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In this contribution, we report a novel pyridinium-pended conjugated polyelectrolyte (DPTFBr) for appli-
cation in photocatalytic hydrogen evolution and organic solar cells. DPTFBr contains pyridinium salts
attached to its backbone, which enable its transition from the pristine state to a radical state in the pres-
ence of amines and under illumination via a photo-induced amine doping process. The transition results
in apparent shifts in the UV-vis absorption spectrum, electrochemical redox potential, and electron spin
resonance of the resulting polymer. The unique properties of DPTFBr facilitate its application in photo-
catalytic hydrogen evolution with a high photocatalytic hydrogen evolution rate of 7.33 mmol g‘1 ht,
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which is 63- and 12-fold higher than those of its neutral and oxidized analogues, respectively.
Additionally, the excellent interface modification capabilities of the pyridinium side chains in DPTFBr
enable efficient electron transport/collection, thus giving rise to high-performance organic solar cells
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Introduction

Organic semiconductors have received considerable attention
due to their versatile potential for various applications. The
varied chemical structures of organic semiconductors give
rise to versatile electronic properties, which enable their
use in multiple applications, such as organic light emitting
diodes, polymer solar cells, organic thin-film transistors, and
photocatalysis."™® Conjugated polyelectrolytes (CPEs), which
are a class of organic semiconductors, possess hydrophilic func-
tionalities as side chains, which provide unique solubility and
processability in water/alcohol-like polar solvents and allow the
realization of multiple applications."*™* For example, CPEs can
be used as electron transport materials to improve the electron
collection of organic solar cells by inducing interface doping,
modulating the work function of the electrode, etc.'>'*'>™"7 In
photocatalysis, CPEs exhibit much better dispersity in water
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with a power conversion efficiency of over 16%.

than conjugated polymers with hydrophobic side chains. The
hydrophilic side chains of CPEs are capable of improving the
interface contact for water reduction and facilitating co-catalyst
loading, resulting in improved photocatalytic performance.'®>?

Doping has proven to be an efficient strategy to tune
the electronic properties of organic semiconductors.**”’
The introduction of dopants into the organic semiconductor
matrix can result in efficient doping in which the dopants and
semiconductors are in close contact with each other. To realize
efficient doping, both p-type dopants (such as I,, metal com-
plexes, inorganic salts, tetrafluorotetracyanoquinodimethane
and its derivatives, etc.)** > and n-type dopants (such as alkali
metals, strong electron donors, organometallic complexes,
mono- and multivalent anions, etc.)**” have been widely
developed to improve the electronic properties of organic semi-
conductors. Efficient doping of semiconductors can minimize
charge transport loss, enhance conductivity, and facilitate
ohmic contact at the semiconductor/metal (or metal oxide)
interface, and thus contribute to enhanced performance in
organic electronics.*****> An alternative strategy for realizing
efficient doping is to develop CPEs with dopant groups teth-
ered on the conjugated backbones.'”*®™*® This design offers
the advantages of intimate contact between the dopants and
conjugated backbones, large structural variation to achieve ver-
satile doping behaviours, and excellent solution processability,
thus making it highly feasible to design novel materials for
application in organic electronics.*>**97*
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Ammonium groups have been widely used to construct
high-performance CPEs."""'*'* Ammonium groups provide the
advantages of easy synthesis and good solubility in alcohol-
like solvents, making these CPEs promising candidates in
organic solar cell and photocatalysis applications. However,
compared to aliphatic ammonium groups and their CPEs, pyri-
dinium salts and their derived CPEs are less reported.’>™>>
Pyridinium groups could be either tethered to the conjugated
backbones as side chains®>**° or incorporated into the conju-
gated backbones of the CPEs®* to provide good water/alcohol
solubility and enable versatile applications in organic elec-
tronics, sensing, etc.>>>**® Thus, it is highly desirable to
design novel pyridinium CPEs with unique properties to
realize more applications.

In this contribution, we have designed a novel pyridinium-
pended conjugated polyelectrolyte (DPTFBr, Fig. 1) and investi-
gated its application as a photocatalyst for hydrogen evolution
and as a cathode interlayer for non-fullerene polymer solar
cells (NF-PSCs). Inspired by previous molecular designs,>*>°
the pyridinium was attached to the CPE backbone as an
antenna for the electron donors, resulting in the formation of
a delocalized radical, which is stabilized by the CPE backbone.
In the presence of irradiation and amines, DPTFBr could
undergo a transition from the pristine state to a radical state
via a photo-induced amine doping process, resulting in appar-
ent shifts in its UV-vis absorption spectrum, electrochemical
redox properties, and electron spin resonance. The photo-
induced amine doping process of DPTFBr also implies that the
hole in DPTFBr could be easily consumed by amines upon
irradiation, which is an attractive feature in photocatalytic
hydrogen evolution using organic photocatalysts (which
requires hole scavengers and irradiation for hydrogen evol-
ution). Compared to its neutral and oxidized analogues,
DPTFBr exhibited a 63- and 12-fold higher photocatalytic
hydrogen evolution rate due to the enhanced hole scavenging
process and improved dispersity. Moreover, the pyridinium
side chains of DPTFBr can provide good interface modification
capability to enable better electron transport/collection pro-
perties for NF-PSCs. PM6:Y6-based photovoltaic devices with
DPTFBr as the cathode interlayer showed a PCE of 16.14%,
which was higher than that with DPTFNO (15.47%). These
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Fig. 1 (a) Schematic depictions of traditional and novel CPEs, and (b)
the chemical structures of DPTFBr, DPTF, and DPTFNO.
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results demonstrated a novel pyridinium-pended CPE, and
may be useful for designing novel CPEs for various applications.

Experimental section
Synthesis of 3,4-dipyridylthiophene

4-Pyridylboronic acid pinacol ester (2.01 g, 9.80 mmol), tetra-
kis(triphenylphosphine) palladium (0) (407 mg, 0.352 mmol),
and potassium phosphate (5.95 g, 28.0 mmol) were added to
a 250 mL two-necked flask. Under an argon atmosphere,
1,4-dioxane (70 mL) and 3,4-dibromothiophene (847 mg,
3.61 mmol) were added successively, and the suspension was
stirred at 90 °C for 72 h. After cooling to room temperature,
the mixture was extracted with ethyl acetate, and the organic
layer was collected and dried with anhydrous magnesium
sulfate. The organic layer was then evaporated to give a dark
brown residue, which was further purified by silica gel column
chromatography using a mixture of ethyl acetate and pet-
roleum ether (3:1 by volume) as the eluent to give 3,4-dipyri-
dylthiophene as a light-yellow solid (575 mg, 2.49 mmol) in
69% yield. "H NMR (500 MHz, CDCl;) § (ppm): 8.54 (d, 4H),
7.51 (s, 2H), 7.11 (d, 4H). "*C NMR (100 MHz, CDCl;), 149.88,
141.69, 138.92, 124.66, 111.83.

Synthesis of 4-(2,5-dibromo-4-phenyl-thiophen-3-yl)-pyridine (M1)

3,4-Dipyridylthiophene (1.5 g, 2 mmol) was dissolved in dry
DMF. After cooling to 0 ©°C, N-bromosuccinamide (3 g,
4.6 mmol) was added dropwise over 30 minutes. Afterwards,
the reaction mixture was stirred at room temperature for
20 hours. When the reaction was completed, 50 mL of water
was added to the reaction and stirred for 5 minutes. The
mixture was then extracted with ethyl acetate, followed by col-
lecting the organic layer and drying it with anhydrous mag-
nesium sulfate. The organic layer was then evaporated to give a
brownish-yellow residue, which was further purified by silica
gel column chromatography using ethyl acetate and petroleum
ether (1:2 ratio) as the eluent to give a light-yellow solid. 'H
NMR (500 MHz, CDCl;) & (ppm): 8.54 (d, 4H), 7.01 (d, 4H). *C
NMR (100 MHz, CDCl;), 149.95, 143.42, 138.73, 126.80, 123.51.

Synthesis of DPTF

M1 (100.2 mg, 0.25 mmol), M2 (162.5 mg, 0.25 mmol), toluene
(4 mL), and 1 mL of an aqueous solution of CS,CO; (329.7 mg,
1.01 mmol) were added to a 20 mL flask. The mixture was
degassed for 20 minutes to remove oxygen. Pd(PPh;), (2.0 mg)
was then added and the reaction mixture was degassed again
for 10 minutes, followed by heating at 100 °C for 18 hours.
The polymer was precipitated in 150 mL of methanol. The dis-
solution-precipitation process was repeated two more times.
The solid was then dissolved, collected, and dried under
vacuum according the processes described above, leading to a
yield of 85%. '"H NMR (500 MHz, CDCl;) 6 (ppm): 8.39-8.38
(m, 4H), 7.61-7.59 (m, 2H), 7.30-7.28 (m, 2H), 7.02 (m, 2H),
6.91-6.89 (m, 4H), 1.70-1.52(m, 4H), 1.3-0.97(m, 24H),
0.86-0.83 (m, 6H). M,, = 14.5 kDa, M,, = 27.5 kDa.
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Synthesis of DPTFBr

DPTFBr was synthesized from the neutral polymer DPTF.
Briefly, 100 mg of DPTF was dissolved in 15 mL of toluene con-
taining 1.5 mL bromoethane. The reaction mixture was stirred
at 60 °C for 72 hours with the addition of 5 mL of methanol
every 8 hours. Subsequently, the polymer solution was concen-
trated and dissolved in methanol, and then precipitated in a
mixture of ethyl acetate and hexane. The solid product was col-
lected and dissolved in methanol and again precipitated in a
mixture of ethyl acetate and hexane. Finally, the polymer was
collected and dried under vacuum to obtain a brown-yellow
solid in a yield of 93%. 'H NMR (500 MHz, MeOD) § (ppm):
8.87-8.85 (m, 4H), 7.82-7.74 (m, 6H), 7.53-7.47 (m, 2H),
7.33-7.22 (m, 2H), 4.66-4.58 (m, 4H), 2.06-1.92 (m, 4H), 1.68
(m, 6H), 1.33-0.99 (m, 24H), 0.87-0.81 (m, 6H).

Synthesis of DPTFNO

DPTFNO was synthesized from the neutral polymer DPTF.
Typically, 100 mg DPTF was dissolved in 15 mL of acetic acid
and 5 mL of tetrahydrofuran. To the reaction mixture, 2.5 mL
of hydrogen peroxide (H,O,) was added, and the reaction
mixture was stirred at 80 °C for 72 hours. 5 mL of methanol
was added to the reaction mixture every 8 hours. Subsequently,
the polymer solution was concentrated and precipitated in
acetone. The solid product was collected and dried under
vacuum to obtain a yellow solid (85% yield). '"H NMR
(500 MHz, MeOD) & (ppm): 8.50-7.75 (m, 8H), 7.50-6.90 (m,
6H), 2.05-1.87 (m, 4H), 1.27-0.98 (m, 24H), 0.84-0.78 (m, 6H).

Results and discussion

The chemical structure of DPTFBr is shown in Fig. 1b and
the detailed synthetic procedure for DPTFBr is outlined in
Scheme 1. The parent neutral polymer (DPTF) was prepared by
standard Suzuki coupling polymerization from 4-(2,5-dibromo-
4-phenyl-thiophen-3-yl)-pyridine (M1) and 2,2'-(9,9-dioctyl-9H-
fluorene-2,7-diyl)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane)

N= N
]

/A M1
Br~ g7 "Br

+

et

CsgHiCsHr

Pd(PPhg);, CS,CO5

Toluene/H,0, reflux,18 h

DPTF

Scheme 1 Synthetic routes for the conjugated polymers DPTF, DPTFBr,
and DPTFNO.
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(M2). The number average molecular weight (M,) and weight
average molecular weight (M,,) of DPTF were determined to be
14.5 kg mol™" and 27.5 kg mol ™', respectively, using gel per-
meation chromatography (Fig. S1}). DPTFBr was prepared
from DPTF and bromoethane via a quaternization reaction.
The chemical structure of DPTFBr was confirmed using 'H
NMR spectroscopy (Fig. S2t). DPTFBr showed good solubility
in polar solvents, such as methanol, N,N-dimethylformamide,
dimethylsulfoxide, etc. The orthogonal solubility of DPTFBr
provides a good opportunity to increase the photocatalytic per-
formance for hydrogen evolution and allow good interface
contact at the cathode electrode to improve the photovoltaic
performance.

The absorption spectra of DPTFBr both in solution and as a
film were first investigated. As shown in Fig. 2a and Fig. S3,f
the absorption spectrum of DPTFBr in methanol extends from
250 nm to 550 nm with a peak at 328 nm and a shoulder peak
at 387 nm. A similar but slightly red-shifted spectrum was
observed for the thin-film DPTFBr. To study the photo-
induced amine doping process of DPTFBr, DPTFBr samples
with triethanolamine (TEOA, 25 wt%) were prepared and
tested with/without illumination. The DPTFBr solution with
TEOA showed a similar absorption spectrum to that of the
DPTFBr solution. However, after illumination for 30 min, the
colour of the DPTFBr solution with TEOA turned from yellow
to deep brown (inset of Fig. 2a). Correspondingly, the illumina-
tion led to a red shift of the absorption peak at 328 nm to
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Fig. 2 UV-vis absorption spectra of DPTFBr in solution (a) and in a thin
film (b) in response to 25% TEOA and illumination.
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342 nm and the disappearance of the shoulder peak for the
sample in solution. The shift in the absorption spectrum indi-
cates that the conjugated backbone is strongly affected by
TEOA and illumination. The change in the absorption spectra
of DPTFBr was also confirmed by the thin-film absorption of
these samples (Fig. 2b). The film prepared from a solution
containing TEOA (red curve) showed only a slight difference
from that prepared using pristine DPTFBr solution, and the
application of illumination (blue curve) resulted in the appear-
ance of a peak at 336 nm instead of the shoulder peak, indi-
cating a significant change in the conjugated backbone of
DPTFBr. Surprisingly, after the above solution was stored in
the ambient environment (recovered sample) for over 20 days,
it showed almost the same absorption spectrum as the pristine
DPTFBr solution. The deep colour also returned to light yellow
for the recovered sample, indicating that the effect caused by
TEOA and illumination gradually diminishes.

The significant change in the absorption spectra of DPTFBr
indicates that TEOA and illumination could synergistically
affect the electronic properties of DPTFBr. DPTFBr has pyridi-
nium salts attached to its conjugated backbone. Pyridine-salt-
based aromatic rings (such as viologen and its derivatives) are
prone to form radical or quinoid-type analogues in the pres-
ence of reducing agents.>® In our case, when DPTFBr is photo-
excited, the electrons donated by the reducing agent TEOA will
be transferred to the pyridinium unit, triggering the formation
of the radical state of DPTFBr (Scheme 2). The formed radical
could further delocalize along the backbone of DPTFBr, thus
affecting the intramolecular charge transfer and resulting in
the apparent absorption change.’”*® It should be noted that
conjugated polymers with stable radicals in their backbones
are rarely reported. In our case, the quinoid-type pyridinium
was utilized to stabilize the radicals, thus providing more
chances for the radical to move along the conjugated backbone.
Moreover, the recovered samples showed almost the same
spectra as the pristine DPTFBr, suggesting that the radical
could be slowly quenched by ambient O,. Nevertheless, the
design of DPTFBr could provide a convenient strategy to control

Scheme 2 Photo-induced amine doping and de-doping processes
involving DPTFBr.
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the radical formation and delocalization along the conjugated
skeleton, thus resulting in various electronic properties.

To verify the radical state of DPTFBr in the presence of
TEOA and illumination, electron spin resonance (ESR) spectra
of the DPTFBr samples were recorded. As shown in Fig. 3a, the
pristine DPTFBr solution illuminated for 30 min showed very
weak ESR signals, indicating the low radical concentration in
the backbone of DPTFBr. After adding 10 wt% TEOA to the
DPTFBr sample, the corresponding ESR intensity showed a
slight enhancement, suggesting weak radical formation at this
low TEOA concentration. Further increasing the concentration
of TEOA to 25 wt% in the DPTFBr solution resulted in an
apparent enhancement in the ESR signal with a g value of
2.005, demonstrating the formation of radicals along the con-
jugated backbone of DPTFBr. These results coincide well with
the above absorption results, indicating that the addition of
TEOA induced the formation of radicals in the conjugated
backbone of DPTFBr. Interestingly, the recovered samples
(stored for over 20 days) exhibited almost the same ESR spec-
trum as pristine DPTFBr, indicating that the radicals generated
by TEOA and illumination were gradually quenched. The
reversible stimulation of the radical formation and quenching
in DPTFBr provides a feasible tool to tune the radical pro-
perties of conjugated polymers.>*~®!

This radical formation and quenching process in DPTFBr
was further evidenced by its electrochemical redox properties.
Cyclic voltammetry (CV) tests of DPTFBr with/without 25%
TEOA and illumination were conducted, and the electro-
chemical redox properties are summarized in Table 1. The

(a) o4

0.3+
0.2+
0.1+

0.0 hodep=33-9-04

Intensity

0.1 4

——DPTFBr

-0.2 {—>—DPTFBr+10% TEOA 1
—o— DPTFBr+25% TEOA
-0.3 {—s—DPTFBr+Recovered \J

-0.4

3480 3500 3520 3540

Magnetic Field (G)

I e
=
—o— DPTFBr+25% TEOA ﬁ :
— A
T T T T T T T T
20 15 10 05 00 05 1.0 15 20
Voltage (V) vs SCE

(b)

—o—DPTFBr recovered

Fig. 3 (a) ESR spectra of DPTFBr samples with 0 wt%, 10 wt%, and
25 wt% TEOA (illuminated for 30 min) and a recovered sample. (b) CV
curves of pure DPTFBr, DPTFBr with 25% TEOA, and recovered DPTFBr
samples.
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Table 1 Absorption data, optical band gaps, and energy levels of the
conjugated polymers

on Ere El—[OM() ELUM() Egpt
Polymer Aabs” [nm]  [V] V] [eV] [eV] [eV]
DPTFBr 328, 387 1.09 —-0.96 -5.89 -3.84 2.56
DPTF 384 1.23 -1.05 —6.03 -3.75 2.66
DPTFNO 294, 370 1.45 -1.25 —6.25 -3.55 2.72

“ Absorption peaks in solution.

highest occupied molecular orbital energy levels (Egomo) were
calculated using the equation Eyopmo = —€(Eox + 4.80) eV from
the potential of the onset of oxidation. The lowest unoccupied
molecular orbital energy levels (Epymo) were calculated using
Erumo = —e€(Ere + 4.80) eV. As shown in Fig. 3b, DPTFBr and
irradiated DPTFBr (25% TEOA + light) exhibited different
cyclic voltammetric behaviours. The E,, and E,. for DPTFBr
were measured to be 1.09 and —0.96 V, respectively, while the
corresponding Eyomo and Epumo of DPTFBr were calculated to
be —5.89 and —3.84 eV, respectively. The irradiated sample of
DPTFBr with 25% TEOA showed an E. at 0.65 V, which orig-
inates from the oxidation of TEOA (Fig. S47).°> The E,. of the
irradiated sample of DPTFBr with 25% TEOA was —0.48 V,
corresponding to an Epymo of —4.3 eV. The lower LUMO
energy level indicates that the irradiated DPTFBr is more easily
reduced, which is similar to the results in a previous
report.®>®* The irradiated DPTFBr sample, which was stored
for over 20 days, showed electrochemical redox potentials
similar to those of pristine DPTFBr, indicating that DPTFBr
could return to the original cationic state in the ambient
environment. These observations suggest that DPTFBr is a
promising candidate to realize stable reversible doping and de-
doping.

To understand the photo-induced amine doping process of
DPTFBr, we also performed "HNMR analysis of DPTFBr with/
without the addition of TEOA and illumination in CD;OD. The
chemical shifts of the H atoms in the pyridinium ring of
DPTFBr were 8.86 and 7.79 ppm (Fig. S21). However, as a
result of the synergistic effects of TEOA and illumination,
additional chemical shifts were observed at 8.45-8.25 and
7.20-6.80 ppm,* indicating that a fraction of the pyridinium
rings were transformed into the radical-type or quinoid-type
rings. However, these additional chemical shifts disappeared
in the irradiated samples stored for over 20 days. The broad
"HNMR spectrum might be ascribed to the aggregation of
DPTFBr after adding TEOA. Nevertheless, these results clearly
confirm the doping and de-doping process of DPTFBr.

To further understand the photo-induced amine doping
phenomenon in DPTFBr, we also prepared two other polymers
(DPTF and DPTNO) with the same conjugated backbone for
comparison. The absorption spectra of DPTF and DPTNO
with/without TEOA and illumination in solution were first col-
lected. The oxidation/reduction potentials (Eox/Ere); Eromos
and E;ymo values of DPTF and DPTFNO are also summarized
in Table 1 and shown in Fig. 4a and b. As shown in Fig. 4a, the
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Fig. 4 Absorption spectra in solution (a) and CV curves (b) of DPTF and
DPTFNO.

absorption of DPTF in solution extends from 300-450 nm with
an ICT peak at 385 nm. The double stimuli of TEOA and illu-
mination did not trigger any changes in the solution of DPTF,
indicating that no transition state exists in DPTF. The absorp-
tion spectra of DPTFNO also showed almost no difference in
response to the addition of TEOA or application of illumina-
tion. These results indicate the importance of pyridinium salts
for radical formation in the conjugated backbones. Compared
to pyridine and oxidized pyridine, the pyridinium unit is more
prone to form the quinoid-type structure, thus triggering the
apparent change in its electronic properties. The optical band
gaps (Egpt) of these polymers were calculated using the
equation Eg” = 1240/donser, and the resultant values were
2.66 eV for DPTF and 2.72 eV for DPTFNO, respectively. The
CV curves of DPTF and DPTFNO with/without TEOA and illu-
mination were recorded, but no differences were observed with
respect to the parent spectra.

The chemical structure of conjugated polymers is of critical
importance to their photocatalytic performance.’®”* Herein,
these polymers were first applied for photocatalytic hydrogen
evolution. Among the three polymers, DPTFBr and DPTFNO
could be dispersed well in water, which could potentially facili-
tate good interface contact with both metal cocatalysts and
7477 In contrast, DPTF, with its low-polarity pyridine
groups, showed poor solubility in polar solvents and could
only form an opaque solution in water. The photocatalytic
experiments for hydrogen evolution were carried out in the

water.
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presence of TEOA as a sacrificial hole scavenger and Pt as a
cocatalyst (3 wt% relative to the polymers). The H, generated
using the each of the three polymers as a function of time is
presented in Fig. 5a, which reveals their diverse photocatalytic
activities. The strategy of using DPTF as a photocatalyst pro-
duced 1.46 pmol of H, in 5 hours, resulting in a hydrogen rate
(HER) of 0.29 pmol h™" (0.12 mmol g~* h™"), while employing
DPTFNO as the photocatalyst produced 7.16 pmol of H, in
5 hours, corresponding to a HER of 1.43 pmol h™" (0.57 mmol
g ' h™"). The much higher HER values of DPTFNO compared
to that of DPTF could be attributed to the better dispersity of
DPTFNO, which significantly reduces charge recombination.
Surprisingly, an extremely high HER of 18.33 pmol h™'
(7.33 mmol g* h™") was obtained using DPTFBr as the photo-
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Fig. 5 (a) Photocatalytic hydrogen evolution data from DPTF, DPTFBr,
and DPTFNO. (b) The photocurrent responses of the conjugated poly-
mers at an applied voltage of 0 V (with 0.1 M Na,SO, as the electrolyte).
(c) PL spectra of CPEs with or without 3% Pt cocatalyst.

This journal is © The Royal Society of Chemistry 2021

View Article Online

Paper

catalyst, which is 63- and 12-fold higher than those of DPTF
and DPTFNO, respectively. The remarkable improvement in
the photocatalytic performance in the presence of DPTFBr
demonstrates that the role of the side chain of the conjugated
polymer is critical in the photocatalytic process. Since
TEOA could interact strongly with DPTFBr, the sacrificial
hole process could be considerably promoted, resulting in
enhanced photocatalytic hydrogen evolution rates. Moreover,
the pyridinium groups in DPTFBr may behave as binding cores
(similar to the situation in ammonium-based CPEs) to interact
with cocatalysts, contributing to much better charge transfer
between the CPEs and Pt co-catalysts.>®>"7778

Additionally, ascorbic acid was utilized as a hole scavenger
to investigate the photocatalytic hydrogen evolution of these
polymers, as presented in Fig. S5.1 The results demonstrated
that DPTFBr incorporating ascorbic acid as the hole scavenger
showed moderate HER performance (0.90 mmol g~' h™"),
which was much lower than that achieved with TEOA as the
sacrificial donor. However, a negligible amount of hydrogen
was detected in the cases of DPTF and DPTFNO.

Transmission electron microscope (TEM) characterization
was performed to investigate the morphologies of DPTF,
DPTFNO, and DPTFBr in aqueous solution, as shown in
Fig. S6 and S7.f Generally, good dispersity of a conjugated
polyelectrolyte in water can result in high photocatalytic per-
formance.?! It can be observed from Fig. S67 that solid par-
ticles with diameters ranging from 100 nm to 200 nm were
formed in the DPTF samples, indicating that DPTF was dis-
persed in water as particles. DPTFNO samples formed sheet-
like aggregates with particles, suggesting that DPTFNO may be
partly soluble in aqueous solution. In contrast, smaller sheet-
like aggregates with particle diameters between 30 nm and
50 nm were formed in DPTFBr samples, verifying the better
dispersity of DPTFBr in aqueous solution. The diverse dispersi-
ties of these polymers coincides well with the hydrophilic
structures in these polymers.

In order to further understand the different performances
of these conjugated polymers, the photocurrent responses of
these polymers as thin films were explored. The polymers were
coated onto indium tin oxide electrodes and voltages of 0 V
and —0.2 V (with 0.1 M Na,SO, as the electrolyte) were applied.
As shown in Fig. 5b, DPTFBr showed a much higher photo-
current response (nearly 2.5 times greater) than those of DPTF
and DPTFNO at 0 V, which might be attributed to the much
higher concentration of photoexcited charge carriers in
DPTFBr than that in DPTF and DPTFBr.”® A similar phenom-
enon was also observed when a voltage of —0.2 V was applied
(Fig. S8T). These results indicate that the design of DPTFBr
represents a promising strategy to realize high-performance
organic photocatalysts for hydrogen evolution. Photoluminescence
(PL) spectroscopy characterizations of these three CPEs
(DPTFBr, DPTFNO, and DPTF) in solution state with/without a
Pt cocatalyst were conducted to investigate the charge recombi-
nation of the CPEs and the charge transfer between the CPEs
and the Pt cocatalyst. As shown in Fig. 5c, their PL intensities
in aqueous solution gradually decreased in the order DPTF >
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DPTFNO > DPTFBr, indicating the reduced charge recombina-
tion in the corresponding polymers during the photocatalytic
process. Moreover, after adding 3% Pt cocatalyst to these poly-
mers, apparent PL quenching was observed in the DPTFNO
and DPTF samples, while almost complete PL quenching was
observed in the DPTFBr sample, implying that the charge
transfer from DPTFBr to the Pt cocatalyst is more efficient. The
PL results of these polymers are consistent with their photo-
catalytic results.

Ammonium-functionalized CPEs have good interface modi-
fication capability, which can improve the photovoltaic per-
formance of PSCs. In contrast, pyridinium-based CPEs for
high-performance photovoltaic cells are seldom reported.
Herein, we investigated the potential of DPTFBr as a cathode
interface material for PSCs. Devices with the architecture ITO/
PEDOT:PSS/PBDB-T-2F:BTPTT-4F/CPE/Ag were fabricated,*® in
which PBDB-T-2F and BTPTT-4F were used as the donor and

(@ s
0

R . ——DPTFBr
“E {  ——DPTFNO
£ 0 i —o— PFN-Br
< 3

g/ H
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-30 T T T T T
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Fig. 6 J-V and EQE curves of devices with DPTFBr, DPTFNO, and
PFN-Br as the cathode interlayer.

Table 2 Device parameters of NF-PSCs with different cathode interlayers
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acceptor, respectively. DPTFBr and DPTFNO have good solubi-
lity in methanol, thus allowing orthogonal processing (with
respect to the active layer) and the formation of a high-quality
film. The poor solubility of DPTF in alcohol-like solvents
limits its application as a cathode interlayer in NF-PSCs. A
device with the widely used cathode interlayer PFN-Br was also
fabricated for comparison. As shown in Fig. 6 and Table 2,
DPTFBr provided efficient NF-PSCs with a PCE of 16.14%,
short-circuit current density (Ji) of 26.23 mA cm™>, open
circuit voltage (Vo.) of 0.84, and fill factor (FF) of 73.72%.
Notably, the photovoltaic performance of the device with
DPTFBr is higher than that with PFN-Br as the cathode inter-
layer. Devices with DPTFNO showed a moderate PCE of
15.29% (Jo = 26.19 mA cm ™2, Vo, = 0.83 V, FF = 70.30%.),
which is comparable to that of the device with PFN-Br. The
higher PCE of the DPTFBr-based photovoltaic devices com-
pared to that of the DPTFNO-based devices mainly originates
from the higher FF, indicating that DPTFBr possesses better
interface modification capability. The better interface modifi-
cation capability of DPTFBr could be attributed to its pyridi-
nium side chains, which could lower the work function of
metal electrode, induce interface doping, etc.'”®*' "% The EQE
spectra of the devices were also collected to confirm the
obtained J,. values of the DPTFBr-based devices. The calcu-
lated Ji. values from the EQE curves were compared with the
measured values, as summarized in Table 2. In the DPTFBr-
based devices, the calculated J,. is similar to the measured
one. These results suggest that pyridinium-based CPEs are
promising candidates as cathode interface materials to achieve
high-performance NF-PSCs.

Conclusions

In conclusion, we have presented a novel pyridinium-pended
conjugated polyelectrolyte, which exhibited photo-induced
amine doping behaviour. The pyridinium groups attached to
the conjugated backbone provided unique sites for the for-
mation of radicals and made the photo-induced amine doping
process feasible. The absorption spectra, electrochemical pro-
perties, and doping behaviour of DPTFBr could be easily tuned
via this process. Compared to its neutral and oxidized ana-
logues, DPTFBr showed much better photocatalytic and photo-
voltaic performance. DPTFBr enabled a high photocatalytic
hydrogen evolution rate of 7.33 mmol ¢~* h™" and high-per-
formance polymer solar cells with a PCE of over 16%. This
work presents a novel type of CPE, and the proposed strategy

Interlayer Voe (V) Jse (MA cm™) Js* (mA em™?) FF (%) PCE/PCE a5 (%)

PFN-Br 0.83 = 0.00 25.33£0.14 23.68 72.33 £ 0.37 15.23 + 0.07 (15.28)
DPTFBr 0.84 + 0.00 26.23 + 0.07 25.51 73.27 + 0.88 16.00 + 0.15 (16.14)
DPTFNO 0.83 +0.01 26.19 + 0.36 24.68 70.30 + 0.31 15.29 + 0.27 (15.47)

“ Calculated J. from EQE.
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paves the way for the design of functional CPEs for various
applications.
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