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The copolymerization of photocatalytic moieties into a polymeric
material has emerged as a new development platform for hetero-
geneous photocatalysts. Incorporating small molecule photocata-
lysts into polymeric structures has created a new class of hetero-
geneous photocatalysts. However, the effect and interaction of the
comonomer on the photocatalyst have been mostly ignored and
little is known about the influence of classical polymer compo-
sition on photocatalytic efficiency. Here a vinyl functionalized ben-
zothiadiazole photocatalyst was copolymerized with three dra-
matically different monomers, methyl methacrylate, styrene, and
acrylonitrile, via free radical polymerization, to investigate the
effect of the comonomer choice on the photophysical properties
and photocatalytic efficiency.

Photocatalysis uses visible light to facilitate chemical reactions
and can remove the need for thermal energy, establishing
itself as a more environmentally friendly alternative to classic
catalysis." Rapid development over the last decade has pro-
vided access to a wide range of reactions previously only
achieved through the use of classic catalysts."'° However,
homogeneous and heterogeneous photocatalysts suffer from
significant intrinsic drawbacks,'*** including photobleaching,
a lack of easy recycling possibilities, limited mass transport to
the active center, or poor light absorption.'®2°

An ideal photocatalyst would possess the benefits of both
homogeneous and heterogeneous systems, achieving high
efficiency while allowing the alteration of materials pro-
perties.”’ Therefore, the fixation of photocatalytic moieties
onto support materials has been recently investigated by com-
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bining the photocatalytic properties of small molecule homo-
geneous photocatalysts with the material properties of the
support. This creates a wide range of possible photocatalytic
structures where materials properties can be easily adjusted.
One of the easiest and most efficient ways to incorporate
single photocatalytic moieties into the support material is
their copolymerization via free or controlled radical
polymerization.>*** Polymers are an ideal platform as support
materials possessing a variety of classic monomers giving
control over materials properties and structural designs includ-
ing hydrogels, microgels and responsive nanoparticles.>*
Interestingly, while it is well known that the structural design
and solvents can directly influence the photocatalytic
efficiency, the monomer used in the copolymerization is
chosen due to the desired material properties of the polymer.
The interaction between the photocatalyst and the comonomer
is often overseen, however, assuming negligible interaction
between the photocatalyst and surrounding polymer minimal
influences on the photocatalytic efficiency might be observed.

Kobayashi and Yoo reported the copolymerization of an
iridium photocatalyst into three heterogeneous polymers.
Based on the used combination of ethyl methacrylate and
styrene, N-isopropyl acrylamide, or benzyl methacrylate,
different  photocatalytic  efficiencies were observed.”®
Additionally, we have recently reported the copolymerization
of a benzothiadiazole-based photocatalyst into a self-
assembled diblock copolymer. Depending on the position of
the photocatalytic unit in the hydrophobic core or the hydro-
philic corona, differences in photocatalytic efficiency could be
observed.”® Similar effects are reported in the emerging field
of artificial photoenzymes, where the microenvironment of the
protein scaffold can affect the photocatalytic efficiency depend-
ing on the placement of the photocatalytic moiety (Fig. 1).>

A systematic study is needed to investigate the effects of the
electron-withdrawing groups, steric hindrance, and charge
density of the comonomer on photocatalytic performance. In
this study, three commonly used monomers, styrene (S),
methyl methacrylate (MMA), and acrylonitrile (AN), were
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Fig. 1 A photocatalytic moiety is copolymerized with three distinct
monomers, styrene, methyl methacrylate and acrylonitrile, to investigate
the effect of the comonomer on the photocatalytic efficiency and
photophysical properties.

copolymerized with a metal-free organic photocatalytic moiety
to analyze the comonomer effect on the photocatalytic behav-
ior. The resulting copolymers were fully characterised by gel
permeation chromatography (GPC), infrared (IR), UV/Vis-
absorbance, fluorescence lifetime, quantum yield, and
dynamic light scattering (DLS) measurements. In addition,
density-functional theory (DFT) and Tauc-plot calculations and
cyclic voltammetry were used to determine the HOMO/LUMO
levels and the resulting bandgap. Finally, the photocatalytic
efficiency was investigated via kinetic studies of three model
reactions, revealing significant discrepancies in the perform-
ance based on the chosen comonomer.

Results and discussion

One of the simplest donor-acceptor photocatalysts contains a
benzothiadiazole unit as an electron acceptor and two phenyl
groups as electron donors. As this photocatalyst contains few
functional groups the possibility of interference with the
polymer or substrate is limited. This makes it an ideal candi-
date for investigating the possible influence of the surround-
ing polymer microenvironment. This photocatalyst was modi-
fied with vinyl functionalization to allow easy copolymeriza-
tion. The functional group was chosen to replicate the unmo-
dified homogeneous photocatalyst incorporated into a
polymer backbone while preventing changes in the optical pro-
perties and photocatalytic activity.

Three different monomers (styrene, methyl methacrylate,
and acrylonitrile) with varying polarities, dielectric constants,
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and possible interactions with the photocatalyst were investi-
gated. The aromatic nature of polystyrene could enable poss-
ible n-m-interactions between the photocatalyst and the
polymer backbone.”®*° Additionally, due to its highly polar
backbone, beneficial charge stabilization could be observed
for polyacrylonitrile, affecting the efficiency of the
photocatalyst.**!

From our previous experience, a photocatalytic (BT) loading
of 5 wt% was selected as this gives good photocatalyst perform-
ance while maximizing the possible comonomer influence.
Three distinct copolymers are based on polystyrene (PS-BT),
poly(methyl methacrylate) (PMMA-BT), and polyacrylonitrile
(PAN-BT). The copolymers were analyzed, and the incorpor-
ation of photocatalysts was confirmed by GPC, 'H NMR, UV/
Vis, and FTIR. The copolymers possessed molecular weights
between 15000 and 20 000 ¢ mol™" and dispersities of 2.4-3P
(Fig. S12%). All three polymers readily dissolve in dimethyl-
formamide (DMF) and it was therefore chosen as the solvent
system for photocatalytic testing. As the polymer’s swelling be-
havior and structure could impact the photocatalytic
efficiency, the hydrodynamic radii were determined. The copo-
lymers have comparable hydrodynamic radii between 6 and
8 nm, allowing a direct comparison of the photocatalytic
efficiency (Fig. S107).

FTIR allowed easy identification of the polymers showing
specific bands at 1700-1800 cm™* and 700 cm™* for aromatic
-C-H bending in PS-BT, at 2250 cm ™' for C=N stretching in
PAN-BT and at 1700 cm ™' for ester-C=O stretching in
PMMA-BT (Fig. S11%}). As previously reported, the low concen-
tration of the incorporated photocatalyst makes quantification
and detection by FTIR difficult. Even with higher weight per-
centages of photocatalysts, the IR-bands at 700 cm™" are the
only indication of incorporation.

'"H-NMR analysis highlights the photocatalytic moiety
between 8.3 and 7 ppm for PMMA-BT and PAN-BT, while in
the case of PS-BT the styrene signal overlaps partly with that of
the photocatalytic moiety. The polymer backbone can be
observed at 2.4-1.9 and 3.6-3.1 ppm for PAN-BT, 3.8-3.3,
2.0-1.7 and 1.1-0.5 ppm for PMMA-BT, and 7.3-6.2 and
2.4-1.0 ppm for PS-BT (Fig. $23-257). The incorporation of the
photocatalyst was determined via UV/Vis-absorbance measure-
ments (Fig. S17).

The solvent affects the UV/Vis absorbance spectrum of the
non-functionalized homogeneous photocatalyst 4,7-diphenyl-
benzo-[2,1,3]thiadiazole (Ph-Bt-Ph), displaying a hypsochromic
shift depending on the solvent, shifting from 392 in toluene to
384 nm in acetonitrile (Table 1 and Fig. S1}), indicating the
stabilization of a slightly more polarized ground state. This
effect can be observed and replicated in polymers.
Incorporation of the photocatalyst into a polymer backbone
resulted in comonomer-dependant shifts in the absorbance
spectra. In PMMA-BT and PS-BT, the main absorbance peak
does not shift significantly (392 and 390 nm, respectively),
while in PAN-BT, the peak blue-shifted by 7 nm (385 nm;
Table 1). These values are similar to those of the homogeneous
photocatalyst in toluene and ACN, respectively, showcasing

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Measured and calculated values for PMMA-BT, PAN-BT and PAN-BT. Absorbance, emission, excitation maxima and fluorescence lifetime
were measured in DMF. Quantum yield was measured in DMF against 4,7-diphenyl-2,1,3-benzothiadiazole in ACN at 366 nm. DFT calculations were
performed using B3LYP 6-31+g(d). Optical bandgap calculations were based on UV/Vis-measurements in DMF

Absorbance peak Emission peak Excitation Ppolymer/ 7o Eg opt HOMO/LUMO(DFT) V
Entry Polymer (nm) (nm) (nm) Dphotocatalyst (ns) (eV) vs. SCE
1 PMMA-BT 390 507 383 1.01 11.0 2.87 1.52/-1.78
2 PS-BT 392 509 385 1.00 11.1 2.89 1.52/-1.77
3 PAN-BT 386.5 503 379 0.82 10.2 2.92 1.80/-1.55

that the immediate environment of the polymer has an impact
on the stabilization of the catalyst, similar to a change in the
solvent. PAN is a highly polar polymer with high dielectric
values leading to a blue shift compared to PS. Similar trends
can be observed in the emission and excitation spectra. The
emission and excitation peaks indicate a similar blue shift,
with PS-BT having the highest emission peak at 509 nm fol-
lowed by PMMA-BT at 507 nm and PAN-BT at 503 nm, with all
three copolymers possessing the same Stokes shift of 117 nm
(Table 1 and Fig. S47).

The fluorescence lifetimes of all three polymers were
between 10 and 11 ns, with PS-BT having the highest and
PAN-BT having the lowest fluorescence lifetime (Fig. S77). The
lifetime measurements for PS-BT and PMMA-BT show negli-
gible differences of 11.1 and 11.0 ns. In comparison, the life-
time of the excited state of the photocatalytic moiety in
PAN-BT is reduced to 10.2 ns. The lifetime of the photogene-
rated species is typically directly related to photocatalytic
efficiency, so we would expect PAN-BT to underperform.

The quantum yield of the unmodified 4,7-diphenyl-2,1,3-
benzothiadiazole (Pphotocatalyst 80) measured against quinine
sulfate (1 M H,SO,) was previously reported by DaSilveira
Neto.”>?® We investigated if the quantum yield of the photo-
catalytic unit was again influenced by the microenvironment.
PS-BT and PMMA-BT again only showed minor differences and
a comparable high quantum yield to the unmodified 4,7-
diphenyl-2,1,3-benzothiadiazole (Table 1 and Fig. S6%).
PAN-BT, on the other hand, showed a much lower quantum
yield of 0.82 compared to the free photocatalyst. This differ-
ence may be due to the increasing absorbance of the polymer
backbone at a lower wavelength, leading to non-radiant relax-
ation playing a more prominent role in PAN-BT. This signifi-
cant decrease in quantum yield has a negative impact on the
photocatalytic performance.

The band gap and energy of the orbitals are crucial for the
photocatalytic performance and determine the reductive and
oxidative capabilities of the photocatalyst. Through copolymer-
ization, Huber et al. incorporated a benzothiadiazole photo-
catalyst in a heterogeneous organogel based on crosslinked
PMMA. Through cyclic voltammetry and DFT calculations of
the pure photocatalyst and the copolymer, changes in the
bandgap, as well as the HOMO and LUMO levels, could be
observed.** Therefore, the HOMO/LUMO levels of the copoly-
mers and the band gap were calculated and analyzed using
DFT calculations, cyclic voltammetry, and Tauc-plots.

© 2024 The Author(s). Published by the Royal Society of Chemistry

The theoretical orbital energies were determined for
trimers using B3LYP*>?° with the basis set 6-31+g(d).*”*®
Depending on the comonomer, the calculation indicates
different values for the HOMO/LUMO levels for PS-BT, PAN-BT,
and PMMA-BT (Fig. 2B). PS-BT and PMMA-BT show only
minor differences in the band gap at 3.29 and 3.30 eV. The
LUMO and HOMO levels for both PS and PMMA polymers are
the same at —1.37 V vs. SCE (LUMO) and 1.92 V vs. SCE for the
HOMO, respectively. Conversely, PAN showed the largest elec-
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Fig. 2 Three copolymers were analyzed via (A) excitation spectra and
(B) DFT calculations. (A) The copolymers show a blue shift from styrene
to the polar acrylonitrile comonomer. (B) DFT calculations confirm a
higher bandgap for PAN-BT, while PMMA-BT and PS-BT lay closer
together.
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tron gap at 3.34 V vs. SCE and the lowest LUMO and highest
HOMO level energies with —1.14/2.21 V vs. SCE.

Cyclic voltammetry measurements indicated only small
differences between the polymers and are smaller compared to
the theoretical values. The reduction onset was determined to
be —1.35 V vs. SCE for PMMA-BT, —1.3 for PS-BT and —1.29 for
PAN-BT (Fig. S131). These values are comparable to previous
cyclic voltammetry measurements of PMMA and poly(N,N-di-
methylacrylamide) with a copolymerized benzothiadiazole
based photocatalyst.>**°

In addition to DFT calculations and CV measurements, the
average optical electron bandgap was determined** (Table 1
and Fig. S3t). The values were used to determine the HOMO
levels of all polymers. The values are smaller than those pre-
dicted by the DFT calculations, at around 2.9 eV. It can be
observed again that PAN-BT has a larger electron gap (2.92 eV)
compared to PS-BT (2.89 eV) and PMMA-BT (2.87 eV).

A clear effect of the comonomer on the molecular orbital
energies of the photocatalytic unit was observed. Interestingly,
no real differences between St and MMA based polymers were
observed, showing that the n-interactions do not have much of
an influence. Conversely, a significant difference was observed
with the AN based polymer, where the polar nature of the
comonomer significantly blue shifted the photocatalyst.

After observing changes in optical properties and bandgaps
depending on the chosen comonomer we decided to further
investigate the comonomer influence on the photocatalytic
efficiency through kinetic studies of three model reactions.
Further Stern-Volmer plots were used to investigate the inter-
action between sacrificial agents and the copolymers.*® The
model reactions were chosen to include the hydroxylation of
boronic acids, the C-C coupling of benzyl bromide and an
electron-rich heterocyclic indole coupling reaction. The photo-
catalytic reaction covers a variety of conditions under nitrogen
and oxygen, and the usage of different sacrificing agents. First,
the hydroxylation of diphenyl boronic acid was investigated.
This reaction is well established and various publications
cover its mechanistic investigations, possible conditions, and
usable photocatalysts.** The reaction was conducted with all
three copolymers under blue light irradiation at room temp-
erature. The copolymers successfully catalysed the hydroxy-
lation, leading to high conversion in all three cases (Fig. 3).
The kinetic study was analysed over a time span of 6 hours,
reaching over 90% conversion for PS-BT, PMMA-BT and
PAN-BT. PAN-BT showed the lowest conversion of 90%.
Nevertheless, all three polymers reach high turnover numbers
of 900-960. Interestingly, the kinetic study indicates that PS-BT
has a higher conversion rate reaching 87% after 4 h compared
to 74% and 82% for PAN-BT and PMMA-BT, showcasing a
slightly higher efficiency for PS-BT over PMMA-BT or PAN-BT.

Mechanistic investigations by Pitre et al. highlighted the
necessity of a superoxide for the hydroxylation of boronic
acids.*” Therefore, the reaction was conducted under an
oxygen atmosphere in DMF in the presence of DIPEA as a
sacrificing agent. The role of the sacrificing agent was investi-
gated through Stern-Volmer plots (Fig. S8/9%1), indicating a
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Fig. 3 Photocatalytic hydroxylation of 4-biphenyl boronic acid

measured over time using PS-BT, PMMA-BT and PAN-BT, calibrated
against 1-bromooctane (Fig. S157) 4-biphenylboronic acid (19.8 mg,
100 pmol) N,N-diisopropylethylamine (52 pL, 300 pmol) and photo-
catalytic polymer (100 nmol photoactive unit) in DMF (2 mL), under an
O, atmosphere with blue light irradiation.

similar quenching rate for all three polymers. Here, an elec-
tron is transferred from the photocatalyst to oxygen, which
then interacts with the substrate. Oxygen can quickly diffuse
into the swollen photocatalytic polymer. Therefore, the chem-
istry of the polymer only has a limited effect on the reactivity.
The PS based photocatalyst performed slightly better than the
other systems, and this may be due to the higher affinity of the
aromatic substrate to the polymer increasing the proximity of
the photogenerated radicals to the substrate (Fig. 4).

As a second photocatalytic reaction, the C-C coupling reac-
tion of 4-chlorobenzylbromide was investigated, which was
previously not reported for this photocatalyst (Fig. 2).*® Li et al.
reported the usage of a Cu-modified TiO, photocatalyst for the
C-C coupling under UV-irradiation.”” Here, the reaction was
performed under blue light irradiation in the presence of
DIPEA. The coupling again indicates a comonomer effect on
the efficiency of the photocatalytic moiety. The photocatalytic
reaction was analysed via a kinetic study over a time span of
eight hours in which a conversion of 61 to 83% was achieved.
The highest conversion of 83% and a TON of 277 were again
yielded by PS-BT, followed by PAN-BT and PMMA-BT with 68
and 61% conversion and TON values of 227 and 203, respect-
ively. Interestingly, the reaction was first attempted with tri-
phenylamine (TPA) instead of DIPEA to prevent hydrogen
transfer and the formation of 4-chlorobenzylbromide as a side
product. Interestingly, the reaction showed a slower reaction
rate in the presence of TPA. Nevertheless, it was observed that
the formation of 4-chlorotoluene is also disfavoured in the
presence of DIPEA, and only traces of 4-chlorotoluene were

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Photocatalytic C-C coupling of 4-chlorobenzylbromide over
eight hours using Ps-BT, PMMA-BT and PAN-BT, indicating a comono-
mer effect on the overall efficiency, calibrated against 1-bromooctane
(Fig. S161) 4-chlorobenzyl bromide (20.5 mg, 100 pmol) N,N-diiso-
propylethylamine (175 pL, 1 mmol) and photocatalytic polymer
(300 nmol photocatalytic moiety) in DMF (2 mL), under a N, atmosphere
with blue light irradiation.

observed (Fig. S157). This reaction requires a close proximity
between the photocatalyst and substrate as it proceeds using
the photoexcited electron. As PS-BT had the longest lifetime
and highest absorbance wavelength it outperformed the other
photocatalytic polymers.

Finally, the C-C coupling between diethyl bromomalonate
and 3-methyl indole was investigated (Fig. 5). The reaction was
performed quickly within 90 min, requiring the usage of TPA
to reduce the favored dehalogenation of diethyl bromomalo-
nate. GCMS analysis, in combination with a kinetic study,
highlights the total conversion of the indole to the desired
product (Fig. S171). Using PS-BT, a complete conversion of the
indole is observed in 80 min (600 TON). PMMA-BT, in com-
parison, reaches a TON of 360 in 80 min, indicating a 40%
decrease in efficiency. Lastly, PAN-BT again shows the lowest
photocatalytic efficiency reaching a conversion of 20% (120
TON) which highlights the most significant drop in perform-
ance under all tested reactions. Although the contrast in the
capability of the copolymers is significant, the trend is com-
parable to that of the previous reaction, where PS-BT outper-
formed PMMA-BT or PAN-BT. Furthermore, the quenching be-
havior of TPA was analyzed, showing quenching results and a
decrease in fluorescence comparable to those of DIPEA. The
general trend is repeated, with all three copolymers showing
only slight variations and PAN-BT being slightly elevated com-
pared to PS-BT and PMMA-BT (Fig. S8/97).

Interestingly, differences in photocatalytic activity were
again observed between PS-BT and PMMA-BT which have very

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (A) Kinetic investigation of the C—C coupling of 3-methyl indole

using a 5% photocatalyst containing polymer. Measurements were
carried out over 80 minutes showing full conversion for PS-BT.
3-Methyl indole (19.7 mg, 150 pmol), diethyl bromomalonate (71.7 mg,
300 pmol), triphenylamine (73.6 mg, 300 umol) and photocatalytic
polymer (5% polymer, 250 nmol photoactive unit) in DMF (2 mL) under
an Ar atmosphere with blue light irradiation were used. (B) Kinetic inves-
tigation of the C-C coupling of 3-methyl indole using a 1% photo-
catalyst containing polymer or small molecule. Measurements were
carried out over 80 minutes showing full conversion for PS-BT.
3-Methyl indole (19.7 mg, 150 pmol), diethyl bromomalonate (71.7 mg,
300 pmol), triphenylamine (73.6 mg, 300 pmol) and photocatalytic
polymer (5% polymer, 250 nmol photoactive unit) in DMF (2 mL) under
an Ar atmosphere with blue light irradiation were used.

similar photophysical properties. This suggests that another
factor influences the photocatalytic efficency, which may be
due to the affinity of the substrate to the polymer which we
have previously demonstrated to affect the rate of conversion.
The effect of photocatalyst concentration was investigated
by synthesising a polymer containing 1% of the photocatalyst.
When we kept the concentration of the photocatalytic unit con-
stant in the reaction media a similar conversion for the C-C
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coupling of 3-methyl indole was observed (Fig. 5B). As a
further comparison we undertook the reaction with the analo-
gous small molecule photocatalyst PH,BT. Here, the small
molecule performed similarly to both the PMMA and PAN
based photocatalysts but was outperformed by the PS based
system (Fig. 5B). This again suggests that mass transport of the
substrate to the photocatalytic center could be crucial in
efficient photocatalytic performance, where the aromatic
polymer creates a higher local concentration of the aromatic
substrate, increasing the conversion rate.

Conclusion

In summary, we copolymerized three common monomers with
a donor-acceptor-based photocatalyst and investigated the
impact of the comonomer on the photocatalytic activity. In a
first step the photophysical properties were investigated. While
the differences between PMMA-BT and PS-BT are negligible,
PAN-BT shows deviating values, indicating a lower lifetime of
the excited state as well as a reduced quantum yield and a blue
shift of the absorption and emission spectra.

In the next step, the photocatalytic performance of the
three copolymers where analyzed in three kinetic studies, and
the conversion and TON were determined. Through this cata-
lytic testing, it could be shown that the comonomer choice
impacts the photocatalytic efficiency. The hydroxylation of
boronic acids was not significantly impacted by the comono-
mer choice, which may be due to the oxygen diffusion into the
material not being hindered or enhanced in any structure. In
C-C coupling reactions, a closer proximity between the photo-
catalyst and the substrate is needed, and more significant
differences are observed.

Interestingly, an overall trend in photocatalytic performance
was observed, which was similar to the measured optical pro-
perties. PS-BT possessed the highest absorbance wavelength
paired with the longest lifetime of the excited state and could
outperform the other two copolymers. On the other hand,
PAN-BT showed a higher blue shift and a lower lifetime,
leading to a lower performance under visible light irradiation.
Further investigation needs to be undertaken to look at what
apart from the photophysical properties of a photocatalytic
materials can affect the reaction rate.

Our results indicate that depending on the photocatalytic
reaction, the chosen polymer can impact the performance, and
an adequate and suitable copolymer must be chosen.
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