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ABSTRACT: Using polymeric photocatalytic materials for visible light-
driven heterogeneous conversion of organic substances in environmentally
benign reaction media as in water, in particular, has gained much attention
recently. Most of the current conjugated polymer photocatalysts are often
unsuitable for applications in water because of their highly hydrophobic
nature. Classical polymer-based photocatalysts possess advantages that
include precise control of properties through facile synthesis and direct
access to the toolbox of classical polymer chemistry. However, the effect of
monomer composition remains unclear, and a systematic investigation of
structure−property relationships is still missing. In this work, we design
water-compatible poly(methyl methacrylate) (PMMA)-based polymer
photocatalysts by precise control of comonomers with specific functions.
The electronic and optical properties and water compatibility of PMMA
photocatalysts could be tuned, and they showed direct dependence on the monomer composition. Mathematical as well as density
functional theory simulation as hydration enthalpy calculations supported the observed effects. The photocatalytic degradation of
2,4-dichlorophenol in water as model reaction showed an optimum of polymer composition and solubility for the photocatalytic
reactivity. More remediation of important contaminants was successfully conducted as diethyl phthalate, acetophenone, and
bisphenol-A, which are common products from plastic degradation detected in groundwater.
KEYWORDS: heterogenous photocatalysis, toxic pollutant degradation, hydrophilic polymer, water treatment, radical polymerization,
poly(methyl methacrylate)

■ INTRODUCTION
The use of visible light for conversion of organic substances is
an environmentally friendly alternative to conventional
chemical reaction conduction by heat. Among the photo-
catalytic materials commonly used, pure organic polymer-
based heterogeneous photocatalysts have recently received
much attention.1−3 Most of these polymer photocatalysts are
fully conjugated polymer networks as conjugated microporous
polymers, covalent triazine networks, covalent organic frame-
works, and so forth.4−6 A scarcely studied class of substances
are photoactive classical polymers. They combine polymeric
materials and photoactive small molecule properties by
incorporating the latter as repeating units in a polymer
backbone.7 Their advantages include precise control of
conjugation lengths, cost-effectiveness, chemical robustness,
and variability of properties through facile synthesis and direct
access to the toolbox of classical polymer chemistry.8,9 A few
studies undertaken to date showed their promising potentials
in synthesis and photocatalytic applications but barely included
systematic investigations of structure−property relation-
ships.10−12 In particular, the effect of monomer composition
remains unclear. Such insights are essential to broaden

understanding and address the key challenge of designing
photoactive classical polymer materials in the future.

A very attractive approach to use targeted material design for
sustainable purposes is performing chemical reactions in green
solvents.5 Water, in particular, is a cheap, safe, and environ-
mentally friendly alternative to organic solvents.13 It is
considered the preferred choice in practical applications
concerning occupational safety, process safety, and environ-
mental and regulatory aspects. Furthermore, the applicability
of materials in aqueous medium opens several energy-,
environmental-, and bioapplication-related possibilities, such
as water splitting,14−16 antibacterial treatment,17,18 photo-
dynamic therapy,19 and water purification.3,20 Given their
usually fully aromatic backbone structure, conventional
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polymer photocatalysts are often unsuitable for applications in
water because of their highly hydrophobic nature. Moreover,
the rigid bonds in conjugated networks tremendously hinder
swelling by solvents and substrate diffusion. Previous
modification strategies mainly included postsynthetic trans-
formations,15,17,21 surface functionalization,20,22,23 or proto-
nation by acids.24 However, such synthesis methods are
complex to perform and difficult to gain precise control.

In this work, we design water-compatible poly(methyl
methacrylate) (PMMA)-based polymer photocatalysts by
precise control of comonomers with specific functions
(Scheme 1). The general effect of variable amounts of

photoactive and water-mediating comonomers in the class of
nonfully conjugated photocatalysts on structural, electro-
optical, and photocatalytic properties was elucidated in detail.
In particular, two series of cross-linked PMMA-based polymers
were synthesized through radical polymerization. In series 1,
the amount of photoactive moiety 4,7-diphenylbenzothiadia-
zole was gradually increased, and in series 2, the amount of
solvent-mediating moiety 4-benzenesulfonate was gradually
increased. The electronic and optical properties and water
compatibility of the PMMA photocatalysts could be tuned and
showed direct dependence on the monomer composition.
Mathematical as well as DFT calculations supported the
observed effects. Photocatalytic studies on the decomposition
of organic pollutants showed the high activity of the polymers
in aqueous medium. Kinetics of 2,4-dichlorophenol degrada-
tion in water showed an optimum of polymer composition and
solubility for the photocatalytic reactivity. The reaction scope
could be expanded to include the remediation of more
contaminants as diethyl phthalate, acetophenone, and bi-
sphenol-A, which are common products from plastic
degradation detected in groundwater analyses.

■ RESULTS AND DISCUSSION
Synthesis and Structural Analysis. The PMMA net-

works in this work were synthesized via free-radical polymer-
ization from methyl methacrylate (MMA), polyethylene glycol
dimethacrylate (PEGDMA) 4-phenyl-7-(4-vinylphenyl)-
benzothiadiazole (BT), and sodium 4-vinylbenzenesulfonate
(S). The synthesis was based on a previous literature report.25

Details on synthetic procedures and comonomer ratios are
given in the Experimental section and electronic supplemen-
tary information (ESI).

As listed in Table 1, in series 1, the molar content of BT was
gradually increased from 0 to 50% (0, 2.5, 5, 10, 20, and 50).
The amount of MMA was decreased accordingly, while
PEGDMA (5%) and S (20%) were kept constant. The
samples were denoted as BT0S20, BT2.5S20, BT5S20, BT10S20,

BT20S20, and BT50S20. In series 2, the molar content of S was
gradually increased from 0% to 40% (0, 5, 10, and 40). Again,
the amount of MMA was decreased accordingly, while
PEGDMA (5%) and BT (20%) were kept constant. The
samples were denoted as BT20-S0, BT20-S5, BT20-S10, and BT20-
S40. Additionally, the sample BT20S20 was suitable to be
compared within series 2.

The synthesis of the polymers was confirmed by solid-state
13C cross-polarization magic angle-spinning (CP-MAS) NMR
spectroscopy. The signal intensities in the spectra can be used
to estimate the ratios of the building blocks in the polymer. No
double-bond signals are apparent in either series of the
polymers. This indicates a high degree of polymerization and
means that the reaction proceeded to completion. In cases
where incompletely reacted vinyl monomers were present,
purification by dialysis was successful. In series 1 (Figure 1a),

the signal of the keto group is observed at a chemical shift of
178 ppm. Further signals at 71, 52, 45, and 18 ppm can be
assigned to the methyl and methoxy groups of MMA and the
methylene backbone. All the signals of the MMA are in
agreement with the literature values25 and decrease within the
series, which is in accordance with the decrease of the MMA
content. The broad signal corresponding to the sulfonate unit
(carbons in α- and δ-positions with respect to −SO3H) around
145 ppm is comparably constant. It can be observed that in the
series from BT0S20 to BT50S20, the BT-signal at 154 ppm
emerges. In sample BT0S20, the BT signal is completely absent.

Scheme 1. Illustration of Molecular Design and Property
Tuning by Varying the Photoactive Units Benzothiadiazole
(BT) and Hydrophilic Comonomer Benzene Sulfonate (S)
in Water-Compatible PMMA Photocatalysts

Table 1. Compositional Overview of the Synthesized
Photocatalytic PMMA Seriesa

series 1

PEGDMA MMA BT S

BT0S20 5 75 0 20
BT2.5S20 5 72.5 2.5 20
BT5S20 5 70 5 20
BT10S20 5 65 10 20
BT20S20 5 55 20 20
BT50S20 5 25 50 20

series 2

PEGDMA MMA BT S

BT20S0 5 75 20 0
BT20S5 5 70 20 5
BT20S10 5 65 20 10
BT20S20 5 55 20 20
BT20S40 5 35 20 40

aNote: numbers are the molar percentage of the individual
comonomers.

Figure 1. 13C CP-MAS NMR spectra for (a) series 1 with increasing
BT and (b) series 2 with increasing S content.

ACS Applied Polymer Materials pubs.acs.org/acsapm Article

https://doi.org/10.1021/acsapm.2c00688
ACS Appl. Polym. Mater. 2022, 4, 5728−5736

5729

https://pubs.acs.org/doi/10.1021/acsapm.2c00688?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.2c00688?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.2c00688?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.2c00688?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.2c00688?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.2c00688?fig=fig1&ref=pdf
pubs.acs.org/acsapm?ref=pdf
https://doi.org/10.1021/acsapm.2c00688?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


The broad signal around 128 ppm corresponds to aromatic
carbons as it gets more pronounced when increasing the BT
content. The number of aromatic carbons exceeds the number
of MMA and backbone carbons to such an extent that the
latter signals are strongly attenuated. The molar ratio trend can
be confirmed in series 1 with the spectra.

In series 2 from BT20S0 to BT20S40, the BT signal intensity is
constant. In comparison, the S signals at 145 ppm increase
within the series. This corresponds to the increase in sulfonate
units and confirms the expected trend. As in series 1, the
MMA and backbone signals become less prominent while the
intensity of the phenylic carbon atoms increases. Both these
effects are less pronounced than those in series 1, which is due
to the lower C-atom excess in the benzenesulfonate vs the
backbone compared to the three-membered aromatic BT.

Fourier-transformed infrared (FTIR) spectra were measured
to further confirm the structural integrity of the polymers.
Using the FTIR spectra of the vinyl monomers, bands were
identified for normalization to a signal of the respective
constant monomer (Figure S1, SI). Both series show no
double bond signals, also indicating successful polymerization
and purification. The increasing BT-content series was
normalized to 1181 cm−1 (Figure 2). The signal at 1750

cm−1, which corresponds to the carboxyl group of the methyl
methacrylate, becomes less pronounced from BT0S20 to
BT50S20. The signal at 1500 cm−1 and the majority of peaks
in the fingerprint region increase within the series because they
are attributable to the BT unit. The region between 1000 and
1250 cm−1, where concise signals from the sulfonate monomer
can be expected, is comparatively unchanged over the samples
of the first row. Series 2 was normalized to the peak at 827
cm−1 because the BT monomer content is expected to be
constant. Again, the signal from the MMA decreases at 1750
cm−1, and signals corresponding to benzenesulfonate (1665
and 1000 to 1250 cm−1) increase in intensity. The FTIR
spectra confirm the composition of the polymers and the
trends of increasing BT monomer in series 1 and increasing S
monomer in series 2.

The structural and morphological characterization was
extended by scanning electron microscopy (SEM) imaging of
BT20S20 as representative polymers (Figure S2, SI). SEM
images show the typical irregular appearance of a cross-linked
polymer. No structured porosity or ordered features could be
observed. Thermogravimetric analysis (TGA) showed that the
photocatalyst stayed intact up to 245 °C under air, comparable
to previous data (Figure S3, SI).25

Water Compatibility. In the following, the dispersibility
and water compatibility of the polymers in water was assessed.

In a simple experiment, all samples were dispersed in water
using ultrasonication and examined after a rest period (Figure
3). In series 1, BT20S20 and BT50S20 appeared to be the most

dispersible ones. Even after the rest period, there are still
noticeable particles distributed in the liquid. In series 2, with
increasing S content, the dispersibility in water increases. For
BT20S20 and BT20S50, no material settles at the bottom of the
vials.

The observations made could be confirmed by a DFT-based
estimation of hydration enthalpies. By subdividing the
polymers into fragments, incremental hydration enthalpies
can be calculated, and the tendency to dispersion and
compatibility in the aqueous medium can be approximated
(Figure S4, SI). Secondary entropic solubility effects resulting
from the mobility of the chains, polymer rigidity, and structural
organization of water around the solutes are neglected. In
series 1 with increasing BT content, the enthalpy of hydration
increases slightly (Figure 4a). BT40S20 should have the highest
enthalpy of hydration. This is consistent with the dispersion
experiment, where a slightly increase in solubility can be
observed within the series. In series 2 with increasing S
content, the enthalpy of hydration increases strongly. This is

Figure 2. FTIR spectra of (a) series 1 with increasing BT and (b)
series 2 with increasing S content. The spectra were normalized to
significant peaks of the respective constant monomer.

Figure 3. Qualitative dispersibility experiment. Polymers (5 mg/mL)
were dispersed in water through ultrasonication (15 min) and left
overnight for settling.

Figure 4. Calculated relative hydration enthalpies in (a) series 1 with
increasing BT content, (b) series 2 with increasing S content, zeta
potentials of (c) series 1 and (d) series 2. Measurements with a
polymer concentration of 0.5 mg/mL performed in 10−3 M potassium
chloride solution at pH 6.8 and 25 °C.
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also consistent with the dispersion experiment, where an
increase in solubility from almost insoluble (BT20S0) to fully
dispersed over several hours (BT20S40) can be observed. The
calculations emphasize that the solubility and dispersibility are
largely determined by the sulfonate content and modulated by
the BT content.

Zeta potential measurements were performed to draw
further conclusions on water compatibility and electrostatic
stabilization of the polymers in water. In both series, the
magnitude of the electric potential grows with increase in BT
and S monomers, respectively (Figure 4c, d). The resulting
increase in stabilization and water compatibility by surface
charges is consistent with the previously observed trend.
BT20S0 represents the only sample that, because of the absence
of sulfonate comonomers, exhibits little electrokinetic potential
in its dispersion.

In order to characterize the electro-optic properties of the
polymers, UV/vis absorption spectroscopy, photolumines-
cence (PL), and time-resolved photoluminescence spectra
(TRPL) were measured. For the PL spectra, the polymers were
excited at their absorption maximum. For the TRPL
measurements, the samples were excited at λexc = 380 nm,
and the decay was detected at the emission maximum. All
copolymers were dispersed in water and measured in a glass
cuvette. The UV/vis absorption spectra of the BT0S20 to
BT50S20 series are shown in Figure 5a. With increasing BT
content, it can be observed that the absorption maximum
remains comparatively constant (Figure 5b). However, the
absorption maximum shifts noticeably to about 404 nm at
particularly high BT contents in sample BT50S20. When

observing the polymers’ PL behavior, a red shift of the
emission maximum was observed as the BT content in the
series increased (Figure 5c, d). The lifetime of excited charge
carriers was investigated by TRPL measurement (Figure 5e, f).
With increasing BT content, the lifetime decreases from 5.6 ns
for BT2.5S20 to 1.27 ns for BT40S20.
Optical and Electronic Properties. By increasing the BT

content, the average distance between two photoactive units is
reduced. However, light absorption is independent of the ratio
of the photoactive moiety to the other monomers because the
electronic configuration in the ground state is not affected by
changing the chemical composition of the polymers. Only at
extremely high concentrations, where a large fraction of BT
units is adjacent to BT units, an overlap of the π-systems
occurs and results in a red shift of the absorption. In the
excited state, energy transfers to neighboring BT units become
more likely as BT content increases. In the case of direct
proximity, electron transfers due to overlapping electron
densities and the extension of delocalization are also
conceivable. Both mechanisms lead to energy losses and shift
the PL emission maximum to higher wavelengths. This effect is
also evident when looking at the TRPL measurement results.
The proximity of BT units and the associated transfer
processes increase the number of possible decay mechanisms.
With increasing BT content, the lifetime of charge carriers in
the excited state decreases significantly.

The absorption spectra of the copolymers for the series
BT20S0 to BT20S40 are plotted in Figure 6a. With increasing
sulfonate content, a shift of the absorption maximum to

Figure 5. Comparison of (a) UV/vis, (b) absorption maxima, (c) PL
spectra, (d) emission maxima, (e) TRPL measurements, and (f)
excited-state lifetimes for series 1 from BT2.5S20 to BT50S20.

Figure 6. Comparison of (a) UV/vis, (b) absorption maxima, (c) PL
spectra, (d) emission maxima, (e) TRPL measurements, and (f)
excited state lifetimes for series 2 from BT20S0 to BT20S40.

ACS Applied Polymer Materials pubs.acs.org/acsapm Article

https://doi.org/10.1021/acsapm.2c00688
ACS Appl. Polym. Mater. 2022, 4, 5728−5736

5731

https://pubs.acs.org/doi/10.1021/acsapm.2c00688?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.2c00688?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.2c00688?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.2c00688?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.2c00688?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.2c00688?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.2c00688?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.2c00688?fig=fig6&ref=pdf
pubs.acs.org/acsapm?ref=pdf
https://doi.org/10.1021/acsapm.2c00688?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


smaller wavelengths can be observed (Figure 6b). A minimum
is reached for sample BT20S20. Toward sample BT20S40, the
absorption wavelength again assumes a slightly higher value of
399 nm. The PL emission spectra of the sulfonate series are
almost identical, and all have their maximum at 533 nm
(Figure 6c, d). The lifetime of excited charge carriers was
investigated by TRPL measurements (Figure 6e, f). With
increasing S content, the lifetime does not change drastically.
At low sulfonate ratios, the lifetimes are slightly lower than
those for the higher content polymers.

In series 1, the position of the absorption maximum
depends on the sulfonate content. We hypothesize that
increased concentrations of negatively charged monomers in
close proximity stabilize polar mesomeric states and partial
charges. The ground-state energy levels of the photoactive
moiety are lowered similar to a negative solvatochromic effect,
and the absorption is blue-shifted. The emission spectra as well
as the lifetimes of the excited charge carriers are independent
of the sulfonate concentration. The BT concentration is
sufficiently low, and interactions as well as transfer phenomena
between the units play a minor role or are the same across all
polymers. On a closer consideration, the slightly red-shifted
emission maxima and shorter lifetimes of BT20S0, BT20S10, and
BT20S20 could be attributed to their solubility properties.
Because of the lower sulfonate contents, the polymers are likely
to be less swollen and the BT units are in closer spatial
proximity. This could have similar quenching effects as in
series 1 but in an attenuated form.

The electrooptical characterization was extended by cyclic
voltammetry (CV) measurements of BT20S20 as the
representative polymer (Figure S5, SI). The data showed the
lowest unoccupied molecular orbital (LUMO) to be −1.35 V
vs SCE. In combination with the Kubelka−Munk-transformed
UV/vis spectrum, which gives a band gap of 2.83 eV, the
highest occupied molecular orbital (HOMO) can be
determined to be +1.48 V vs SCE (Figure S5, SI). The values
correspond to literature examples and can be directly derived
from the small molecular catalyst 4,7-diphenylbenzothiadiazole
(BTPh2).

12,25,26

Photocatalysis. Persistent organic pollutants are not only
stable in natural waters but also traceable in animal and plant
organisms over long periods of time.27−29 Although the
contaminants pose a major health risk and have been the
subject of political action at the global level for decades,
numerous toxins are detectable at high concentrations in
groundwaters.6,30,31 Several strategies have been reported for
pollutant removal, such as adsorption,32 membrane separa-
tion,33 microbial degradation,34 advanced oxidation, enzymatic
degradation, and so forth.35 Some of these methods were
hindered by disadvantages like high costs, long process time,
secondary pollution, and poor operability. Compared to these
methods, pure organic heterogeneous photocatalysts are
particularly attractive for wastewater treatment because of its
clear advantage in terms of easy operation and the use
environment-friendly materials.36−38 Therefore, the photo-
catalytic remediation of harmful organic compounds is of
particular relevance.

For the kinetic comparison of the photocatalytic activity of
the polymers, the degradation of 2,4-dichlorophenol (2,4-
DCP) was chosen. The concentrations were assessed by using
4-tert-butyltoluene as the internal standard. In the series from
BT0S20 to BT40S20, BT20S20 was found to be the most efficient
catalyst by reducing the initial concentration to 12% after 4 h

(Figure 7a). Without benzothiadiazole units, the polymer was
not showing conversion of the target compound (BT0S20).

According to our previous work and other related studies, we
believe that O2

·−, OH·, and photoinduced holes participated in
the reaction.39−43 In particular, the degradation process can be
divided into three steps referred to dehydroxylation,
dechlorination, and benzene ring opening. In the first stage,
2,4-DCP was oxidized by OH·, O2

·−, and photogenerated
holes, forming dechlorinated and dehydroxylated intermediates
as 2-chloro-1,4-benzenediol, 2-chlorophenol, and 4-chlorophe-
nol or 4,6-dichloro-1,3-benzenediol. These species were then
further converted to small molecular organics such as catechol,
benzoquinone, and phenol and further broken into acids and
finally converted to CO2 and H2O. The photocatalytic activity
increases from BT0S20 to BT20S20 and decreases again for
BT40S20. Among the factors promoting higher conversion are
the gradual increase in the amount of the photoactive moiety
and the improved water solubility within the series. Increasing
the BT content to BT40S20 does not seem to have any further
positive effect. As shown in the electro-optical characterization,
high BT levels seem to contribute to charge carrier quenching
and to the fundamental change of the π-electronic constitution
of the photoactive units.

The photocatalytic polymer BT20S20 was finally tested for
repeating experiments to demonstrate its reusability. The
experiments showed that BT20S20 could be reused for
degradation of 2,4-DCP for several cycles without suffering
conversion and degradation rates (Figure S6, SI).

In series 2, the photocatalytic activity increased from BT20S0
to BT20S40. BT20S40 was found to be the most efficient catalyst
by reducing the initial concentration to <1% after 4 h (Figure
7b). As it can be seen from sample BT20S0, the polarity and
dispersibility without the sulfonate unit is sufficient to catalyze
the degradation reaction. The photocatalytic activity gradually
increases from BT20S0 to BT20S40. Because PL and TRPL data
do not indicate any significant change in photophysical
properties within the series, the gradual increase in the
sulfonate content and water compatibility seems to be mainly
responsible for the activity of the polymers. The changing
optical absorption does not seem to have a significant effect
because the photocatalytic activity does not follow the
absorption trend. The series emphasizes the concept of
increasing activity in aqueous medium by copolymerization
of charged monomers.

The reaction scope could be extended by the degradation of
further substances with the photocatalyst BT20S20. The plastic

Figure 7. Bar diagrams for the photocatalytic degradation of 2,4-
dichlorophenol by (a) series 1 and (b) series 2.
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degradation products such as diethyl phthalate, acetophenone,
and bisphenol-A were degraded efficiently and underline the
versatility of the system (Figure 8).

■ CONCLUSIONS
In summary, we developed a type of metal-free and redox
active polymers for efficient photocatalytic remediation of
organic pollutants in aqueous media. The radical copoly-
merization of charged sulfonate comonomers with MMA and
benzothiadiazole enabled the further development of PMMA-
based photocatalysts toward highly increased water compati-
bility. Using two series of polymers, one with increasing BT
content and one with increasing sulfonate content, key
structure−property relationships were elucidated. While
increasing proportions of photoactive units strongly influence
the photophysical properties due to proximity effects, the latter
characteristics remain comparatively unchanged when altering
the levels of solvent-mediating monomers. Kinetic studies of
the 2,4-dichlorophenol degradation in water showed a polymer
composition and solubility optimum for the photocatalytic
reactivity. The reaction scope could be expanded to include the
remediation of further contaminants detected in groundwater
analyses. The study contributes significantly to the under-
standing of future material design and enables balancing
between monomer composition, catalyst properties, and
photocatalytic efficiency.

■ EXPERIMENTAL SECTION
Materials and Methods. All chemicals and solvents were

purchased from commercial sources and used as received unless
otherwise noted. UV−vis absorption and fluorescence spectra were
recorded on an Agilent Cary 60 spectrophotometer and a J&M
TIDAS spectrofluorometer at ambient temperature, respectively. CV
measurements were carried out on a Metrohm Autolab PGSTAT204
potentiostat/galvanostat with a three-electrode-cell system: a glassy
carbon electrode as the working electrode, a Hg/HgCl2 electrode as
the reference electrode, a platinum wire as the counter electrode, and
Bu4NPF6 (0.1 M in acetonitrile) as the electrolyte. The scan rate was
100 mV s−1 in the range of −1 to −2 eV. Gas chromatography−mass
spectrometry (GC−MS) measurements were performed on a
Shimadzu GC-2010 plus gas chromatograph with a QP2010 ultra
mass spectrometer. The system operates with a fused silica column
(Phenomenx, Zebron 5-ms nonpolar) and a flame ionization detector.
1H and 13C NMR spectra for all compounds were measured using a
Bruker Avance 300 MHz. Solid-state 13C CP MAS NMR measure-
ments were carried out using a Bruker Avance II solid-state NMR
spectrometer operating at 300 MHz Larmor frequency. The system is
equipped with a standard 4 mm magic angle spinning (MAS) double
resonance probe head. FTIR measurements were conducted with a
Varian 1000 FTIR spectrometer. The morphology was investigated
with a LEO Gemini 1530 scanning electron microscope. Thermog-
ravimetric analysis (TGA) was conducted in an air atmosphere with
temperature increasing from room temperature to 900 °C at a rate of

10 K/min. All DFT calculations were carried out with the Gaussian 09
package.44 The structures were optimized at the B3LYP level of
theory,45 with the basis set of 6-31G(d).46,47 The hydration
calculations were performed together with the PCM (Polarizable
Continuum Model) model by employing water as the solvent.48−50

Zeta potential measurements were performed in 10−3 M potassium
chloride solution at pH 6.8 and 25 °C with a Malvern Zeta sizer
(Malvern Instruments, UK). Time-resolved PL spectroscopy (TRPL)
/time-correlated single-photon counting (TCSPC) measurements
were conducted with a FluoTime200 time-correlated single-photon
counting setup. Samples were excited with a laser at 380 nm, which
was controlled by PicoQuant PDL 800-D. The signal was detected
using a microchannel plate photomultiplier tube that was connected
to a PicoHarp 300 time-correlated single-photon counting system.
The instrument response function was measured using a dispersion of
silica nanoparticles (LUDOX HS-40 colloidal silica) in water.
Monomer Synthesis.

Step 1. (4-Bromo-7-phenylbenzo[c][1,2,5]thiadiazole): phe-
nylboronic acid (899 mg, 7.37 mmol, 1.00 equiv), 4,7-
dibromobenzo[c][1,2,5]thiadiazole (3.25 g, 11.06 mmol, 1.50
equiv), toluene (30 mL), aqueous Na2CO3 solution (2 M, 12.4
mL), and ethanol (12.4 mL) were placed in a 100 mL Schlenk
flask. After degassing by Ar bubbling for 20 min, Pd(PPh3)4
(254 mg, 220 μmol, 0.03 equiv) was added in an Ar counter
stream. The solution was vigorously stirred at 90 °C for 48 h.
After cooling to room temperature, the resulting mixture was
extracted with dichloromethane (4 × 40 mL). The combined
organic phases were washed with brine (100 mL) and dried
over anhydrous MgSO4. After filtration and rotary evaporation
of solvents, the residue was purified by column chromatog-
raphy on silica gel (petroleum ether/dichloromethane 3:1).
The light green solid (2.4 g) was used as is in the next step.

Step 2. (4-Phenyl-7-(4-vinylphenyl)benzo[c][1,2,5]thiadiazole):
the crude product from step 1 (2.4 g), (4-vinylphenyl)boronic acid
(1.59 g, 10.75 mmol, 1.3 equiv), toluene (22 mL), and aqueous
Na2CO3 solution (2 M, 12 mL) were combined in a 100 mL Schlenk
tube. After degassing by Ar bubbling for 20 min, Pd(PPh3)4 (190 mg,
165 μmol, 0.02 equiv) was added in an Ar counter stream. The
solution was vigorously stirred at 90 °C for 48 h. After cooling to
room temperature, water was added (55 mL), and the resulting
mixture was extracted with dichloromethane (4 × 40 mL). The
combined organic phases were washed with 1 M NaOH (70 mL) and
brine (70 mL). After drying over anhydrous MgSO4 and filtration,
rotary evaporation yielded the crude product. The residue was
purified by column chromatography on silica gel (petroleum ether
/DCM 1:0 → 0:1). The product was obtained as bright yellow
powder (1.76 g).

1H NMR (300 MHz, CDCl3) δ 7.98 (d, 4H), 7.80 (s, 2H), 7.61−
7.44 (m, 4H), 6.82 (q, 1H), 5.86 (d, 1H), 5.34 (d, 1H).

13C NMR (75 MHz, CDCl3) δ 154.27, 154.21, 137.78, 137.56,
136.91, 136.53, 133.50, 133.05, 129.52, 129.38, 128.77, 128.52,
128.27, 127.99, 126.61, 114.67.
Polymer Synthesis.

4-Phenyl-7-(4-vinylphenyl)benzo[c][1,2,5]thiadiazole (0−0.5
equiv), methyl methacrylate (0.25−0.75 equiv), and poly-

Figure 8. Photocatalytic degradation rates of other organic pollutants
using BT20S20.
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ethylene glycol dimethacrylate (0.05 equiv) were charged in a
vial and dissolved in DMF (3.6 mL). The solution was
degassed with Ar for 5 min, and azobisisobutyronitrile (0.008
equiv) was added. Then, the vial was capped, and the solution
was purged with Ar while stirring for 5 min. After heating to 70
°C overnight, the reaction was cooled to room temperature.
The polymer was transferred with Mili Q water and dialyzed
with THF/water (1:10) for 24 h (SnakeSkin dialysis tubing,
3.5 K MWCO, 2 mm, ThermoFisher). After 12 h, the solution
was exchanged for fresh THF/water (1:10). The polymers
were freeze-dried for 24 h under high vacuum and appeared as
dry colorless to bright yellow solids.
Photocatalysis Kinetics. To obtain a saturated solution, 2,4-

dichlorophenol (1.0 g, 6.14 mmol) was added to Milii Q water (50
mL). The suspension was stirred for 24 h at room temperature. After
settling, the supernatant was collected and used as the stock solution
for the kinetic experiments. In a 20 mL vial equipped with a magnetic
stir bar, the polymer (10 mg) and stock solution (5 mL) were
combined. After passing air through the setup for 2 min, the reaction
was stirred for 30 min in the dark to rule out potential absorption of
the small molecule on the organic polymer networks. A sample for
GC−MS analysis was taken and used as the starting point (0 h). The
vial was placed under irradiation of blue LEDs (60 mW/cm2) and
stirred at room temperature for 4 h. Samples for GC−MS analysis
were taken after 1, 2, and 4 h.

Every sample taken from the aqueous solution (0.2 mL) was
extracted with DCM (1 mL). The organic phase was further used. 4-
tert-Butyltoluene (PTBT) was added as the internal standard (0.33
mL in 1 mL of DCM stock solution, 10 μL of stock solution in every
GC−MS vial).

For diethyl phthalate, acetophenone and bisphenol-A saturated
aqueous solutions were obtained similarly. The further procedure
followed the one described above. The degradation rate was
determined using a sample taken after a reaction time of 4 h.
Repeating Experiments. To obtain a saturated solution, 2,4-

dichlorophenol (1.0 g, 6.14 mmol) was added to Milli Q water (50
mL). The suspension was stirred for 24 h at room temperature. After
settling, the supernatant was collected and used as the stock solution
for experiments. In a 20 mL vial equipped with a magnetic stir bar,
polymer (10 mg) and stock solution (5 mL) were combined. After
passing air through the setup for 2 min, the reaction was stirred for 30
min in the dark to rule out potential absorption of the small molecule
on the organic polymer networks. The vial was placed under
irradiation of blue LEDs (60 mW/cm2) and stirred at room
temperature for 4 h. After reaction, the polymer was collected by
centrifugation, washed using Milli Q water five times, and dried using
vacuum for the next cycle.

The reactant taken from the aqueous solution (0.2 mL) was
extracted with DCM (1 mL). The organic phase was further used. 4-
tert-Butyltoluene (PTBT) was added as the internal standard (0.33
mL in 1 mL of DCM stock solution, 10 μL of stock solution in every
GC−MS vial).
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