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Abstract: The search for metal-free organic photocatalysts for
H, production from water using visible light remains a key
challenge. Reported herein is a molecular structural design of
pure organic photocatalysts, derived from conjugated poly-
benzothiadiazoles, for photocatalytic H, evolution using
visible light. By alternating the substitution position of the
electron-withdrawing benzothiadizole unit on the phenyl unit
as a comonomer, various polymers with either one- or three-
dimensional structures were synthesized and the effect of the
molecular structure on their catalytic activity was investigated.
Photocatalytic H, evolution efficiencies up to 116 umolh™’
were observed by employing the linear polymer based on
a phenyl-benzothiadiazole alternating main chain, with an
apparent quantum yield (AQY) of 4.01 % at 420 nm using
triethanolamine as the sacrificial agent.

The development of visible-light photocatalysts for the
conversion solar energy into chemical energy remains a key
target of modern materials science, and is best guided by
a fundamental understanding of the structural impact on
functional properties.*! Various photocatalytic systems have
been intensely investigated in recent years. Besides metal-
based photocatalysts, such as inorganic semiconductors or
organometal complexes, pure organic photocatalytic systems
have gained much attention recently.”””) Among them, binary
carbon nitrides, a state-of-art example, have been wildly
applied as metal-free photocatalysts because of their promis-
ing electronic and optical properties.’®%

Another emerging class of metal-free photocatalysts,
conjugated polymers, is of particular interest because their
semiconductor properties are easily tuned by modification of
the band gap, band positions, and p/n character through an
apprpriate choice of the donor and acceptor.''? The
processability of organic photocatalysts allows device fabri-
cation of photosynthetic units. Indeed, recent research
describes several design strategies for enhancing the photo-
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catalytic activities of conjugated polymers for light-induced
chemical transformations.'>¥ Some strategies include varia-
tion of chemical composition by copolymerization, band-gap
alignment by microstructural modification, or nanostructur-
ing by control of the porosity."”?’! However, the number of
examples on which conjugated polymers werer used for H,
production, through photosynthesis, from either water or
organic feedstocks with visible light, is very small.?'™!
Polypenylenes and poly(azomethines) were reported for H,
evolution, but they are most active in UV light and
demonstrate moderate activity.”"*! Recently, the group of
Cooper developed a series of promising pyrene-based copoly-
mers as photocatalysts for H, evolution, having tunable
optical gaps of 1.94-2.95 eV, and the best H, evolution rate of
17.4 umolh™'.”? Considering the wide number of conjugated
polymers and the variety of structural variations which can be
made synthetically, further development of more efficient
organic photocatalysts for enhanced H, generation, by photo-
synthesis, is envisaged. Indeed, planarized fluorene-type
polymers were very recently explored by the same group for
enhanced H, evolution with visible light.*]

Herein we report on a molecular structure design strategy
of electron-donor—acceptor conjugated polymers for visible-
light-promoted H, evolution. Starting from a simple phenyl
unit, benzothiadiazole, an electron-withdrawing unit, was
incorporated into the polymer backbone at different positions
on the phenyl ring, thus leading to polymers varying from
one-dimensional (1D) linear polymers to three-dimensional
(3D) networks. A study on the effect of the molecular
structure of the conjugated polybenzothiadiazole on their
ability to function as organic photocatalysts for H, evolution
with visible light was conducted. It was observed that the
linear polymer based on an alternating phenyl-benzothiadia-
zole main chain demonstrated an enhanced photocatalytic
efficiency with a hydrogen evolution rate (HER) of
116 umolh™!, as well as high stability and reusability.

In Scheme 1, the structures of the polymer series are
displayed. Two series of conjugated polybenzothiadiazoles
were synthesized by Suzuki-Miyaura cross-coupling polycon-
densation reactions using 4,7-dibromobenzo[c]-
[1,2,5]thiadiazole (BT) with either benzene-1,4-diboronic or
1,3,5-phenyltriboronic acid tris(pinacol) ester as a comono-
mer. In particular, the 1D linear polymer B-BT-1,4 served as
a starting material, and the BT units were coupled at the 1,4-
positions on the phenyl ring in the polymer main chain. The
polymers in series 1 were obtained by variation of the
substitution position on the phenyl ring, thus resulting in
the 3D polymer networks B-BT-1,2,4, B-BT-1,3,5, and B-BT-
1,2,4,5. To precisely investigate the influence of the 3D
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Scheme 1. Structures of two series of polybenzothiadiazoles with
different molecular designs.

network skeleton during the photocatalytic process of H,
evolution, another series of polybenzothiadiazoles were
synthesized by gradually increasing the number of 1,3,5-
functionalized phenyl units, used as a comonomer, in the
backbone of B-BT-1,4, thus resulting in the polymer series 2.
The detailed procedures and characterization data are
described in the Supporting Information.

The polymers of both series were obtained as dark yellow
powders which were insoluble in all common organic and
aqueous solvents tested. The polymers in series 1 showed
a variation of morphologies with a fused particle-like shape
for B-BT-1,2,4 and B-BT-1,2,4,5 and fused fiber shape for
B-BT-1,3,5, while the linear polymer B-BT-1,4 showed a non-
specific fused flake-like shape (see Figures S1 and S2 in the
Supporting Information). The polymers in series 2 showed
a morphology similar to that of B-BT-1,4 except for B-BT-0.70
which had a fused particle-like shape. Solid-state “C/MAS
NMR spectra showed similar signals at 6 =153 ppm, which
can be assigned to the carbon atom adjacent the nitrogen
atom of the BT units for all polymers (see Figures S3-S11).
The signals between ¢ =115 and 146 ppm can be assigned to
the aromatic carbon atoms in the BT unit. Notably, for the
polymers in series 2, the chemical shift at 6 =137 ppm, which
can be assigned to the aromatic carbon atoms of the phenyl
comonomer, were gradually fused with the other carbon
signals by introducing more 1,3,5-functionalized phenyl units
as crosslinks to the polymer backbone. This result shows the
extension of the crosslinked structure throughout the meta-
position of the phenyl units in the polymer backbone
structure.

Transmission electron microscopy (TEM) and the fast
Fourier transformation (FFT) measurements of the polymers
showed no sign of crystallinity (see Figure S12), and the
powder X-ray diffraction (PXRD) profile reveals an amor-
phous character (see Figure S13). Interestingly, the nitrogen
gas absorption measurements revealed that the linear poly-
mer B-BT-1,4 was slightly porous (Table 1; see Figure S14)
with a Brunauer-Emmett-Teller (BET) surface area of about
39 m?g " and a pore diameter of 4.0 nm in the mesopore range
caused by a molecular twist combined with a m—m stacking
effect, thus leading to a certain pore formation in the solid
polymer. By comparison, B-BT-1,2,4, B-BT-1,3,5, and B-BT-
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Table 1: Porosity data and electrochemical properties of the polymers.

Polymer  Sg!  PDPl pyt HOMOM/ oG HERE
[m*g”"] [nm] [m’g™"] LUMOM [eV] [umolh™
[V vs. NHE]

B-BT-1,4 39 0.14 4.0 1.28/—0.89 217 116
B-BT-1,2,4 17 0.03 4.5 1.27/-0.98 225 13
B-BT-1,3,5 280 037 1.5 1.41/-1.03 2.44 20
B-BT- 40 0.06 1.5 1.23/-1.09 232 04
1,2,4,5

B-BT-0.05 58 010 3.8 1.25/-0.95 220 82
B-BT-0.10 93 024 3.8 1.24/-0.97 221 50
B-BT-0.30 129 051 4.5 1.23/-0.99 222 39
B-BT-0.50 40 0.20 10.7 1.23/-1.00 223 19
B-BT-0.70 84 020 3.8 1.27/-1.02 229 19

[a] Specific surface area calculated from the N, adsorption isotherm.
[b] Pore diameter. [c] Pore volume. [d] Derived by extracting the LUMO
level from the optical gap. [e] Determined by cyclic voltammetry (the
standard error of LUMO position is 40.008 eV from three measure-
ments). [f] Optical gap (OG) derived from the absorption edges.

[g] Reaction conditions: 50 mg polymer, 110 mLTEOA/H,O (10/100),
3 wt% Pt, 300 W Xe lamp with cut-off filter > 420 nm.

1,2,4,5 in series 1 showed microporous properties with BET
surface areas ranging from 40 to 280 m*g ' and a similar pore
diameter of about 1.5 nm. The polymers in series 2 did not
show a clear trend of porosity by gradually increasing the
number of the crosslink unit in the polymer backbone. The
BET surface areas ranged from 40 to 129 m?’g ! with pore
sizes ranging from about 3.8 to 10.7 nm.

The FTIR spectra showed typical signals at 1440 and
1490 cm !, which can be assigned to the skeleton vibration of
the aromatic rings in the polymers. The signals at 1340 and
1570 cm™" can be assigned to the C=N and N-S stretching
modes, respectively, of the BT unit (see Figures S16 and S17).
Thermogravimetric analysis of the polymers revealed differ-
ent thermal stabilities of the polymers with an overall
tendency of higher stability for the linear polymer B-BT-1,4
and its 3D counterparts in series 2 (see Figure S18).

The UV/vis diffuse reflectance spectra (DRS) of the
polymers are displayed in Figures 1a,b. Both series showed
broad absorption range in the visible region. B-BT-1,4
exhibited the largest adsorption area across both polymer
series, whereas its 3D counterpart, B-BT-1,3,5, showed the
narrowest absorption range. A clear tendency for optical
absorption of the 3D structure could be observed for series 2.
By increasing the amount of the crosslinker in the polymer
backbone, that is, by expanding the 3D character of the
polymer, the absorption ranges of the polymers decreased
gradually (Figure 2b). Optical gaps between about 2.1 and
2.5 eV could be derived from the absorption edges. The linear
polymer B-BT-1,4 exhibited the narrowest band gap of
2.17 eV. In comparison, the 3D polymer networks in both
series showed broader band gaps, with B-BT-1,3,5 possessing
the broadest optical gap of 2.42 eV. The optical and electro-
chemical properties for both polymer series are also listed in
Table 1.

To further study the energy band structures of the
polymers, cyclic voltammetry (CV) measurements were
conducted, and revealed different energy levels within the
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Figure 1. UV/Vis diffuse reflectance spectra (DRS) of polymers in
series 1 (a) and series 2 (b). c) HOMO and LUMO band position of
the polymers (the standard error of LUMO position is +0.008 eV from
three measurements).
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Figure 2. H, evolution rates using polymers in Series 1 (a) and Series

2 (b).

polymer series (see Figures S19 and S20). The overall
tendency was that the 3D polymers in series 1 exhibited
higher LUMO levels than that of the linear polymer B-BT-1,4
(—=0.89 V vs. NHE; Figure 1c; Table 1). The lower-energy
band of B-BT-1,4 is likely caused by the better extended
conjugated system of the linear chain relative to that of its 3D
counterpart, which has a rather twisted structure and thus
a narrower band gap. This feature was supported by
theoretical calculations of five possible 1D and 3D structures
(see Figures S29 and S30). Results reveal that donor—-acceptor
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characteristics are more obvious in the charge density of the
1D B-BT-14 structure than those in the 3D B-BT-1,3.5
twisted structures, which can in principle decrease the
n-conjugated system and reduce charge mobility. This data
provides additional proof to explain the improved perfor-
mance of B-BT-1,4 over B-BT-1,3,5.

We further examined the photo-electrochemical proper-
ties of the polymers by photocurrent measurement (see
Figure S21). The linear B-BT-1,4 exhibited an enhanced
photocurrent by a factor of four when compared to its 3D
counterpart B-BT-1,3,5, thus indicating an improved light-
induced electronic conductivity, as well as charge transfer and
charge separation in the linear polymer backbone structure
B-BT-1,4 compared to the 3D structural variation.

The photocatalytic activity of the polybenzothiadiazoles
in H, evolution from water in the presence of the sacrificial
electron donor (triethanolamine; TEOA) was then deter-
mined. The HER of B-BT-1,4 was about 12 umolh™~' under
visible-light irradiation (4 > 420 nm, for experimental details
see the Supporting Information). Under the optimized
reaction conditions, employing about 3 wt% Pt as the
cocatalyst, a tenfold higher HER of 116 pmolh™' was
achieved (Figure 2a). A direct comparison between B-BT-
1,4 and fluorene-type polymers,”" which have a high photo-
activity, was performed under the same reaction conditions in
our experimental set-up. Pt/B-BT-1,4 has a AQY of 4.01 % at
420 nm for H, evolution when using triethanolamine as the
sacrificial agent, whereas it is 2.62 and 2.48% for P7
(dibenzo[b,d|thiophene sulfone co-polymer) and Pt/P7,
respectively (see Table S3; the P7 sample was kindly supplied
by the authors of Ref. [24]). When using a triethylamine/
methanol mixture as the sacrificial agents, P7 had the highest
AQY of 6.61% (it is 5.38% for Pt/B-BT-1,4; Table S4).
Clearly, the AQY depends on the type of sacrificial agent, and
it is a remarkable observation that P7 and CP-CMP-10? can
photocatalyze H, evolution without the Pt cocatalyst. A
negative microstructural effect on the catalytic activity of the
polymers was observed when employing the 3D polymers of
series 1 as catalysts. In particular, the 3D polymer networks
B-BT-1,2,4 and B-BT-1,2,4,5 only showed minimal HERs of
1.3 and 0.4 umolh™', respectively, while B-BT-1,3,5 showed
a moderate HER of 20 umolh ™.

To precisely study the 3D structural influence on the
catalytic efficiency in H, production, the polymers in series 2
were investigated. It could be clearly observed that by
gradually introducing the crosslinker into the polymer back-
bone based on B-BT-1,4, the HERs of the polymers
decreased, thus indicating that the 3D character here could
not effectively enhance the photocatalytic activity of the
polymer series. This behavior could be explained by the fact
that the LUMO levels, that is, the reduction potentials for all
polymers, were sufficient enough for reducing H* to 1/2 H,
with over-potentials between and 0.9 and 1 eV. These levels
did not make a significant difference in their catalytic
efficiencies. The main active factor should be the light-
induced electron mobility and electron transfer within the
polymers, and the linear polymer B-BT-1,4 demonstrated its
superior properties compared to the other polymers in both
series. Another additional factor could be the absorption
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range of B-BT-1,4 in the visible region, which was broader
than that for the other polymers.

Figure 3a shows the wavelength dependence of the AQY
of B-BT-1,4 for H, production, thus indicating the corre-
spondence of its photocatalytic activity in H, evolution with
its maximal absorption at different wavelengths. Repeat
experiments were conducted to demonstrate the stability
and reusability of the polymers as photocatalysts. B-BT-1,4
could be reused for five additional cycles for 30 h without loss
in its catalytic efficiency, by using a constant amount of the
sacrificial agent (Figure 3b). No apparent change of the FT-
IR spectrum of B-BT-1,4 could be observed (see Figure S22).
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Figure 3. a) Wavelength dependence of AQY on H, evolution using
B-BT-1,4. b) Stability and reusability test using B-BT-1,4 as a photo-
catalyst under visible-light irradiation (A >420 nm) for 30 h.

An additional study on the effect of metal cocatalysts
confirmed the superior effect of Pt nanoparticles compared
to those of Pd and Rh (see Figure S23). TEM analysis of the
used samples after the photocatalytic reaction revealed the
formation of uniform Pt, Pd, and Rh nanoparticles on B-BT-
1,4 (see Figure S25-S28)

In summary, we have presented a molecular structural
design principle of conjugated polybenzodiazoles as organic,
heterogeneous photocatalytic systems for visible-light-pro-
moted H, evolution. By simply copolymerizing the electron-
withdrawing benzothiadiazole units at different positions on
phenyl rings, various polymers with defined energy-band
structures and charge-transfer and charge-separation abilities
could be obtained. Linear conjugated polymers based on
a phenyl-benzothidiazole alternating main chain exhibited
superior photocatalytic activity, compared to its 3D polymer
network counterparts, in H, evolution from water with a HER
of 116 umolh™" . A negative effect on the H, evolution could
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be observed by introducing a 3D network character into the
polymer backbone. The superior catalytic efficiency of the
linear polybenzothiadiazole is likely attributed to the high
efficiency of its light-induced charge-transfer, charge-separa-
tion, and electron-transfer ability. This design strategy could
offer a promising platform of conjugated polymers as efficient
and stable photocatalysts for H, evolution. There is a high
potential for further optimization and molecular design
possibilities, and it even allows the design of catalytic systems
by coupling then with the oxidative photosynthetic units for
water splitting and CO, fixation.
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