unsurprising as it possesses tri(ethylene glycol) side chains
that are known to be effective at improving photocatalytic per-
formance for hydrogen evolution from water compared to their
alkyl analogues.2#26:354885] Importantly, P41 and P42 showed
higher photocatalytic activity for hydrogen evolution than both
P43 (71 pmol h™! g!) and P44 (81 pmol h~! g=!). Moreover,
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P42

Figure 6. The chemical structures of P41 — P44.

the specific surface areas of P41 and P42 (determined by nitro-
gen sorption measurements) were higher than both P43 and P44
(Table S3, Supporting Information). Therefore, validating that
the use of Py as a pendant can be an effective motif in the develop-
ment of linear conjugated polymers photocatalysts for sacrificial
hydrogen evolution.

5. Conclusion

Here, we present a single-component linear conjugated polymer
photocatalyst, P40, in which a molecular donor, Py, was chem-
ically tethered to a polymer acceptor, FS. P40 demonstrated an
impressive EQE for sacrificial hydrogen evolution from water of
38% at 420 nm; a value which, to our knowledge, is the high-
est reported value for any linear conjugated polymer to date.
The results from our TA data suggest that there is better charge-
separation in P40 than in its analogue without the Py moieties,
P35, in the absence of TEA. This result was consistent with our
computational models that predict a charge transfer to occur af-
ter excitation within P40 that resulted in the separation of photo-
generated electrons and holes, with the photoelectrons localizing
on the FS backbone and the holes localizing on the Py moieties.
When in the presence of TEA, we observed evidence of efficient
reductive exciton quenching of P40 after photoexcitation in both
our TA and steady-state PL results. We expect that this combi-
nation of charge transfer and efficient reductive quenching con-
tributed to the enhanced photocatalytic efficiency of P40. Further-
more, we also found that P40 had a specific surface area ~3 times
greater than the unfunctionalized analogue, P35; suggesting that
the inclusion of Py in P40 alters the microstructure of the poly-
mer aggregate and facilitates porosity within the polymer parti-
cles. We believe that this also contributed to the enhanced pho-
tocatalytic activity of P40, compared to P35. This work demon-
strates a unique polymer motif that influences the photophysics
of the excited state and the polymer microstructure, resulting
in enhanced photocatalytic efficiency for sacrificial hydrogen
evolution.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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