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Abstract: Pseudo-homogeneous polymeric photocata-
lysts are an emerging class of highly efficient and
tunable photocatalytic materials, where the photocata-
lytic centers are easily accessible. The creation of highly
efficient photocatalytic materials that can be rapidly
separated and recovered is one of the critical challenges
in photocatalytic chemistry. Here, we describe pH-
responsive photocatalytic nanoparticles that are active
and well-dispersed under acidic conditions but aggregate
instantly upon elevation of pH, enabling easy recovery.
These responsive photocatalytic polymers can be used in
various photocatalytic transformations, including Cr"'
reduction and photoredox alkylation of indole deriva-
tive. Notably, the cationic nature of the photocatalyst
accelerates reaction rate of an anionic substrate com-
pared to uncharged species. These photocatalytic par-
ticles could be readily recycled allowing multiple
successive photocatalytic reactions with no clear loss in

activity.
J

The emergence of visible light photocatalysts has facilitated
the conversion of abundant solar energy to high value
chemicals or electrical energy. To date, photocatalytic
systems have been employed for a great number of
applications, including aqueous pollutant degradation,!'™
photodynamic therapy,® hydrogen evolution,”? and or-
ganic transformations.*” In particular, the wide scope of
photocatalytic reactions (e.g. C—C coupling reactions,
C=C bond cleavage," trifluoromethylation of arenes,™
heterocycle formation,” and enantioselective alpha-
alkylation®) is of great importance for organic chemistry to
overcome the activation energy associated with a particular
reaction under mild reaction conditions. Many investigations
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are undertaken with molecular homogeneous photocatalysts,
including precious transition metal based photocatalysts”
and organic photoredox catalysts,”! which have been
regarded as tunable alternatives to inorganic photocatalysts
but at the expense of stability. "]

The merger of molecular photocatalysts and heteroge-
neous polymers has realized efficient photocatalysis with
enhanced stability compared to their molecular form.
However, the difficulty in mass transport (e.g. substrates
and oxygen) towards photocatalytic centers and maintaining
stable dispersion of the photocatalytic materials can limit
the performance of some heterogeneous polymeric
photocatalysts.”*?! Therefore, pseudo-homogeneous poly-
meric photocatalysts are particularly desirable as they are
capable of undertaking photocatalytic reactions in a homo-
geneous manner, where the polymers are in a fully solvated/
swollen state. This results in the photocatalytic moieties
being readily accessible by light and substrates. In addition
to obtaining an efficient performance, a rapid separation
and high recyclability of the catalysts still remains as one of
the major challenges. So far, the recycling of pseudo-
homogeneous polymeric photocatalysts is typically achieved
by either precipitating photocatalytic polymers in organic
solvent®™ or extracting the products from the polymer
solution,®! generating waste and increasing the production
cost.

In biological systems, conformational changes in re-
sponse to environmental triggers is utilized to manipulate
biochemical activity.®*! Mimicking the stimuli-responsive
conformational changes in nature, pH-responsiveness could
be used to induce a phase transition of the polymeric
photocatalyst in aqueous conditions, to allow easy recycling.
These pH-triggered phase transitions have been successfully
demonstrated by the simple reversible protonation/deproto-
nation of polyelectrolytes.’** For example, the process of
polybase deprotonation promotes the polymer hydrophobic-
ity, leading to a phase separation and recovery of polymer
chains from an aqueous solution. However, only few
examples of pH-responsive and photoactive polymers®3¥]
have been demonstrated, although incorporating pH-respon-
sive moieties to polymer structures shows the ability to gain
control of the water-compatibility and/or recycling of the
materials. Byun et al.’® reported a CO,-triggered system,
where the wettability of a post-functionalized photocatalytic
conjugated linear polymer has been enhanced by the
addition of CO,. Gas exchange provides an orthogonal
control of the water-compatibility but, the undefined con-
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traction and aggregation of linear polymer chains could lead
to an insufficient recovery of the conjugated polymer.
Recently, a pH-triggered aggregation of unimolecular
micelles, consisting of a Pt-porphyrin photocatalytic center
and four poly(dimethylaminoethyl methacrylate) (PDMAE-
MA) arm chains, has been demonstrated by Zou et al..””!
However, only one reactive center can be incorporated per
micelle and the size of the micelle aggregations was still in
nm scale (<200 nm) and therefore difficult to recover.

Ideally, the photocatalytic moieties should be solvated/
swollen and easily accessible for efficient photocatalysis.
Upon the application of an external stimuli they should
undergo conformational changes, leading to aggregation
and/or precipitation, which facilitates the recovery of the
photoactive material. To ensure maximum photocatalytic
performance and recovery, this transition should be from
the nano to macro scale (visible by eye). A core-shell
polymer nanoparticle system that can be homogeneously
dispersed in aqueous conditions and stabilized by hydro-
philic polymer brushes could be utilized as a polymeric
platform for photocatalytic units. Upon elevating the pH,
the stabilizing block becomes contracted and nanoparticles
aggregate/precipitate. To enable an efficient photocatalytic
performance and control, the photocatalytic moieties should
be incorporated in the polymer brushes anchored on the
surface of the hydrophobic core.

Here, we have produced pH-responsive polymeric core—
shell nanoparticles containing photocatalytic active centers
distributed within the corona of the nanoparticles. The
efficient photocatalytic performance of switchable photo-
catalytic nanoparticles has been demonstrated by photo-
catalytic reactions in aqueous medium under visible light
irradiation, including photo-reduction of toxic Cr"" inorganic
water contamination and various organic transformations
(e.g. sulfoxidation, 2-furoic acid oxidation, and Friedel-
Crafts alkylation of indole derivative). These nanoparticles
undergo stark aggregations upon elevating the pH value of
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the medium, as the polymer shell turns highly hydrophobic,
which facilitates a rapid and easy recovery of the photo-
catalytic materials (Scheme 1).

pH-responsive polymer photocatalytic nanoparticles
were synthesized via reversible addition-fragmentation chain
transfer mediated polymerization induced self-assembly
(RAFT-PISA) technique,*” where a pH-responsive photo-
catalytic ~macro-chain transfer agent (macroCTA)
poly(diisopropylamino  ethylmethacrylate-co-N-(4-(7-phe-
nylbenzo [c] [1,2,5] thiadiazol-4-yl)phenyl)methyl methacry-
late) (P(DPA-co-Ph,BTMA)) was synthesized prior to its
chain extension with hydrophobic benzyl methacrylate
(BzMA) monomers. This creates a highly hydrophobic
PBzMA core stabilized by protonated P(DPA-co-
Ph,BTMA) chains that tether from the surface of the core in
acidic buffer conditions (Figure 1a). TEM was applied to
confirm the spherical morphology of the nanoparticles
(Figure 1b). The hydrodynamic diameter of the photocata-
lytic material dispersed in acetate buffer (pH 4.0) was
determined by DLS, displaying a size distribution centered
at around 250 nm (Figure S1).

GPC (Figure S2) has been utilized to examine the
molecular weight (Mn=10.4 kDa) of the polymer photo-
catalyst. 'H NMR (Figure S3), and FTIR (Figure S4) spec-
troscopy were used to examine the chemical compositions of
photocatalytic polymer nanoparticles. The FTIR spectrum
displayed aliphatic backbone (—CH,— and —CHs;) stretch
vibration from 2700 to 3100 cm™'. In addition, typical signals
at 1720, 1640, and 1170 cm ™' are attributed to carbonyl C=0O
stretching, C=N stretching, and C—O stretching, respectively.
The signal at 610-710 cm™' result from the aromatic CH
stretch in the PBZMA cores and photocatalytic Ph,BTMA
moieties. The effect of the photocatalytic units on the FTIR
spectrum is limited, because only 0.9mol% of photo-
catalytic unit has been incorporated. The optical properties
of the photocatalytic material was visualized by UV/Vis
spectra, displaying a broad absorption peak in the visible

Cationic photocatalytic polymer
pH triggered aggregation
Enhanced recovery

Scheme 1. lllustration of the switchable hydrophilicity of the pH-responsive polymer photocatalyst nanoparticles by adjusting the pH of the solvent.

Angew. Chem. Int. Ed. 2023, 62, €202217652 (2 of 7)

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

95U8017 SUOWIWOD BAIE81D) 3 (gealjdde ay) Ag peuench ale sopiLe VO ‘9sn Jo o 10} ArIqiauljuO 8|1/ UO (SUOTIPLOD-PUe-SWLISY/L0D A8 | 1M Alelq1jpuluo//sd)y) SUONIPUOD pue SWis 1 8u) 885 *[£202/v0/TT] o Arigiauliuo Ao ‘Uoteasay JewA(od SSE IdIN A 259/ T2Z0Z @1Ue/z00T 0T/I0p/wod A1 Arelqiul|uo//sdny woiy pepeojumod /T ‘€202 ‘€LLETZST



(c) (d)
¢ 40
{ S A
= : Zaw
= . =
= 2 o
g : =
5 E ®m.20
= s ®
- i i~
= 40 . -
300 400 500 600 4 10 4 10 4 10 4 10 4 10
Wavelength (nmj pH

Figure 1. pH-responsive photocatalytic nanoparticles. (a) Molecular
structure of designed photocatalytic NP-BT-PDPAH * nanoparticles.
(b) TEM image of the nanoparticle dispersion. (c) UV/Vis absorbance
(blue) and emission (red) spectra. (d) Zeta potential of nanoparticle in
response to minute change of pH for 5 cycles.

light region up to 600 nm and the peak position at around
390 nm is consistent with literature/*! (Figure 1c). The
onset reduction potential of the photocatalytic unit diphe-
nylbenzothiadiazole was determined to be —1.34 V vs. SEC
(Figure S5) via cyclic voltammetry analysis, which agrees
well with value reported previously.[*”

PDPA is a common and inexpensive polymer that can
reversibly alter its solubility in water responding to pH
changes. The protonation of hydrophobic PDPA chains was
simply generated through tuning the water pH below the
pKa (pH 6.3, Figure S6) of the tertiary amine. Pristine
P(DPA-co-Ph,BTMA)-b-PBzMA nanoparticles (marked as
NP-BT-PDPA) are hydrophobic in neutral water, but upon
treating with acid, the tertiary amine end groups of PDPA
chains are protonated, leading to a full solvation of PDPA
chains and a homogeneous dispersion of nanoparticles
(marked as NP-BT-PDPAH™). The proton cations on the
tertiary amine can be reversibly removed by adjusting the
pH above the pKa and these photocatalytic nanoparticles
can be simply recycled by centrifugation or sedimentation
(Figure S7). The pH-dependent wettability change of NP-
BT-PDPA has been monitored by the UV/Vis transmittance
change of nanoparticle dispersion as a function of solvent
pH. As shown in Figure S8, the transmittance of the
dispersion increased with the elevation of pH, where
aggregations have been formed under basic conditions. In
addition, the pH-triggered protonation/deprotonation was
further investigated by zeta potential (Figure S9). NP-BT-
PDPAH™ exhibited a ca. +32mV of zeta potential at
pH 4.0, suggesting a stable positively charged colloid. Upon
increasing the solvent pH, zeta potential decreased accord-
ingly. At pH7.0, a ca. +2mV of zeta potential was
observed, indicating an unstable neutral colloid with a rapid
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flocculation behavior, agreed well with the pKa value of
PDPA (ca. pH6.3). With further increasing the pH, a
negative ca. —36 mV zeta potential was obtained at pH 10.0
possibly due to the interaction between OH™ from buffer
solution and the neighboring o-CH groups of tertiary amine
acting as Brgnsted-Lowry acids. Moreover, the reversibility
of protonation/deprotonation process triggered by pH
change was also confirmed by zeta potential (Figure 1d),
where the zeta potential reversibly switched from ca.
+33mV to —38mV for 5 cycles by tuning pH between
pH 4.0 and pH 10.0.

The switchable hydrophilicity and photocatalytic nature
of these newly designed photocatalytic polymer nanopar-
ticles allows the investigation of photocatalysis in acidic
aqueous medium. Initially, the photocatalytic activity of NP-
BT-PDPAH* has been demonstrated by photocatalytic
reduction of Cr*" under visible light irradiation as a model
reaction for heavy-metal-contaminated wastewater treat-
ment. In a typical experimental set-up, an aqueous solution
of K,Cr,0, was added to pH-responsive NP-BT-PDPAH*
buffer dispersion (pH 4.0) prior to the irradiation of blue
LED light. The reduction of Cr"' was monitored, in
triplicate, by UV/Vis spectroscopy. As illustrated in Fig-
ure 2a, the positively charged NP-BT-PDPAH™ dispersion
produced over 90% Cr"' reduction after 45 min of light
exposure, whereas the control reaction without photocata-
lyst provided less than 20 % conversion (see Figure S10 for
detailed Cr"' reduction kinetic profiles under different
conditions). It is worth noting that 55% of Cr*' reduction
has been achieved using NP-BT-PDPAH™ after 2 min of
light irradiation without pre-adsorption, which shows an
exceptionally high reduction rate compared to the state-of-
the-art cationic conjugated polymer photocatalyst®! and
neutral photocatalytic hydrogels.”

Furthermore, we have also investigated the Cr"' reduc-
tion (Figure 2a) using neutral polymer photocatalytic nano-
particles NP-BT-DHPA (poly(2,3-dihydroxypropyl metha-
crylate-co-N-(4-(7-phenylbenzo|c][1,2,5]thiadiazol-4-
yl)phenyl)methyl methacrylate-b-benzylmethacrylate, where
only 4 % and 43 % Cr"" reduction was facilitated after 2 and
45min of light exposure, respectively. The turnover
frequency™! of these neutral NP-BT-DHPA nanoparticles
at 5min was calculated to be 20 times lower than that of
cationic NP-BT-PDPAH" nanoparticles. This strongly sug-
gests that the cationic nature of NP-BT-PDPAH™ has
significantly accelerated the conversion rate. Typically,
chemical compositions of Cr*' species highly depend on
their concentrations and the pH value of the solution.[**
Under the present reaction condition at pH4.0, two
predominant species HCrO,~ and Cr,O,*~ could present in
the form of anions that show high affinities to cationic
photocatalytic shell of NP-BT-PDPAH*. Indeed, ion-ion
interactions are the strongest non-covalent bond in
chemistry."* This attractive nature of the cationic NP-BT-
PDPAH" to the anionic HCrO,” and Cr,O,*~ substrates
drives the substrate diffusion and leads to the enhanced
efficiency. Moreover, NP-BT-PDPAH ™ nanoparticles were
subjected to repeated cycles of Cr"" reduction. No noticeable
loss in Cr"! photoreduction efficiency was observed up to 4
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Figure 2. (a) Photocatalytic reduction of Cr"' in NP-BT-DHPA dispersion
(pH 4.0), NP-BT-PDPAH " dispersion (pH 4.0), and without photo-

2

catalyst (pH 4.0) under blue LED irradiation (power: 17 mWcm™,
L=460 nm). C, is initial concentration of Cr"" under dark condition. C
is the concentration of Cr" with light irradiation after a certain time
intervals. (b) Reusability of NP-BT-PDPAH" for repeated reduction of
cr.

cycles (Figure 2b and Figure S10(d), demonstrating an
efficient and reusable photocatalytic nanoparticles.

In addition to inorganic heavy metal reduction, the
switchable polymer photocatalytic nanoparticles were fur-
ther applied for various organic transformations. Oxidation
reactions, as a fundamental class of organic transformations,
have been intensively investigated. Particularly, the sulfox-
idation of sulfides is of great importance in many fields,
including pharmaceutical industry,*” wastewater
treatment,” as well as crude oil desulfurization.®” Several
different photocatalysts®*~* have been utilized for sulfide
oxidation, where monoxide product has been produced.

Here, we have utilized the well-dispersed NP-BT-
PDPAH™ photocatalyst to induce the oxidation of methyl
phenyl sulfide in water. A high yield of 93 % and selectivity
of over 99 % monoxide product was observed after 2h
reaction (Table 1 entry 1), which significantly shortens the
reaction time compared to the state-of-art photocatalyst
(e.g. 18h, 99% conversion, 93% selectivity?®™). Control
reactions without photocatalyst or in the dark did not result
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Table 1: Photocatalytic sulfoxidation using NP-BT-PDPA in either
pH 4.0 or pH 9.0 buffer medium. Reactions were undertaken under
blue LED light irradiation (power: 17 mWcm™2 L =460 nm).

NP-BT-PDPA
—_—
hv

Entry Catalyst Light Time [h] Yield
1 NP-BT-PDPAH™ + 2 93%
2 NP-BT-PDPAH* - 2 0%
3 - + 2 0.5%
4 NP-BT-PDPAH + 2 36%
5 Monomer + 2 34%

Reaction conditions: Methyl p-tolyl sulfide (50 mM), NP-BT-PDPA
(2.5 mgmL™", 45 uygmL"" photocatalyst), 4 mL buffer solution (Entry 1,
2, 3, and 5: acetate buffer pH 4.0; Entry 4: carbonate-bicarbonate
buffer pH 9.0), RT, 2 h, yield determined by GC-MS.

in conversion (Table 1 entry 2&3). Furthermore, the activa-
tion/deactivation of photocatalytic moieties as a function of
the pH of reaction medium has also been investigated by
comparing the sulfoxidation using hydrophobic NP-BT-
PDPA dispersion as photocatalyst. A reduced yield (<36 %)
was obtained using NP-BT-PDPA dispersion (Table 1 en-
try 4) after 2 h of light irradiation. Interestingly, a similar
yield (34 %) and reaction kinetics (Figure S11(b)) of sulfox-
idation was obtained applying hydrophobic photocatalytic
monomers (Table 1 entry S) at an identical photocatalyst
content compared to NP-BT-PDPA nanoparticles. NP-BT-
PDPA nanoparticles and photocatalytic monomers are
highly hydrophobic, acting as heterogeneous photocatalyst
in aqueous solution. Conversely, the greater yield of the
sulfoxidation obtained using NP-BT-PDPAH* dispersion
suggests that the pseudo-homogeneous state of photocata-
lytic sites significantly promotes the reactivity.

Scavenger tests were further performed using sodium
azide, potassium iodide, isopropanol, copper chloride, and
benzoquinone as 'O,, e, *OH, h* and *O, scavenger,
respectively. Control reactions in presence of scavengers
revealed that 'O, h* and °O,  are crucial for the
sulfoxidation (Figure S12, Table S1). Furthermore, NP-BT-
PDPAH™ were subjected to repeated cycles of sulfide
oxidation through acidic/basic solvent switching, therefore,
nanoparticle precipitation and redispersion. No perceptible
loss in sulfide oxidation efficiency was observed after 4
cycles, despite of a slight loss of nanoparticles after 2™ run
of the recycling experiments (Figure S13).

NP-BT-PDPAH" is capable of efficiently generating 'O,
(Figure S14), which has been widely used to drive oxidation
reactions. As displayed in Table 2 (Entry 1), a well-known
'O, trap, 2-furoic acid was effectively oxidized to 5-hydroxy-
2(5H)-furanone in the presence of oxygen with a yield of
>99 % after 20 h. Control reactions (Table S2) in the closed
air condition, in dark, and without photocatalyst produced
30%, <1%, and <1% of yield, respectively, indicating
oxygen and photocatalyst with light irradiation are required
to facilitate sufficient 'O, generation. NP-BT-PDPAH"
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Table 2: Photocatalytic conversion of organic molecules using NP-BT-PDPA-H™ in pH 4.0 buffer media. Reactions were undertaken under blue

LED light irradiation (power: 17 mWcm™2, =460 nm).

Entry Reaction

(1)¥ Oxidation reaction HO ©

(2)"™ Redox reaction

Time Conv. Yield

O, 20h >99% >99%
) —>
]

N+ —_— ﬁ' 80% 70%
N
H

Reaction conditions: [a] 2-Furoic acid (0.15 M), NP-BT-PDPAH™ (2.5 mgmL™', 45 ygmL"" photocatalyst), acetate buffer pH 4.0 (4 mL), RT, 20 h.
Conversion determined by NMR spectroscopy. [b] 3-methyl indole (19 mM), B-nirtostyrene (20 mM), NP-BT-PDPAH" (2.5 mgmL™", 45 pgmL™"
photocatalyst), acetate buffer pH 4.0 (10 mL), RT, 14 h. Conversion and yield detected by GC-MS.

nanoparticles have facilitated over 95 % conversion of 2-
furoic acid up to five 24 h-cycles without losing the
conversion efficiency (Figure S15). Moreover, extremely
high material recovery was maintained throughout the
recycling tests (Figure S16), suggesting the high recyclability
and stability of NP-BT-PDPAH" photocatalyst. It is worth
noting that consideration to substrate choice is required for
the proper recycling of these photocatalytic nanoparticles.

The promising performance of NP-BT-PDPAH™ in the
photocatalytic reductive and oxidative transformations has
encouraged us to examine its potential in performing redox
reactions. Indole has been widely used as an important
building block for the production of biologically active
compounds.”! The N-1, C-2 to C-6, or C-7 positions of
indole can be substituted to produce versatile indole
derivatives, demonstrating a diverse scaffold for drug
design.”™>*! Recently, a new strategy for the photocatalytic
production of Friedel-Crafts alkylation at C-3 position of
indoles through the reaction of indoles and nitroalkenes has
been reported, where water has been used as a green
solvent.”l However, relatively high temperature (60°C) was
required to accelerate these reactions. Therefore, we have
investigated the radical-mediated Friedel-Crafts alkylation
at room temperature to further verify the versatility of NP-
BT-PDPAH™. Surprisingly, our attempts showed that the
coupling at the C-3 position of indole derivatives proceeded
under blue light irradiation without photocatalyst at ambient
temperature. The high yield in the absence of NP-BT-
PDPAH" may proceed through a free radical pathway
proposed by a previous investigation, where 1,3 H shift of
indole was activated by blue light irradiation followed by the
generation of an indole radical to initiate the coupling
reaction.”!! However, no products with substituent at the C-
2 position of indole molecule have been reported in previous
scope of studies, possibly because of the low reactivity of the
C-2 position of indole.f-%

Indole derivatives substituted at the indole C-2 and C-3
positions have been widely applied as target-based anti-
cancer inhibitors and some of these therapeutics have been
approved by FDA."®! In particular, indole-based tubulin
inhibitors are of great importance that inhibit the polymer-
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ization of tubulin, thereafter suppress mitosis and induce
appotosis of cancer cells.”’”*) In our investigation, 3-methyl
indole has been selected as a simple C-3 substituted model
indole derivative, where additionally the aforementioned 1,3
H shift process initiated by light may be suppressed. Here,
the alkylation of 3-methyl indole and B-nitrostyrene pro-
ceeded to afford a 70 % yield by adding NP-BT-PDPAH*
(Table 2 entry 2), where the control reaction proceeded with
19 % yield without photocatalyst. Without light illumination,
no coupling product was formed after 20 h. Although
oxidation byproducts of 3-methyl indole and direct [2+42]
addition of p-nitrostyrene were observed, photoredox-
induced alkylation was still dominant. A possible
mechanism!®! of this C-C coupling was illustrated in Fig-
ure S17. Upon visible-light irradiation, photocatalyst was
excited and 3-methyl indole gave an electron to the highest
occupied molecular orbital (HOMO) of the photocatalyst,
generating a radical. The resultant 3-methylindole radical
reacted with the double bond of B-nitrostyrene to produce a
radical intermediate. This intermediate was further reduced
by the photo-promoted electron in the lowest unoccupied
molecular orbital (LUMO) of the photocatalyst giving a
negatively charged intermediate. After protonation, the final
coupled product was obtained.

In summary, we have demonstrated novel pH-responsive
polymer photocatalytic nanoparticles, containing diisopropy-
lamino moieties as pH-sensitive functional groups and a
small portion of photocatalytic moieties. pH-triggered
hydrophobicity change of the stabilizing PDPA block
enables controllable photocatalysis in aqueous environment.
In acidic conditions (pH 4.0) below the pKa of PDPA block,
the photocatalytic moieties are in a pseudo-homogeneous
state facilitating effective catalytic activity towards both
inorganic and organic transformations, including photo-
reduction of Cr"" and photo-redox Friedel-Crafts alkylation
of indole derivative. These reactions exhibited a nano-
particle concentration dependence. Moreover, the charged
PDPAH™ block is capable of not only enhancing the
dispersibility of the nanoparticles, but also accelerating
photocatalytic reactions of anionic substrates owing to
charge attraction interactions. Furthermore, by simply
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tuning the pH above the pKa of the stabilizing PDPA block,
photocatalytic nanoparticles with unaltered morphology and
composition have been recycled, allowing a sustainable
performance. This strategy produces highly effective poly-
meric photocatalytic nanoparticles with great photocatalytic
performance, switchability, and recyclability.
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