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The most common strategy for introducing porosity into organic polymer photocatalysts has been the
synthesis of cross-linked conjugated networks or frameworks. Here, we study the photocatalytic
performance of a series of linear conjugated polymers of intrinsic microporosity (PIMs) as photocatalysts
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Introduction

Hydrogen has the potential to be a green energy carrier when
generated renewably from water using solar energy. It combines
a high gravimetric energy density with the absence of CO,
production at the point of use.”* Most photocatalysts studied for
water splitting have been inorganic semiconductors, but the
demonstration that carbon nitride can act as a hydrogen evolu-
tion photocatalyst* has inspired a large number of subsequent
studies®® on sacrificial proton reduction by organic materials.
Various organic materials that can be obtained via low temper-
ature condensation reactions have been studied as photo-
catalysts,>*** including conjugated microporous polymers
(CMPs),"** covalent triazine-based frameworks (CTFs)2*>*
covalent organic frameworks (COFs),>** linear conjugated
polymers®*® and linear conjugated oligomers.*””** Carbon
nitride loaded with Pt/Co was shown to facilitate overall water
splitting.*® Also, hydrogen evolution by various donor-acceptor
covalent organic frameworks for high efficiency sunlight-driven
has been demonstrated, which might inspire the future devel-
opment of sunlight-driven porous photocatalysts.**>*
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under visible irradiation (A > 420 nm), with an external quantum efficiency of 18.1% at
420 nm, placing it among the highest performing polymer photocatalysts reported to date for this reaction.

The photocatalytic activity is influenced by a range of
different factors:**> Light absorption*® matching the wavelength
and sufficiently high extinction coefficients are a necessary
condition for a photocatalyst to be active. However, the poly-
mers' potentials also have to be aligned in such a way that they
straddle the water reduction and oxidation/scavenger oxidation
potentials with sufficient driving-force for both half reactions to
occur.*** Excitons have to be separated into individual charge-
carriers with fairly high efficiency, though this often occurs at
the interface through reaction with the hole scavenger.*
Creating large interfaces with water is another important factor
allowing for excitons to migrate from the inside of the material
to reactive sites, which can be either be achieved through large
internal surface areas'?”** or extrinsic surfaces on small
particles.*>** Crystallinity can also play a role here in facilitating
the transport of excitons or individual charges and some
examples have shown that order within the material can be
beneficial.*>*® Another important factor for polymer photo-
catalysts is their wettability,**® which compared to inorganic
semiconductors it seems to be a much more important prop-
erty. This is most likely because of the inherent apolar nature of
these materials making it difficult for water to reach the surface
and/or making dispersion in aqueous mixtures more difficult
reducing activity. However, it is very important to consider the
interconnectivity of different factors, which can result in factors
being optimized at the expense of one or multiple different
factors and hence lowering overall activity.’” For example,
increasing hydrophilicity (generally a positive factor) could also
decrease the absorption of visible light (a negative factor), if the
chromophore is changed adversely.

Previously, we compared non-porous linear conjugated
polymers and their CMP analogues as photocatalysts for sacri-
ficial hydrogen evolution from water.”” The internal pore

This journal is © The Royal Society of Chemistry 2021
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structure of these CMP photocatalysts was studied by gas
sorption and this pore structure was shown to be wettable, as
evidenced by water uptake measurements. This wettable
porosity seemed to enhance the activity towards photocatalytic
hydrogen production from water in the presence of a sacrificial
hole scavenger, providing that the introduction of porosity did
not compromise the activity in some other way.”” Here we
explore conjugated polymers of intrinsic microporosity
(PIMs)**® analogues that contain the same dibenzo[b,d]thio-
phene sulfone unit as porous alternative to CMPs, where the
porosity arises from the inherent inability of the spiro-unit
containing polymers to pack densely in the solid-state. These
PIMs combine extended conjugation along the aromatic back-
bone with porosity, without introducing connectivity defects
and twisting of the structure that are commonly observed in
CMPs, and which might affect the photocatalytic activity for
hydrogen production.***

Experimental

We studied spirobifluorene-based and spiro[4H-cyclopenta[2,1-
b:3,4-b'|dithiophene-4,9[9H]fluorene]-based polymers and
compared them to their (previously reported) 9H-dimethyl-
fluorene polymers analogues, along with a previously reported
CMP of dibenzo[b,d]thiophene sulfone and spirofluorene (S-
CMP3).** This allowed us to explore the influence of porosity
and water penetration into the material. We were also able to
assess the importance of effective conjugation length by
comparing the linear polymers with the polymer network, S-
CMP3. To do this, we synthesized four new photocatalysts of
spirobifluorene and spiro[4H-cyclopenta|2,1-b:3,4-b"]dithio-
phene-4,9'-[9H]fluorene] as co-polymers with phenylene and
dibenzo[b,d]thiophene sulfone (Fig. 1).**** The spiro[4H-cyclo-
penta[2,1-b:3,4-b'|dithiophene-4,9’-[9H]fluorene]  unit was
synthesized using a previously reported approach.®* These
polymers synthesized wusing Suzuki-Miyaura poly-
condensation conditions, as reported previously* (see ESI{ for
synthetic details). All materials were purified using Soxhlet
extraction to give solids that are insoluble in common organic
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Fig. 1 Structures of the polymer photocatalysts studied here.
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solvents. Thermogravimetric analysis indicated that all poly-
mers were thermally stable in air up to 300 °C, and powder X-ray
diffraction patterns showed that the materials do not possess
significant long-range order with only P36 and P37 showing
defined features that possibly relate to oligomers that were not
removed during work-up.

Results and discussion

UV/visible absorption spectra were measured for all materials in
the solid-state (Fig. 2a). As expected, the co-polymer containing
no heteroatoms, P2 and P36, have the most blue-shifted
absorption on-sets with optical-gaps estimated to be 2.80 and
2.65 eV, while the dibenzo[b,d]thiophene sulfone co-polymers
have narrower band gaps (Table 1). The spiro[4H-cyclopenta
[2,1-b:3,4-b|dithiophene-4,9'-[9H]fluorene] co-polymer with phe-
nylene (P37) seemed to have a much smaller band gap (2.28 eV)
than its P2 and P36 analogues. This could be an artefact of the
Tauc analysis (see Fig. S-7f) and TD-DFT calculations (B3LYP/
DZP,%*%¢ ESIT) suggest that P37 should have a similar gap as P2
and P36. However, repeat experiments and different batches of
P37 gave consistent results. The lifetime of the excited state was
estimated using time-correlated single-photon counting, with
weighted averaged lifetimes ranging from 0.36 to 1.01 ns for P36
and P39 (ref. 39) (Fig. S-12 and S-137). The lifetimes of all mate-
rials are pH 11.5 shortened upon addition of triethylamine
(Fig. S-397) in line with previous observations.**

Nitrogen sorption isotherms were measured at 77 K for all
materials and apparent Brunauer-Emmett-Teller (SAggr)
surface areas were calculated based on the adsorption
isotherms (Fig. 2¢). The phenylene derivatives P2, P36 and P37
have low apparent surface areas (4, 5 and 60 m”> g¢~') compared
to their dibenzo[b,d]thiophene sulfone analogs, P35, P38 and
P39 (ranging from 114 to 412 m> g, Table 1). It is possible that
the internal voids within the materials that give rise to the
microporosity of the materials are due to the bulky spirobi-
fluorene and spiro[4H-cyclopenta[2,1-b:3,4-b']dithiophene-4,9'-
[9H]fluorene] units create empty space which is stabilized by
stacking of the dibenzo[b,d]thiophene sulfone units in P35, P38
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Fig. 2 (a) Absorption spectra of polymers measured in the solid-state; (b) predicted charge carrier (IP, EA) and excitons (IP*, EA*) potentials of
polymers considered as calculated by DFT for oligomer models. For guidance, reduction potential for hydrogen and oxidation potential for the
sacrificial hole scavenger triethylamine (TEA) at pH 12.3. (c) Nitrogen sorption isotherms measured at 77 K; (d) pore size distribution of the
polymers. The values were calculated from nitrogen isotherms at 77 K using nonlocal density functional theory; (e) water uptake measurements
at 25.0 °C and up to 31.7 mbar; (f) H, evolution rates of polymers, each measurement was performed with 25 mg catalyst in water/MeOH/

triethylamine mixture under visible light irradiation (1 > 420 nm, 300 W Xe light source).

and P39 resulting in microporosity as evident by a micropore
step at low relative pressures in their adsorption isotherms.
Pore size distributions show that P38, P39, and S-CMP3 have
significant microporous character, with the highest volume of
pores occurring in the 0-2 nm diameter region (Fig. 2d). To
study water penetration into the pores, we measured the water
uptake of the polymers (Fig. 2e). Non-porous polymer P36 shows
very little water uptake (<5 wt%) compared to P35, P38, P39 and
S-CMP3, and this can be ascribed to surface absorption on the

polymer particles. The highest water uptake for the linear PIMs
(25 wt% at a P/P, = 1) was measured for 4H-cyclopenta[2,1-b:3,4-
b'|dithiophene containing polymer P39, which also has the
highest BET surface area in the dry state (412 m* g™ %).

The ionization potential (IP) and electron affinity (EA), and
their excited state equivalents (EA* and IP*), for these polymers
determine the driving force for reactions where the polymer
accepts and donates electrons, respectively. The values of IP, EA,
EA* and IP* were predicted using our standard approach®

Table 1 Photophysical properties and hydrogen evolution rates (HERs) for the polymer photocatalysts

Photo- Optical gap?/  tug’/  Particle size”/  SAger”/  Transmittance’/  IP vs. EA vs. IP*vs.  EA*vs. HER 2 > 420 nm®/
catalyst eV ns pm m*gt % SHE/V SHE/V SHE/V SHE/V umolh'g™’
P2 2.81 0.59 2.94 4 22.5 0.74 —234  —212  0.52 136.0

P7 2.73 0.87 1.12 69 3.5 1.24" -1.81" -—1.63" 1.06" 1492.0

P10 2.62 2.06 3.32 56 0.4 1.43" —1.59"  —1.44" 1.8" 3260.0

P35 2.56 0.46 8.28 114 0.2 1.02 -1.89 —-1.75  0.87 826.0

P36 2.65 0.36 7.63 5 51.6 0.81 —230 —2.01 0.1 191.7

P37 2.28' 0.56 5.40 60 2.1 0.70 —2.28  —2.09  0.51 17.8

P38 2.63 0.58 4.61 352 1.5 1.06 -1.87 -166  0.86 5226.0

P39 2.44 1.01 3.45 412 0.4 0.73 -1.85 —1.77  0.65 1566.3
S-CMP3  2.56/ 0727 115 437 2.7 n.d. n.d. n.d. n.d. 3106.0/

“ Optical gap calculated from the absorption on-set using Tauc plots. ” Estimated weighted average life-time of the excited state determined by time-
correlated single-photon counting. © Surface area mean diameter (Sauter mean diameter). ¢ Apparent BET surface area calculated from the nitrogen
adsorption isotherm. ® Average transmittance of a polymer suspension in water/methanol/trimethylamine (1 : 1 : 1). / Potentials of the charge-
carriers (IP, EA) and excitons (IP*, EA*) as calculated by DFT for oligomer models. Values for S-CMP3 were not calculated due to the topological
complexity of the network structure but will likely be similar to that of P38. £ Reaction conditions: 25 mg polymer was suspended in 25 mL
water/methanol/triethylamine (1:1:1) solution, irradiated by 300 W Xe light source using A > 420 nm cut-off filter. " values taken from
previous work (ref. 34 & **). * Value found to be in disagreement with prediction.’ Previously reported (ref. 15); n.d. = not determined.
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based on a combination of ADFT and TD-DFT (B3LYP/DZP% )
in combination with the COSMO® dielectric screening model (¢,
80.1, water) to describe the screening of charges in the polymers
near the polymer-solution interface. Previously, we showed that
this approach yields results comparable to those measured using
photoelectron spectroscopy for organic polymers.***® As in
previous work,*** the dibenzo[b,d]thiophene sulfone-containing
polymers are predicted to have more positive IP/EA* values versus
the standard hydrogen electrode than those lacking dibenzo[b,d)]
thiophene sulfone units, as well as less negative EA/IP* values
(Fig. 2b). All polymers are predicted to have ample thermody-
namic driving force for proton reduction at pH 12.3, the
measured pH of the solution, as well as the ability to drive the
overall 2-electron oxidation of TEA. The intermediate 1-electron
oxidation of TEA, however, is predicted to be endergonic for P2,
P36, P37 and P39. For these materials, this intermediate 1-elec-
tron oxidation step might act as a thermodynamic barrier along
the path towards the overall oxidation of TEA, slowing down TEA
oxidation for these materials relative to polymers for which the 1-
electron step is predicted to be exergonic.

Static light scattering was used to study the particle size of
dispersions of the materials in the TEA/MeOH/H,O mixtures
used for photocatalytic hydrogen production. These measure-
ments showed that the polymer dispersions all display similar
particle size volume distributions and Sauter mean diameters of
around 5 pm (Table S-31). Scanning electron microscopy (SEM)
was conducted for the P36, P37, P38, and P39 (Fig. S-22 and S-
23%), with the SEM images of other polymers in this study re-
ported previously.*>**** This showed that most materials
consist of small particles of similar sizes that are fused together
into micron-sized particles, agreeing well with the static light
scattering measurements. However, P2 and P36 are poorly
dispersible in TEA/MeOH/H,0 mixtures. This evident from the
relatively high transmission values of the P2 and P36 disper-
sions in light obscuration measurements with values of 22.5%
and 51.6%, respectively (Table 1), indicating that particles of
these polymers rapidly settle from their suspension, which can
also be seen in photographs of the suspensions (Fig. S-427).

All other materials have transmission values ranging from
0.2% for P35 to 2.7% for S-CMP3 and 3.5% for P7, indicating
good dispersibility in the reaction medium.

The ability of the materials to act as a photocatalyst for
hydrogen production from water was studied for the as-made
materials without the addition of any co-catalysts. Previous
studies have shown that residual Pd within these materials acts
as the co-catalyst and all materials were found to have residual
amounts of Pd from the synthesis (ranging from 3000 to 8600
ppm)-15’54

For the hydrogen evolution measurements, the materials
were dispersed in a mixture of water/methanol/triethylamine.
Here, triethylamine (TEA) acts as the hole-scavenger, while
methanol enhances the miscibility of TEA with water and
improves the wettability of the polymers.**

The phenylene co-polymers P2 (136 pmol h™! g™') and P36
(192 pmol h™* ¢™*) show limited activity, and P37 (17.8 pmol
h™" g™ ") evolves almost no hydrogen under visible illumination
(A>420 nm, 300 W Xe light source). Similar to previous reports,

This journal is © The Royal Society of Chemistry 2021
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we found that high activities were observed when dibenzo[b,d]
thiophene sulfone was introduced into these polymers.***® The
co-polymer of dibenzo[b,d]thiophene sulfone and spirofluorene
P38 shows the highest activity under visible light, with a rate of
5226 umol h™* g~ ; that is, higher than the non-porous dibenzo
[b,d]thiophene sulfone homopolymer (P10, 3260 pumol h™*
¢~ ")* under the same conditions (A > 420 nm, 300 W Xe light
source). The non-porous dibenzo[b,d|thiophene sulfone co-
fluorene polymer P35 displays a lower activity (826 pmol h™*
g~ "). The activity of P38 was twice as high as its conjugated
microporous polymer analog, S-CMP3 (3106 umol h™* g™ 1)*
under the same conditions (1 > 420 nm, 300 W Xe light source).
In comparison to P38, P39 had reduced photocatalytic activity
under visible light illumination (1566 pmol h™" g™ ).

The absence of hydrogen production in the dark for P38
(Fig. S-251) and an isotope labelling experiment resulting in
predominant production of D, from D,O/triethylamine mixture
under visible light irradiation for P38 (Fig. S-267) confirms that
this is a photocatalytic process. Additional palladium photo-
deposited onto P38 using [Pd(NH,),Cl,] resulted in no further
improvement of the materials activity (Fig. S-27t). The photo-
stability of P38 in TEA/MeOH/H,0 mixture was measured under
visible light irradiation (A > 420 nm, 300 W Xe light source) over
the course of 24 hours (Fig. 3a). The hydrogen evolution activity
decreased slightly over the course of the run but could be
recovered when the TEA/MeOH/H,O mixture was replaced after
14 hours. Characterisation of P38 after this extended run
showed no noticeable differences in the FT-IR, UV-vis, and
photoluminescence spectra compared to the as-made material
(Fig. S-28 and S-297).

The external quantum efficiency (EQE) of P38 at 420 nm was
determined to be 18.1%, which is higher than previously re-
ported values for poly(p-phenylene) (P1, EQE4ponm = 0.4%), the
dibenzo[b,d]thiophene sulfone homopolymer (P10, EQE4»onm =
11.6%),* and the porous dibenzo[b,d]thiophene sulfone-co-9,9’-
spirobi[9H-fluorene] S-CMP3 (EQE 50nm = 13.2%),* but slightly
lower than a dibenzo[b,d]thiophene sulfone-dibenzo[b,d]-
thiophene co-polymer P64 (EQEsonm = 20.7%),>* all
measured under the same conditions in water/methanol/TEA
mixtures. It is also lower than CTF ter-CTF-0.7 measured
using water/TEOA (EQE4z0nm = 22.8%)** and structurally opti-
mised carbon nitride in water/TEOA (EQE onm = 57.0%),”

Solution replaced 10

H, evolved / umol
Abs /a.u.

04w [ . . . . . 0.0 n
0 2 4 6 8 10 12 14 16 18 20 22 24 300 400 500 600 700 800
Wavelength / nm

Time/h

Fig. 3 (a) Plot showing sacrificial photocatalytic hydrogen evolution
versus time for P38 under visible light irradiation (1 > 420 nm, 300 W Xe
light source). The vertical dashed lines indicate degassing; (b)
absorption spectrum and external quantum efficiency (EQE) measured
with monochromatic light in a water/MeOH/TEA mixture for P38.
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though we note that the experimental conditions for these other
measurements were not all identical. The hydrogen evolution
rate of P38 (5226 pmol h™' g~ ') was much higher under visible
light irradiation (A > 420 nm, 300 W Xe light source) than
commercial carbon nitride in 10 vol% triethanolamine in water
loaded with 3 wt% Pt (108 pmol h™* g~ ') and commercial TiO,
P25 in water/methanol/TEA solution with photodeposition of
1 wt% Pt (4 pmol h™' g™ 1).7®

We found previously*>**** that the performance of non-
porous polymer photocatalysts could be explained by the
interplay of several material properties: IP, EA, optical gap and
the dispersibility of the polymers in solution. We used these
same properties to analyze the activity of the materials studied
here, considering first the linear polymers. The purely hydro-
carbon materials, P2 and P36, were the least dispersible in the
water/MeOH/TEA mixture, as evidenced by the high trans-
mittance values of their dispersions. They were also predicted to
lack thermodynamic driving force for the 1-electron oxidation
of TEA, and hence likely will display slow overall TEA oxidation
kinetics. Coupled with the most blue-shifted optical gaps this
explains why these materials are among the least active studied
here. The higher activity of the dibenzo[b,d]thiophene sulfone
containing polymers (P7, P10, P35, P38, P39) can be explained
because these polymers are much more dispersible in water, are
predicted to drive the 1-electron oxidation of TEA (except for
P39, see below), and have generally lower optical gaps. The poor
performance of P37 is harder to explain, even if we assume that
the optical gap extracted from the Tauc analysis is an artefact
and that the true optical gap is more in line with the TD-DFT
results.

Focussing on P38 and P39, these polymers perform much
better than their direct fluorene analogue, P35. Also, P38
outperforms P10. This is superficially surprising as P38 and P39
are slightly less or equivalently dispersible in the reaction
medium than P35 and P10, and they are predicted to have
a lower driving force for the intermediate 1-electron oxidation of
TEA. For P39, indeed, the 1-electron oxidation of TEA is pre-
dicted to be endergonic. P39 has a slightly smaller optical gap
than P35 and P10, but the optical gap of P38 is similar to that of
P10. The main difference between P38/P39 and P10/P35,
therefore, lies in the surface area of the materials. All poly-
mers studied here have similar particle sizes, hence this surface
area is internal to the particles in the form of micro and mac-
ropores (Fig. 2¢), which are accessible to water based on water
adsorption isotherms (Fig. 2e). We therefore suggest that the
water-wettable pores and internal surface area of P38 & P39
compensates for their slightly worse dispersibility and ther-
modynamic driving forces. This makes sense from a theoretical
perspective because porosity allows water and sacrificial elec-
tron donor (TEA) to enter the particle interior, and hence exci-
tons (excited electron-hole pairs) must travel less far to
dissociate at the polymer-solution interface in comparison with
solid particles. We suggest that this lowers electron-hole
recombination rates and maximises the volume fraction of the
polymer particles that contribute to hydrogen evolution. For
solid particles, excitons generated by absorbing light in the
centre of the particle will most likely never reach the interface

19962 | J Mater. Chem. A, 2021, 9, 19958-19964

View Article Online

Paper

because the particles (Sauter mean diameter ~ 5 um) are very
large relative to the probable exciton diffusion length (<10
nm)‘40,71

S-CMP3 is a more complex material than the PIMs as it is
a CMP which is typically a network and/or branched with
a large number of structural defects and end-groups. It could
be that the lower catalytic activity of S-CMP3 relative to P38,
despite its higher surface area and water adsorption, is
somehow the result of this more complex topology with
structural defects and end-groups acting as trapping sites for
charge-carriers. We have no direct experimental evidence for
this, however. The Sauter mean diameter of the S-CMP3
particles is two times lower than for P38, which could also
partly explain the reduction in hydrogen evolution rate. Also, it
is conceivable that S-CMP3 might be too porous, and that this
lowers exciton diffusion rates to an extent that outweighs the
benefits of increased surface area.

Overall, it seems therefore that P38 performs better than all
other materials in this study due to a combination of factors. It
has small highly dispersible particles with a large accessible
surface area, has sufficient driving force for the relevant solu-
tion reactions and ability to absorb light. All other materials
also fulfil some of these requirements, but not at the same time
therefore limiting their performance relative to P38.

Conclusions

In conclusion, we studied two sets of polymer photocatalysts for
their activity in proton reduction. As in previous studies,
materials containing dibenzo[b,d]|thiophene sulfone had
a much higher catalytic activity, especially when combined with
porosity and wettability. One PIM material, P38, has a high
photocatalytic activity that surpasses our ‘benchmark’ linear
polymer P10, and we suggest that the reason is the intrinsic
microporosity. This is perhaps the first clear example that
demonstrates that the introduction of porosity can dramatically
increase the activity of these organic proton reduction photo-
catalysts. In the future it may also be able to introduce the key
defining feature of PIMs—solution processability®*—for
example, by introducing suitable solubilizing groups.
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