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Abstract: By the integration of electron-deficient alkyl chain anchored
triazole (TA) moieties and electron-rich pyrene units into the polymer
skeleton, a new series of donor-acceptor (D-A) type semiconductive
polymers were generated, bearing satisfactory light-harvesting ability
and suitable bandgaps. Benefiting from the minimized exciton binding
energy along with strongest D-A interaction and favorable
hydrophilicity, P-TAME exhibits an outstanding photocatalytic H,
evolution rate of ~100 pmol h* (10 mg polymer, AQY sz nm = 8.9%)
and H,O, production rate of ~190 umol h* (20 mg polymer) under
visible light irradiation, superior to most currently reported polymers.
Besides, all these polymers can mediate water oxidation reactions to
evolving O,. Thus, these TA-based polymers open a new avenue for
tailor-made efficient photocatalysts with broad photocatalytic activities.

The key issue in photocatalysis is the exploitation of efficient and
stable photocatalysts to enable high-performance for solar-to-
chemical energy conversion, which is still a long-term task. Owing
to the unigue properties such as versatile synthetic methods,
broad light-harvesting ranges, and tunable electronic structures!t,
polymer photocatalysts have garnered intensive research interest
as a new family of semiconductor photocatalysts. To date, various
polymer photocatalysts have been investigated, e.g., polymeric
carbon nitride?, covalent organic frameworks®), linear polymerst,
and conjugated microporous polymers®), etc.

Due to the low dielectric constant characteristics, charge
separation and transport could be largely impeded during
photocatalysis with polymeric substances, thereby affecting
photocatalytic performance. Constructing donor-acceptor (D-A)
polymer systems have been clarified as a reliable protocol to
facilitate charge separation and migration2>-¢: 4. 5. 61 However,
very limited electron-acceptor motifs have been explored up to
date, with - dibenzothiophene-S,S-dioxide (FSO) and
benzothiadiazole (BT)-based compounds be the most focus
(Scheme 1a)l"l. To this end, developing a novel type of electron-
acceptors to enrich the variety of D-A type polymer photocatalysts
with fabulous photocatalytic activity is desired.

1H-1,2,4-triazole (TA) and its derivatives feature attractive
electron-transport and hole-blocking properties, originating from
their highly electron-deficient nature (Scheme 1b). Besides, the
TA scaffold could be modified readily to showcase different
characteristics. Indeed, they have been widely used to construct

functional materials for diverse purposes, e.g., organic light-
emitting diodes®, polymer electrolyte membrane fuel cells®,
organic optical waveguides*®, organic photovoltaic cellsi*Y, and
othersi*2, Accordingly, we envisage TA moiety could be an
appealing acceptor candidate to build a set of novel D-A-type
polymer photocatalysts, which have not been explored.
Meanwhile, the N-rich atomic structure for TA units may act as the
active sites during photocatalysis™, contributing to the analysis
and understanding of the reaction mechanism. Moreover, by
engineering the TA skeleton, such properties, including photon
absorptions, energy level structures, charge dissociation and
transport, and the interface interactions with water, might be
varied, ultimately leading to controllable photocatalytic functions.
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Scheme 1. a) Typical electron-deficient motifs. b) New electron-accepting unit

used in this study. c)The synthetic routes for the TA-based D-A type polymer
photocatalysts.

In this context, herein, a proof-of-concept study on the TA-
based D-A conjugated polymers (P-TA-CPs, Scheme 1c) with
structural embedded molecular engineering level electron push-
pull interaction was conducted along with the investigation of the
influence of side chain engineering on charge generation and
migration kinetics. Firstly, electron-rich pyrene (Py) building
blocks and electron-deficient TA moieties were integrated into the
polymer skeletons, generating built-in electric fields and strong
electron push-pull interactions to promote charge separation and
transfer. When side alkyl chains with different lengths were
incorporated into the TA units, the bandgaps and their alignments,
hydrophilicity, and D-A interactions were further varied,



elucidating by both experimental and theoretical studies. These
findings would provide crucial information for the design and
modulation of side chains for promoting charge separation and
migration  kinetics in these D-A conjugated polymer
photocatalysts, achieving efficient photocatalytic performance.

To synthesize the targeted polymers, a typical Suzuki-
Miyaura polycondensation reaction was conducted (Scheme 1c,
for details see the Supporting Information). All the polymers
obtained were insoluble in common organic solvents and water,
featuring amorphous nature as revealed by their broad powder X-
ray diffraction (PXRD) signals (Figure S1). As displayed in the FT-
IR spectra (Figure S2), the signals at ~1450-1750 cm™, ~1270-
1300 cm?, and ~1440 cm attributed to aromatic C=C as well as
C-N and C=N in the TA moieties, respectivelyl!® 14 151 The
structural information of the polymers was further unraveled by
the solid-state *3C NMR spectra (Figure 1a). The signals at 0-50
ppm could be ascribed to different alkyl chains of the polymers.
The peaks in the range of ~116-139 ppm originated from the
carbons of Py units. The signals shown at ~153 and ~161 ppm
belonged to C atoms in the TA ring.
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Figure 1. a) Solid-state **C NMR spectra of P-TA-CPs. b) TEM image of P-
TAME with elemental maps for C and N.

X-ray photoelectron spectroscopy (XPS) was applied to
investigate the chemical composition and structural features of
these polymers. These polymers were mainly composed of C and
N with a small amount of O, presumably stemmed from the
atmospheric water or O, adsorption on the surface (Figure S3a).
The C 1s XPS spectra of these polymers could be deconvoluted
into two major peaks located at ~284.8 and 286.3 eV, attributed
to the aromatic C=C species and the C=N bonds in the TA units,
respectively (Figure S3b)16l. Moreover, the N 1s XPS spectra of
these polymers could be divided into two major peaks, assigned
to the N atoms of C-N (~399.0 eV) and C=N (~401.0 eV) in the
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TA species (Figure S3c)l¢¢ 7. The elemental analysis data
(Table S1) indicated that the elemental compositions of P-TA-CPs
were close to their theoretical values. All these results evidenced
the successful preparation of desired P-TA-CPs.

An aggregated shape of all these polymers verified by
scanning electron micrograph (SEM) images (Figure S4-S6). The
morphology of the polymers can be further uncovered by
transmission electron microscopy (TEM) images (Figures 1b and
S7-S8). Besides, the high-angle annular dark field scanning
transmission electron microscopy (HAADF STEM) elemental
mapping images revealed the C and N elements were
homogeneously distributed inside the polymers. The porosity of
these polymers was assessed by Nz sorption isotherm tests,
affording the specific Brunauer-Emmett-Teller surface areas in a
range of 675-19 m? g% (Figure S9). The P-TAME with the shortest
alkyl chain exhibited the best porosity, which is conducive to mass
transfer and enhanced photocatalytic activity.
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Figure 2. a) UV-vis DRS, and b) band alignments of P-TA-CPs. Integrated PL
emission intensity as a function of temperature from 15 to 300 K for (c) P-TAME,
(d) TAPR, and (e) P-TAPE (Inset: temperature-dependent PL spectra). (f) The
PL spectra of P-TA-CPs (Aex = 420 nm).

UV-vis absorption spectra were conducted to evaluate the
optical properties of these polymers. A similar broad absorption
region from 380 to 550 nm was detected (Figure 2a), indicating all
these polymers are visible-light responsive. Accordingly, their
optical bandgaps can be calculated as 2.24 eV, 2.30 eV and 2.35
eV for P-TAME, P-TAPR and P-TAPE, respectively (Figure S10).
Such narrow bandgaps may be largely attributed to the strong
electron push-pull interactions between TA and Py species.
Besides, determined by the Mott-Schottky profiles (Figure S11),
the flat-band potentials of P-TAME, P-TAPR and P-TAPE were
estimated to be of -0.95 V, -0.92 V and -0.87 V, respectively.
Furthermore, the band structures of these polymers can be
portrayed (Figure 2b). Note that all these polymers can trigger
photocatalytic reduction and oxidation reactions in principle,



regarding their suitable conduction band (CB) and valence band
(VB) levels. On one hand, no distinct difference in the CB position
was observed for these polymers because of their similar
chemical structures, ensuring sufficient thermodynamic driving
force for photocatalytic reductions. On another hand, P-TAPE
experiences the most positive VB potential, followed by P-TAPR
and P-TAME, indicating P-TAPE may undergo promoted
photocatalytic activity in water oxidation reaction?”!. Thus, we can
surmise that the P-TA-CPs are promising for photocatalysis.

To clarify the electron-hole pairs recombination and
separation kinetics after the integration of TA units with different
alkyl chains into the polymers, the temperature-dependent
photoluminescence (PL) spectra of these polymers were
recorded. Clearly, all polymers underwent the thermal quenching
of their PL emission in the temperature range of 15-300 K (Figure
2c-e). By fitting the integrated PL intensities as a function of
temperature using the Arrhenius equation: I(T) = lo/(1 + A exp(-
Eu/-ksT)), the exciton binding energy (E,) could be deduced as
~31, 43, and 50 meV for P-TAME, P-TAPR and P-TAPE,
respectively®®. Since the E, values in polymers are typically
higher than 100 meV, the much lowered E;, values for P-TA-CPs
can endow facilitated exciton dissociation for photocatalysist°l.
Moreover, the PL emission intensity gradually decreased from P-
TAPE to P-TAME (Figure 2f), implying P-TAME experiences the
most suppressed charge recombination, which could be a positive
effect on the photocatalytic activity.

Table 1. Physicochemical properties of the P-TA-CPs.

Average

Eo! HER Seer
[b] [c]

Polymer chari:]s A [meV] [umol h] [m?g™]
P-TAME -0.53 31 100 675
P-TAPR -0.50 43 70 412
P-TAPE -0.48 50 20 =

[a] The average of the Bader charges of TA moieties by DFT calculations and a
negative value means getting electrons. [b] Exciton binding energy (Ev) of the
PL quenching process in the P-TA-CPs. [c] Reaction conditions: 10 mg polymer,
TEOA/H20 (10 mL/100 mL), 300 W Xe lamp, A > 420 nm, 12 °C. [d] Specific
surface area was calculated from the N2 sorption isotherms.

To gain theoretical insights, the HOMO/LUMO levels and the
Bader charges in each polymer were calculated by the density
functional theory (DFT) employing the fragmental structures
(Figure S12). Notably, all the CPs feature spatially separated
HOMO and LUMO delocalization demonstrating that the charge
carrier recombination could be greatly restrained and thus
beneficial to the charge separation for these CPs in theory, in
good accordance with their low E;, values. Bader charge analysis
can provide useful information in evaluating electronic and charge
transfer behaviors. Accordingly, the average charges of acceptor
fragment units (i.e., TA) were summarized (Table 1, average
charges-A). Prominently, the electron-withdrawing ability of TA
was strengthened along with the decrement of alkyl chain length
anchored in the polymers. Consequently, the strongest D-A
interactions may be generated for P-TAME among the series and
thus have a great chance to reduce the Coulomb electrostatic
interactions, leading to the minimized Ey. Indeed, the results are
in line with the tendency of E, values. Hence, the side-chain
molecular engineering approach conceived in this study is a
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reliable protocol to tune the charge migration kinetics during
photocatalysis.

Photoelectrochemical characterizations can provide further
information about the charge migration behaviors in these CPs.
The photocurrent experimental results (Figure S13) revealed that
P-TAME could give rise to a much stronger photocurrent
response than P-TAPR and P-TAPE, signifying less
recombination and faster light-induced electron migration in P-
TAME. The order for photocurrent responsiveness of these three
polymers has much to do with their electron-donating and
withdrawing ability in the D-A system, the stronger the D-A
interactions, the better transportation of charge. Likewise, P-
TAME also manifested a smaller radius than P-TAPR and P-
TAPE in electrochemical impedance spectroscopy (EIS) tests
upon dark or light irradiation (Figure S14), implying a low charge
transfer resistance and more rapid interfacial electron transfer in
P-TAME. All these results are consistent with the conclusions
drawn from DFT and PL analyses, which is again highlighting the
critical role of side chain-engineered novel triazole-based D-A
systems in the efficient splitting of photoexcited charge carriers.
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Figure 3. Photocatalytic performances of P-TA-CPs. a) Hz evolution rates. b)
The wavelength-dependent of the AQYs of P-TAME. c) Long-term H2 evolution
by P-TAME. d) Time dependence of H202 generation under visible light
irradiation; Conditions: 20 mg polymer, 2 mL phenylcarbinol, 18 mL H20, 1 atm
02,298 K, 420 nm LED. e) Influence of Oz concentration on the H202 production
rate of P-TAME in the presence of phenylcarbinol. f) Oz evolution rates under
visible-light irradiation.

The particle dispersibility and favorable interactions with
water are crucial for efficient heterogeneous photocatalysis.
Therefore, the water contact angles (WCA) on these polymers’
surfaces were first evaluated. The results revealed that the WCA
orderly decreases from 159.9° for P-TAME to 42.5° for P-TAPE
with the increment of the length of alkyl chains (Figure S15),
demonstrating the reduced surface hydrophilicity from P-TAME to
P-TAPE. Moreover, to elucidate the water accessibility of the
internal pore structures of these polymers, water vapor uptake
experiments were performed. All the polymers feature type llI



isotherms (Figure S16), and P-TAME adsorbs ~56 wt% water at
298 K and 50.3 mbar. In contrast, P-TAPR and P-TAPE only
adsorb ~17 and 10 wt% water under the same conditions. This
may be caused by the water condensation within the pore of P-
TAME, which is decorated with the shortest alkyl chains. In this
regard, P-TAME experiences the best water wettability, both
inside the pore structure and the external surface, thus increasing
the number of potential sites for heterogenous photocatalysis, apt
to realize a promoted photocatalytic activity.

H, production reaction was first carried out. Regarding the
residual palladium in the polymer skeletons (Pd Content: 0.28-
0.36 wt.%, Table S2) as plausible cocatalystl 8, the reactions
were conducted without adding Pt cocatalyst. As expected, the P-
TAME (10 mg) illustrates the best hydrogen evolution rate (HER)
of ~100 umol h™* under visible light irradiation (A > 420 nm) and
~270 umol h™* under broadband light irradiation (A > 300 nm)
(Figure 3a), and an apparent quantum yield (AQY) of 8.9% at 420
nm was achieved (Figure 3b). After screening various sacrificial
agents and dosages of the polymer, the HER of P-TAME was
further increased to ~110 umol h™* (15 mg polymer, TEOA as the
sacrificial agent, Figure S17). These values surpass most
reported Py-based CPs with different acceptors (Table S3),
clarifying their promising potential as an organic photocatalyst.
Besides, the wavelength-dependent AQY of H, generation over
P-TAME was also uncovered (Figure 3b). A good match between
the AQYs and UV-vis DRS was observed, suggesting that the H,
production is primarily induced by the photoexcited electrons.
Moreover, the HER activity of P-TAME (Figure 3c) remained
almost the same level during the 5-circles test (20 h), verifying a
stable photocatalysis of P-TAME. When P-TAME was recovered
and re-characterized by PXRD (Figure S18) and FTIR (Figure
S19), no apparent change observed, strongly exemplifying its
robust stability upon solution and light corrosion.

Photocatalytic H,O, production is a promising alternative
route to the traditional anthraquinone process, which has aroused
universal interest recently®. Very interestingly, the excellent
photocatalytic activity of these polymers for H,O, production was
feasibly evidenced. Indeed, all these three polymers can trigger
oxygen reduction (ORR) to produce H,O, and the amount
increased steadily with prolonged irradiation time (Figure 3d).
Satisfactorily, P-TAME (20 mg) achieves an average H,O,
production rate (HPPR) of ~190 ymol h!, followed by P-TAPR
(~178 umol h'') and P-TAPE (~160 umol h't) with phenylcarbinol
as the sacrificial agent, respectively. Besides, the P-TAME can
also be employed as photocatalyst for triggering ORR in pure
water with an average HPPR of ~38 ymol h* (Figure S20a). It is
noteworthy that photocatalytic H,O, production by polymers has
rarely been explored thus far and the performances here surpass
most of the reported polymers (Table S4). Moreover, the HPPR
tendency is in good accordance with their HERs, again
emphasizing the validity of molecular engineering. To figure out
the H,O, production mechanism, we further conducted the same
reaction in different atmospheres. As shown in Figure 3e and
Figure S20b, the HPPR for P-TAME was highest in pure O, much
lower in air, and completely prohibited in Ar, suggesting H,O,
generated through the ORR process. The strongest D-A
interactions induced facilitated-charge-separation and promoted-
charge-migration might be mainly accounted for the highest
photocatalytic HER and HPPR associated with P-TAME.

As a control, we prepared two other polymer photocatalysts
based on typical electron-deficient units, i.e., P-FSO and P-BT
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(Scheme S1-S2). Compared with P-FSO and P-BT, P-TAME
demonstrated better photocatalytic HER (10 mg polymer) and
HPPR (20 mg polymer) under visible light irradiation (Figure S21),
verifying the TA moieties as promising new electron-acceptor
motifs developed in this study.

Water oxidation reaction (WOR) involves four-electron
transfer with O-H bond cleavage and new O-O bond formation,
necessitating a huge activation energy and usually resulting in a
relatively slow reaction speed and low activity?’, Given the
unique band structures of these polymers, the WOR could occur
theoretically by using them as photocatalysts. To clarify this
assumption, the photocatalytc WOR was subsequently
proceeded by employing these polymers as the photocatalysts
and AgNO;s as the sacrificial agent. Indeed, all these polymers can
mediate the WOR and the P-TAPE (25 mg) afforded the best
activity with a total O, evolution rate (OER) of ~ 6.5 ymol after 4
h under visible light irradiation (A > 420 nm, Figure 3f). This result
corresponds to the most positive VB level for P-TAPE.

In summary, a series of novel TA-based D-A-type conjugated
polymers with varied alkyl chains anchored in the skeletons have
been tailor-made to address the effect of molecular engineering
on the band structures, D-A interactions, as well as the charge
separation and migration kinetics. All these polymers feature
suitable band structures and similar CB levels, rendering them
promising photocatalysts for photocatalytic reductions. Due to the
presence of the strongest electron push-pull interactions, P-
TAME features the minimized E, and thus realizes a promoted
charge separation. Combining with the suppressed charge
recombination and facilitated charge transfer, P-TAME shows
outstanding photocatalytic performances for HER and HPPR.
Interestingly, these polymers can also be used as photocatalysts
to trigger WOR to liberate oxygen from water. By further rational
design of the TA units or other donor moieties at the molecular
level, more TA-based D-A-type polymers with high photocatalytic
performances could be achieved with even enthusiastic dreamed
photocatalytic overall water splitting in the future.
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Donor-acceptor polymer photocatalysts bearing alkyl chains were synthesized to explore the effect of side-chain engineering on charge
separation and migration kinetics. High activity was reached in photocatalytic reduction reactions with promoted exciton dissociation,
suppressed charge recombination, facilitated charge transfer, and favorable hydrophilicity. Key: donor (D), acceptor (A), pyrene (green),

triazole (yellow), methyl (red).



