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ABSTRACT: Substrate accessibility is a key limiting factor for the
efficiency of heterogeneous photoredox catalysis. Recently, a high
photoactive surface area of conjugated microporous polymer
nanoparticles (CMP NPs) has made them promising candidates
for overcoming the mass transfer limitation to achieve high
photocatalytic efficiency. However, this potential has not been
realized due to limited dispersibility of CMP NPs in many
solvents, particularly in water. Here, we report a polymer grafting
strategy that furnishes versatile hairy CMP NPs with enhanced
solvent-specific dispersibility. The method associates hundreds of
solvent-miscible repeating units with one chain end of the
photocatalyst surface, allowing minimal modification to the
CMP network that preserves its photocatalytic activity. Therefore,
the enhanced dispersibility of hairy CMP NPs in organic solvents or aqueous solutions affords high efficiency in various
photocatalytic organic transformations.
KEYWORDS: conjugated microporous polymer, hairy nanoparticles, dispersibility, heterogeneous photocatalysts, photoredox catalysis

Visible light photoredox catalysis is a powerful tool in
synthetic organic chemistry due to its unparalleled
reactivity and greener synthetic routes, enabled by its

facile access to radical species in a controlled and mild
fashion.1−8 Various photocatalytic organic transformations
have been developed using molecular photocatalysts such as
transition metal complexes and organic dyes.4−6 Practically,
though, these methods are limited by the toxicity and the high
cost of rare metals, photocatalyst deactivation, and poor
recyclability. To address these issues, organic heterogeneous
photocatalysts, featuring low cost, high stability, and good
recyclability, have been explored as alternatives for the wide
use of organic photoredox catalysis in industrial applica-
tions.9−13

Conjugated microporous polymers (CMPs) have recently
been demonstrated as versatile heterogeneous photocatalysts
for organic transformations11,14 and solar fuel applications15−17

in that optical and electronic properties of the microporous
semiconducting polymers can be easily tailored to individual
applications. Moreover, the formation of CMP nanoparticles
(NPs) by miniemulsion polymerization18−20 can greatly
increase photoactive surface area-to-volume ratios. This large

surface area can potentially improve substrate accessibility to
the active sites on the photocatalysts21,22 as demonstrated by
linear conjugated polymer nanoparticles with hydrophilic
oligomer or polymer chains achieving good water dispersibility
and considerable improvement in hydrogen evolution
rates.23−25 However, this underexplored potentiality of the
CMP NPs as efficient and broadly applicable photocatalysts
has not been accessed owing to their limited dispersibility and
colloidal stability in many solvents, particularly in water.

A handful of methods have been proposed to improve the
dispersibility of bulk CMPs, but these methods could be too
destructive to maintain original photocatalytic activity of CMP
NPs. For instance, copolymerization of solvent-miscible
monomers26,27 or ionizable ones, such as azulene,28 or
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postmodification of the alkyne-bearing CMPs with solvent-
miscible functional groups via thiol−yne chemistry29 should
introduce considerable amounts of defects to achieve sufficient
dispersibility of CMP NPs. In addition to the devastating
nature, incompatibility of hydrophilic monomers with oil-in-
water miniemulsions and requirements of protonation of the
azulene in acidic aqueous medium or alkyne groups in CMPs
for the thiol−yne chemistry constrain the applicability of the
methods. Ideally, a strategy for improving the dispersibility of
CMP NPs should not only preserve their photocatalytic
activity with minimal modification to the CMP network but
also be compatible with their synthesis and downstream
applications. Therefore, it is highly desirable to develop a mild
and versatile strategy that would provide additional access to
the photoactive sites of CMP NPs and enhance their
photocatalytic efficiency in various applications.

Polymer-grafted NPs, also called hairy NPs, exhibit
extraordinary dispersibility and colloidal stability in good
solvents for the grafted polymers because of the favorable
enthalpic interactions between the grafted polymer and the
solvent and the steric repulsion between the hairy NPs.30−32

Besides, the polymer grafting can easily associate hundreds of
solvent-miscible repeating units with one chain end anchored
on the substrate surface,33 likely achieving better dispersibility
with negligible modification to the CMP NPs.

Here, we present a polymer grafting strategy based on
benzylamine doping of CMP NPs and surface-initiated
reversible addition−fragmentation chain transfer (RAFT)
polymerization. Varying the extent of benzylamine doping
and the surface grafting density, the study reveals that the
polymer grafting strategy can successfully enhance the solvent-
specific dispersibility of CMP NPs without significantly altering
their photocatalytic activity. The effects of the improved
dispersibility and excessive benzylamine doping on the
photocatalytic efficiency of CMP NPs are described using
various photocatalytic organic transformations such as
oxidative cycloaddition reactions and aza-Henry reaction in
nitromethane. Finally, we demonstrate that the dispersibility of
CMP NPs in aqueous solutions can be considerably enhanced
by grafting water-soluble polymers, which drastically increases
photocatalytic thiol−ene reaction kinetics and selectivity.

RESULTS AND DISCUSSION
In this study, a cross-linked poly(p-phenylene ethynylene
thiophene) network, which is made of 1,3,5-triethynylbenzene
(A) and 2,5-bromothiophene (B), was selected as a pristine
CMP backbone structure. To investigate impacts of benzyl-
amine doping on the degree of polymerization and electronic
structures of the CMP, its nanoparticle form and the
benzylamine-doped CMP NPs were prepared in miniemul-
sions via Sonogashira cross-coupling of A, B, and N-Boc-4-
bromobenzylamine (C) (Figure 1) with specific molar feed
ratios of B:C = 100:0, 78:22, 60:40, and 45:55 considering the
stoichiometry (Table S1). The resulting CMP NPs were
denoted as CMP-x NPs with x = 0, 22, 40, and 55 depending
on the molar fraction of C. Followed by N-Boc deprotection in
4 N HCl/dioxane, the primary amine groups on the CMP-x
NPs were then employed to immobilize the chain transfer
agent (CTA) by forming amide bonds to give CMP-x-CTA
NPs. Finally, surface-initiated RAFT polymerization was
conducted to graft poly(methyl methacrylate) (PMMA) or
poly(N,N-dimethylacrylamide) (PDMA) chains from the
surface of CMP NPs. The corresponding hairy CMP NPs

were denoted as CMP-x-PMMA or CMP-x-PDMA NPs in this
paper.

The prepared CMP-x NPs exhibited comparable Brunauer−
Emmett−Teller (BET) surface areas of 326, 388, 392, and 337
m2 g−1 for CMP-0, CMP-22, CMP-40, and CMP-55,
respectively (Table S2 and Figure S1). All of the CMP-x
NPs showed microporosity, whose pore size distribution is
centered at 1.1 and 1.3 nm (Figure S2). Interestingly, the
surface area and volume of the micropores increase with the
benzylamine content in CMP-x NPs (Table S3), which is
presumably because the removal of Boc groups enlarged the
micropores (Figure S2).34

Solid-state 1H magic-angle spinning (MAS) NMR spectra of
CMP-x NPs (x = 22, 40, and 55) were employed to calculate
the molar ratios of monomers B and C incorporated into the
CMP network, which were B:C = 79.5:20.5, 69.8:30.2, and
65.8:34.2, respectively (Table S4). The molar fractions of C
from the solid-state 1H NMR were smaller than those in the
feed, and the differences were positively correlated with the
amounts of C in the feed. This result indicates that more
oligomers were formed when preparing CMP-40 and CMP-55
than CMP-22 and removed during purification. Solid-state 13C
cross-polarization magic-angle spinning (CP-MAS) NMR
spectra showed benzylic carbon signals at 67 ppm, aromatic
carbon signals between 120 and 140 ppm, and triple-bond
carbon signals at 83 and 93 ppm (Figure S3), supporting the
proposed molecular structures of CMP-x NPs in Figure 1.

FT-IR spectra of CMP-x NPs (Figure S4) also featured
characteristic absorptions by aromatic hydrocarbons (1583,
1400−1450, 1195, 876, and 800 cm−1) and alkyne (3300 and
2206 cm−1), complementing the solid-state NMR results.
Furthermore, the FT-IR spectra demonstrated a positive
correlation between the FT-IR signals of primary amine and
the molar fractions of benzylamine groups in CMP-x NPs,

Figure 1. Synthetic route to conjugated microporous polymer
nanoparticles (CMP NPs) and polymer grafting scheme. CTA:
chain transfer agent, EDC: 1-ethyl-3-(3-(dimethylamino)propyl)-
carbodiimide, HOBt: 1-hydroxybenzotriazole, MMA: methyl
methacrylate, DMA: N,N-dimethylacrylamide.
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which allowed us to expect the same trends in the CTA
immobilization and polymer grafting. Gratifyingly, FT-IR
spectroscopy of the CTA-immobilized CMP NPs revealed
that amide C�O stretching (1675 cm−1) and alkane C−H
stretching (2850−3000 cm−1) signals of immobilized CTA
increased with the molar fractions of benzylamine groups as
intended (Figure 2a), even though the same excess amount of

CTA was used for all of the coupling reactions. Using a
calibration curve with a CTA−benzylamine conjugate as a
standard, we could estimate the number of the immobilized
CTA (8.8 × 10−8 mol/mg CMP-22-CTA, 2.06 × 10−7 mol/mg
CMP-40-CTA, and 2.58 × 10−7 mol/mg CMP-55-CTA)
(Figure S5). The results indicate that not all of the primary
amine ((1.3−3.3) × 10−6/mg CMP-x NPs) groups were
accessible for the CTA coupling, explaining the origin of
residual primary amine signals in the FT-IR spectra (Figure
2a).

TEM images confirmed that the CMP-x NPs obtained
bumps on their surface upon polymer grafting (Figures 2b,c
and S6). Assuming that free polymers and the surface-bound
ones would exhibit similar molecular weight and dispersity,32

the gel permeation chromatography (GPC) results of the free

polymers indicated that the grafted polymers�both PMMA
and PDMA�would show unimodal molecular weight
distributions (Figure S7), albeit relatively broad with the
dispersity of 1.24 to 1.63 (Table S5). The reason might be that
some propagating chains were terminated by irreversible
processes occurring inside the pores of CMP NPs.35,36

Thermogravimetic analysis (TGA) results (Figure S8)
indicated that more polymers were grafted from the CMP-x-
CTA NPs with more surface-bound CTA (Figure S5). Indeed,
the surface grafting density increased with the molar fractions
of benzylamine groups (Table S5), verifying the hypothesis
that the surface grafting density could be controlled by the
extent of benzylamine doping in CMP-x NPs.

The absorption spectra of the CMP NPs were not
significantly altered by the benzylamine doping and polymer
grafting, and no clear connection between the extent of doping
and the optical band gaps was observed: 2.87, 2.72, 2.77, and
2.76 eV for CMP-0, CMP-22, CMP-40, and CMP-55,
respectively, and 2.68, 2.70, and 2.70 eV for CMP-22-
PMMA, CMP-40-PMMA, and CMP-55-PMMA, respectively
(Figure S9). The fluorescence emission spectra of polymer-
grafted CMP NPs, on the other hand, revealed that excessive
benzylamine doping and polymer grafting might change optical
properties or polarity around the CMP NPs, leading to blue-
shifted emission (Figure S10). Furthermore, the LUMO levels
of the CMP-x NPs were lowered to more positive potential
values versus saturated calomel electrode (SCE) as the
benzylamine content increased (Figures 2d and S11). The
origin of this shift in the LUMO could be explained by the
replacement of electron-donating thiophene with the relatively
more electron-withdrawing, hydrochloride salt of benzylamine,
R−NH3

+Cl−, lowering the molecular frontier orbitals of the
conjugated polymers. Compared to CMP-x NPs, the LUMO
levels of CMP-x-PMMA NPs were shifted to more negative
potential values because the ammonium ion converted to
electron-donating amide (Figures 2d and S12). The HOMO
levels were calculated by adding the LUMO levels and optical
band gaps because oxidation peaks were not clearly detected
within the potential window of acetonitrile (−2.0 V to +2.0 V
vs SCE) (Figures S11 and S12).

Given the optical band gaps in the blue light range (430−
450 nm) and the deep HOMO levels (>+1.75 V vs SCE) of
CMP NPs, photocatalytic oxidation reactions under visible
light were selected for investigating the effects of the
benzylamine content and polymer grafting density on photo-
catalytic activity of the CMP NPs. The reactions for CMP-x-
PMMA NPs were developed in nitromethane to effectively
demonstrate the impact of the grafted PMMA as a dispersant
because nitromethane is a poor solvent for a CMP-0 NPs
dispersion, but a good solvent for PMMA (Figures S13 and
S14). First, we developed photocatalytic oxidative [3+2]
cycloaddition37,38 of 4-methoxyphenol (1) to trans-anethole
(2) under blue light (λmax = 460 nm) (Figure 3a). With a
photocatalytic system composed of 1 mg of CMP-0 in 1 mL of
nitromethane, 0.05 mmol (1.0 equiv) of 1, 1.5 equiv of 2, and
2.0 equiv of (NH4)2S2O8 as a terminal oxidant, a high
conversion (94.2%) and a moderate yield (50%) were obtained
after 20 h under blue light (Table S6, entry 1). Control
experiments demonstrated that the photocatalyst and light are
all requisite components for the transformation (entries 2, 3).
Increasing the amount of photocatalyst (2 mg/mL CMP-0)
boosted the kinetics (entry 4, Figure S15), but the yield-to-
conversion ratio (≈0.5) after 20 h was the same as the cases

Figure 2. Characterization of CMP NPs. (a) FT-IR absorbance
spectra of CTA-functionalized CMP NPs. TEM images of (b)
CMP-55 and (c) CMP-55-PMMA. (d) Lowest unoccupied
molecular orbital (LUMO) and highest occupied molecular orbital
(HOMO) levels of CMP NPs estimated from their reduction
potential and optical band gaps. SCE: saturated calomel electrode.
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with reduced and increased light intensity (Table S6, entries
4−7). Notably, the CMP-x NPs showed similar kinetics to
those of CMP-0 in nitromethane, indicating that the
benzylamine doping did not affect the photocatalytic activity
of CMP NPs in this reaction (Figure S16).

Under the optimized conditions, the photocatalytic
efficiency of CMP-x-PMMA NPs and CMP-0 was examined
via kinetic monitoring (Figure 3b). Interestingly, CMP-22-
PMMA exhibited faster product formation than CMP-0
presumably due to its better dispersibility, but CMP-40-
PMMA and CMP-55-PMMA showed slower rates than CMP-
0, although the higher surface grafting density of CMP-55-
PMMA allows it to form a better dispersion in nitromethane
than CMP-22-PMMA (Figure S17). In fact, the kinetics with
CMP-0 was faster than we expected, which was because CMP-
0 could remain dispersed in nitromethane upon continuous
stirring. Under intermittent stirring conditions, all CMP-x-
PMMA NPs provided 15−50% faster kinetics than CMP-0 due
to their enhanced dispersibility (Figure S18). Besides, higher
surface grafting density (Table S5) and PMMA weight
fractions (Figure S8) in CMP-40-PMMA and CMP-55-
PMMA might contribute to hindering photocatalytic redox
reactions at the surface of CMP NPs and reducing the
photocatalyst loading. The similar enhancement in reaction
kinetics by PMMA grafting was also observed in photocatalytic
oxidative [2+2] cycloaddition of 2 to styrene (4) in
nitromethane (see Figure S19 and Table S7 for the details of

the reaction development) unless the grafting decreased the
photocatalyst loading too much as in CMP-55-PMMA.

The use of (NH4)2S2O8 as the terminal oxidant in the above
reactions was required for photocatalyst regeneration by
removing the electrons from the LUMO. However, because
of its high reduction potential (Ered(S2O8

2−|2SO4
2−) = +2.01 V

vs SHE and Ered(S2O8
2−| SO4

•−+SO4
2−) = +0.0 V vs SCE in

HClO4 solutions),39 the LUMO level shift from −0.94 V to
−0.81 V vs SCE by the benzylamine doping and polymer
grafting did not make any noticeable difference in photo-
catalytic performance. To highlight the impact of the LUMO
level shift, we sought to discover a photocatalytic redox-neutral
reaction, where photocatalytic reduction of a substrate is
affected by the LUMO potential of CMP NPs. According to
the proposed mechanism of photocatalyzed aza-Henry reaction
under anaerobic conditions (Figure S20),40 nitromethane acts
as a terminal oxidant and the resulting CH3NO2

•−

deprotonates the radical cation of N-phenyl-1,2,3,4-tetrahy-
droisoquinoline (6), initiating a radical pathway via an α-
amino radical. Therefore, the reduction of nitromethane
should occur at appreciable rates to activate the radical
pathway. Considering the slightly more positive reduction
onset potential of nitromethane solvent (Ered,onset = −0.67 V vs
SCE) (Figure S21) than the LUMO level of CMP-55-PMMA
(−0.81 V vs SCE), it was suggested that the nitromethane
reduction with photoexcited CMP-x-PMMA NPs would be
thermodynamically feasible. Nevertheless, we hypothesized
that slower nitromethane reduction with CMP-55-PMMA than
other CMP-x-PMMA NPs with more negative LUMO
potential could limit the product formation in the photo-
catalyzed aza-Henry reaction of 6 (Figure 3c).

From a photocatalytic system composed of 1 mg of CMP-0
in 1 mL of nitromethane and 0.05 mmol (1.0 equiv) of 6, a
high conversion (100%) and a moderate yield (47%) were
obtained after 20 h under blue light (11.9 mW cm−2) (Table
S8, entry 1). Consistent with the proposed mechanism in the
literature (Figure S20),40 control experiments disclosed not
only the necessity of light but also background reactions
without photocatalyst under intense blue light (entries 2, 3).
Decreased light intensity (5.4 mW cm−2) enhanced the yield
(55.5%) while suppressing the background reaction yield from
23% to 12% (entries 4, 5). Kinetic monitoring of the reaction
(Figure 3d) exhibited that the PMMA grafting could enhance
the photocatalytic efficiency likely due to the improvement in
the dispersibility of CMP NPs (CMP-22-PMMA and CMP-40-
PMMA), consistent with the previous results. The CMP-55-
PMMA, on the other hand, showed only a 12% yield after 20 h
of reaction, which was equal to the yield from the background
reaction (without the photocatalyst) (entry 5). Moreover, the
final conversion with CMP-55-PMMA was high (100%)
(Figure S22) compared to that (29%) of the background
reaction. This result supports the hypothesis that the formation
of 7 could be hindered because of the slow nitromethane
reduction with CMP-55-PMMA. From this study, it is
concluded that excessive benzylamine doping can shift the
LUMO to undesirable levels, reaffirming the need for mild
modification to the CMP network when improving the
dispersibility.

The intrinsic hydrophobicity of CMP-0 has made it poorly
dispersible in water, preventing its use for developing aqueous
photoredox catalytic transformations. To overcome this
limitation, we employed the polymer grafting strategy to
decorate the surface of CMP NPs with water-soluble PDMA

Figure 3. Photoredox catalysis of CMP-0 and PMMA-grafted CMP
NPs in nitromethane. (a) Oxidative [3+2] cycloaddition of 4-
methoxyphenol (1) to trans-anethole (2). (b) Kinetic profiles of
the oxidative [3+2] cycloaddition reaction. Reaction rates (M s−1)
were calculated using overall yields until 8 h: CMP-22-PMMA
(5.56 × 107), CMP-0 (4.34 × 107), CMP-40-PMMA (3.47 × 107),
and CMP-55-PMMA (3.13 × 107). (c) Photocatalyzed aza-Henry
reaction of N-phenyltetrahydroisoquinoline (6). (d) Kinetic
profiles of the aza-Henry reaction. Reaction rates (M s−1) were
calculated using overall yields until 8 h: CMP-22-PMMA (4.86 ×
107), CMP-40-PMMA (4.51 × 107), CMP-0 (3.47 × 107), and
CMP-55-PMMA (0.00 × 107).
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and examined the improvement in the dispersibility and
photocatalytic efficiency of the resultant hairy CMP NPs. A
photocatalytic radical thiol−ene reaction of N-acetyl-L-
cysteine (8) and 3-allyloxy-1,2-propanediol (9) (Figure 4a)

was selected as a model reaction in water for several reasons.
First, the photocatalytic thiol−ene reaction can be used to
modify cysteine-containing biopolymers through selective C−S
bond formation at physiological pH.41 Second, the water-
dispersible CMP NPs will not require organic cosolvents,42

which might affect the activity of biopolymers, for the
bioconjugation in aqueous buffer solutions. Lastly, easy
recovery of the heterogeneous photocatalysts should dramat-
ically simplify purification steps and even enable recycling of
the photocatalysts.

Due to the limited dispersibility of CMP-0, CMP-22, and
CMP-40 in water (Figure S23), CMP-55 with the most
benzylammonium groups (pKa = 9.34)43 was used for
developing the photocatalytic thiol−ene reaction. With a
photocatalytic system composed of 1 mg of CMP-55 in 1 mL
of phosphate buffer (pH 7.4, 0.2 M, and final pH of 6.3), 0.1
mmol (1.0 equiv) of 8, and 2.0 equiv of 9, a high conversion
(82.5%) and a good yield (79%) were obtained after 2 h under
blue light (Table S9, entry 1). Control experiments showed
that both light and photocatalyst are required and an inert
atmosphere is preferred for the reaction (entries 2−6). Kinetic
profiles of the thiol−ene reaction (Figure 4b) demonstrated
that the PDMA grafting substantially improved the photo-
catalytic efficiency of CMP NPs, which is attributed to their
enhanced dispersibility in aqueous solutions using covalently
bonded solvent-miscible polymer chains (Figure 4c). In fact,
the key features of this polymer grafting strategy were not only
the ability to enhance dispersibility of CMP NPs but also how
to achieve it. To emphasize the importance of grafting polymer
chains from CMP NPs in improving substrate accessibility to
the photoactive sites, we compared the polymer grafting
strategy with the use of surfactants such as sodium n-dodecyl
sulfate (SDS). Given that SDS was used to prepare CMP NPs
via oil-in-water miniemulsions, the use of SDS might be an
easier way to disperse CMP NPs in aqueous media.
Surprisingly, however, CMP-0 with SDS provided negligible
enhancement in the thiol−ene reaction rate (1.53 × 106 M
s−1) compared to the case with PDMA grafting (9.65 × 106 M
s−1) (Figure S24). It is likely because the small-molecule
surfactant significantly affected the substrate accessibility to the
photoactive sites by occupying the interior pores of CMP NPs
and surrounding the substrates via noncovalent interactions
(Figure S24). The polymer grafting strategy, as opposed to the
use of small-molecule surfactants, ensures high substrate
accessibility with covalently bonded, long polymer chains
because they do not block the micropores of CMP NPs and
cannot be dissociated to form aggregates with substrates.

Notably, the dispersibility enhancement effect was still
observed when much less benzylamine (2.5 and 5 mol %) was
introduced into CMP NPs, although it could have been further
improved with longer polymer chains (Figure S25). Short-
chain grafting of PDMA, on the other hand, significantly
affected dispersibility and thiol−ene reaction kinetics of CMP
NPs, as demonstrated with CMP-22-PDMA with long chains
(Mn = 6000 g/mol) and short chains (Mn = 1024 g/mol)
(Figure S26). Compared to CMP-22, however, the short-
chain-grafted CMP-22-PDMA still exhibited enhanced kinetics
(Figure S27). Additionally, CMP-55 presented much faster
kinetics than CMP-22 and CMP-40 (Figure S28), as expected
from its better dispersibility (Figure S23), and showed even
comparable kinetics to that of CMP-40-PDMA (Figure S29).
This result implies that the dispersibility of CMP NPs in
aqueous medium can be improved by just benzylamine doping,
but the sufficient dispersibility can only be achieved with high
benzylamine content that could lead to undesirable changes in
electronic properties of the CMP network, as illustrated in the
aza-Henry reaction with CMP-55-PMMA (Figure 3d). In
contrast to CMP-x NPs, the thiol−ene reaction kinetics with
PDMA-grafted CMP NPs followed opposite trends where
CMP-x-PDMA with less benzylamine doping and lower
surface grafting density yielded faster kinetics (Figure 4b).
This tendency suggests that the benefits of enhanced
dispersibility by additional PDMA chains in CMP-x-PDMA

Figure 4. Photoredox catalysis of CMP-0 and PDMA-grafted CMP
NPs in phosphate buffer solutions. (a) Photocatalytic thiol−ene
reaction of N-acetyl-L-cysteine (8) and 3-allyloxy-1,2-propanediol
(9). (b) Kinetic profiles of the thiol−ene reaction. Reaction rates
(M s−1) were calculated using overall yields until 2 h: CMP-22-
PDMA (9.65 × 106), CMP-40-PDMA (9.31 × 106), CMP-55-
PDMA (7.92 × 106), and CMP-0 (1.04 × 106). (c) Image of CMP
NPs in phosphate buffer solutions after 10 min of sonication. (d)
Substrate scope of the thiol−ene reaction. Values in parentheses
are selectivity.
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NPs (x > 22) (Figure S30) were outcompeted by negative
impacts of the reduced photocatalyst loading per unit mass and
hindered access of substrates to the active sites due to the
densely grafted polymers (Figure S29).

Encouraged by the drastic improvement in the photo-
catalytic reaction kinetics and selectivity (Table S10) with the
PDMA-grafted CMP NPs, we subsequently investigated the
functional group tolerance of the optimized photocatalytic
thiol−ene reaction protocol with the most efficient photo-
catalyst, CMP-22-PDMA (Figure 4d). The reactions of 9 and
thiols with primary amine or ester groups smoothly proceeded
in good yields and high selectivity (11 and 12). Allylurea and 8
could also be readily transformed into the desired product
(13). Considering that the functional groups prevalent in
biomolecules, such as alcohols, amines, amides, and carboxylic
acids, remained intact after the reactions, the photocatalytic
thiol−ene addition with water-dispersible hairy CMP NPs may
prove useful for the selective bioconjugation. Finally,
recyclability of the CMP-22-PDMA was examined with the
photocatalytic thiol−ene reaction of 8 and 9 (Figure S31). The
selectivity of the reaction remained higher than 90% and
showed no tendency to decrease during five repeating cycles.
The product yields after 2 h of the reaction, on the other hand,
decreased from 69% to 54% over the five repeating cycles.
However, given that the slightly reduced yields were mainly
attributed to an inevitable weight loss (<5%) of the
photocatalyst (1 mg) during 22 total times of centrifugation,
we envision that the recyclability of CMP NPs would be
improved further by grafting functional polymers to induce
easier recovery of the photocatalysts upon external stimuli.44

CONCLUSION
In summary, we have demonstrated a polymer grafting strategy
to enhance solvent-specific dispersibility of conjugated micro-
porous polymer nanoparticles for facilitating heterogeneous
photoredox catalysis. The method produces hairy CMP NPs
through doping of a CMP network with benzylamine and
subsequent surface-initiated RAFT polymerization with
solvent-compatible monomers, thus ensuring high dispersi-
bility in any solvents. Scrutinizing various organic photo-
catalytic reactions with CMP NPs, we revealed that a minute
change to the CMP network and controlled polymer grafting
could improve their dispersibility and photocatalytic efficiency.
By contrast, excessive benzylamine doping could change the
redox potential to undesirable levels. These findings highlight
the advantage of the polymer grafting strategy that can
associate multiple solvent-miscible repeating units with a single
modification site, which allows CMP NPs to preserve their
activity. Furthermore, given its many different choices for
CTAs and monomers, the polymer grafting strategy could
bestow additional functions beyond solvent-specific dispersi-
bility, contributing to development of CMP NPs for various
applications.

METHODS
Synthesis of CMP-0 and N-Boc-Protected CMP NPs. The

cross-linked poly(p-phenylene ethynylene thiophene) CMP NPs
(CMP-0) were prepared using previously described Sonogashira
cross-coupling reactions in oil-in-water miniemulsions.20 First, 1,3,5-
triethynylbenzene (monomer A, 50 mg), 2,5-dibromothiophene
(monomer B, 125 mg), tetrakis(triphenylphosphine)palladium(0)
(19.64 mg), and copper(I) iodide (3.24 mg) were dissolved in 2 mL
of toluene in 40 mL vials containing stir bars. To the organic phase

above were added an aqueous solution (17 mL) of sodium n-dodecyl
sulfate (200 mg) and triethylamine (2 mL), and the mixture was
vigorously stirred using a Branson SFX 550 digital sonifier operating
at 70% amplitude for 2 min. The resultant miniemulsions were then
purged with argon for 30 min and heated at 80 °C with continuous
stirring overnight under an argon atmosphere. After cooling, each
reaction mixture (∼20 mL) was mixed with 20 mL of ethanol and
then transferred to centrifuge tubes (50 mL). The synthesized CMP
NPs were separated from the unreacted monomers and surfactants by
three rounds of centrifugation (centrifuge 5702 R, Eppendorf, 3000g,
10 min) with ethanol refill (20 mL). Finally, the precipitated CMP
NPs were dried under high vacuum overnight.

The benzylamine-doped ones (CMP-22, -40, or -55) were prepared
using the same protocol above except for monomer compositions. To
the toluene solution (2 mL) including monomer A (50 mg),
tetrakis(triphenylphosphine)palladium(0) (19.64 mg), and copper(I)
iodide (3.24 mg), decreasing amounts of monomer B and increasing
amounts of N-Boc-4-bromobenzylamine (monomer C) were added
for preparing each CMP-x NP as follows: CMP-22 (B: 110.1 mg; C:
37.2 mg), CMP-40 (B: 94.37 mg; C: 74.42 mg), and CMP-55 (B:
78.65 mg; C: 111.63 mg).
Deprotection of N-Boc-Protected CMP NPs and Solvolysis

of Residual Sodium n-Dodecyl Sulfate. To cleave the Boc group
and further remove the residual surfactant, the dried CMP NPs above
were dispersed in 4 N HCl in 1,4-dioxane45 at 5 mg/mL
concentrations using an ultrasonic bath sonicator (USC300TH,
VWR) for 10 min at 25 °C. After stirring the mixture overnight at
room temperature, the CMP NPs were separated using centrifugation
(3000g, 10 min) with ethanol refill (20 mL for 100 mg of CMP NPs)
three times. The precipitated CMP-x NPs (x = 0, 22, 40, and 55)
were dried under high vacuum overnight. Despite the lack of N-Boc
groups, CMP-0 was also subject to the same reaction conditions to
solvolyze residual sodium n-dodecyl sulfate46 and facilitate its
removal.
Functionalization of CMP NPs with Chain Transfer Agent.

The CTA-functionalized CMP NPs were prepared by forming amide
bonds via EDC/HOBt coupling.47 To a 40 mL vial with a stir bar, 70
mg of the dried CMP-55 NPs including maximum 24.5 mg of
benzylamine (228.7 μmol, 0.2 equiv, estimated without excluding
oligomers from CMP NPs) and 10.5 mL of extra dry N,N-
dimethylformamide (DMF) were added. The reaction mixture was
sonicated for 10 min using the bath sonicator and then cooled at 0 °C.
To the reaction mixture were added 420 mg (1.0 equiv) of 2-
[[(dodecylsulfanyl)carbonothioyl]sulfanyl]-2-methylpropanoic acid
(CTA) and 185.6 mg (1.2 equiv, anhydrous basis) of 1-
hydroxybenzotriazole (HOBt). After 10 min, N,N-diisopropylethyl-
amine (0.498 mL, 2.5 equiv) was added to the mixture. Finally, 15
min later, 263 mg (1.2 equiv) of 1-ethyl-3-(3-(dimethylamino)-
propyl)carbodiimide hydrochloride (EDC·HCl) in 2.1 mL of DMF
was added to the reaction mixture above at 0 °C dropwise. After
stirring the mixture for 12 h at room temperature under a nitrogen
atmosphere, the CMP-55-CTA NPs were separated using centrifuga-
tion (3000g, 10 min) with ethanol refill (15 mL) three times. The
precipitated CMP-55-CTA NPs were dried under high vacuum
overnight. The same procedure applied to other CMP-x NPs (x = 22
and 40) without changing the amount of reagents.
PMMA Grafting from CTA-Immobilized CMP NPs. The

surface-initiated RAFT polymerization of methyl methacrylate
(MMA) was carried out with thermal initiation. To a 40 mL vial
equipped with a stir bar were added 20 mg of CMP-x-CTA NPs (x =
22, 40, or 55) and 10 mL of DMF, and the mixture was sonicated for
10 min using the bath sonicator. Monomer solution (10 mL) was
prepared by dissolving 221.8 mg (608 μmol, 1 equiv) of the free CTA,
6.08 g (60.7 mmol, 100 equiv) of MMA, and 20 mg (122 μmol, 0.2
equiv) of azobis(isobutyronitrile) (AIBN) in 3.2 mL of DMF and
then added to the CMP NP dispersion. The system was purged with
nitrogen for 30 min, sealed, and connected to a nitrogen-filled
balloon. The polymerization was conducted under a nitrogen
atmosphere at 70 °C for 16 h and quenched by cooling the vial in
an ice bath (0 °C). An aliquot of the solution was taken out for 1H
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NMR measurement to estimate the monomer conversion. The rest of
the reaction mixture was diluted by 20 mL of DMF and centrifuged to
collect PMMA-grafted CMP NPs. To minimize the loss of the hairy
CMP NPs, the separation was carried out by four rounds of
centrifugation (HERAEUS FRESCO 21 centrifuge, Thermo Scien-
tific) at 21100g for 10 min. The first supernatant was used for GPC
analysis to determine molecular weight and its distribution of the free
polymers. For the first three cycles of the separation, DMF was used
to redisperse the hairy CMP NPs, but for the final round, ethanol was
used. The final pellet was dried under high vacuum overnight. To
estimate the weight fraction of the grafted polymer, 10 mg of the
CMP-x-PMMA (x = 22, 40, or 55) was subject to TGA.
PDMA Grafting from CTA-Immobilized CMP NPs. The

surface-initiated RAFT polymerization of N,N-dimethylacrylamide
(DMA) was carried out with thermal initiation. To a 40 mL vial
equipped with a stir bar were added 20 mg of CMP-x-CTA NPs (x =
22, 40, or 55) and 10 mL of 50 v/v % DMF in deionized water, and
the mixture was sonicated for 10 min using the bath sonicator.
Monomer solution (10 mL) was prepared by mixing 345 mg (946
μmol, 1 equiv) of the free CTA, 9.75 mL (94.6 mmol, 100 equiv) of
MMA, and 31.2 mg (190 μmol, 0.2 equiv) of AIBN and then added to
the CMP NP dispersion. The system was purged with nitrogen for 30
min, sealed, and connected to a nitrogen-filled balloon. The
polymerization was conducted under a nitrogen atmosphere at 70
°C for 16 h and quenched by cooling the vial in an ice bath (0 °C).
An aliquot of the solution was taken out for 1H NMR measurement to
estimate the monomer conversion. The rest of the reaction mixture
was diluted by 20 mL of ethanol and centrifuged to collect PDMA-
grafted CMP NPs. To minimize the loss of the hairy CMP NPs, the
separation was carried out by four rounds of centrifugation at 21100g
for 10 min with ethanol refill. The first supernatant was used for GPC
analysis to determine molecular weight and its distribution of the free
polymers. The final pellet was dried under high vacuum overnight. To
estimate the weight fraction of the grafted polymer, 10 mg of the
CMP-x-PDMA (x = 22, 40, or 55) was subject to TGA.
Surface Grafting Density Calculation. The surface grafting

density (σ) of PMMA- or PDMA-grafted CMP NPs was estimated
using the established method in the literature.32 According to eq 1,
the average number of grafted polymer chains per nanoparticle was
calculated by npolymerNA, where npolymer is the average mole number of
polymer chains per single particle and NA is Avogadro’s number.
According to eq 2, npolymer could be calculated using a weight fraction
of the grafted polymer (wp) from the TGA data (Figure S7), Mn of the
grafted polymers from GPC data (Table S5), density (ρ) of the CMP
NPs (Figure S10), and average radii (r) of CMP NPs from TEM
images (Figure S7). Finally, the npolymerNA values were divided by the
average surface area (S = 4πr2) of CMP NPs to obtain the surface
grafting density (σ). The surface density (σ) of CTA in CMP-x-CTA
NPs was calculated by substituting npolymer with nCTA, where nCTA was
obtained using the FT-IR calibration curve for the CTA quantification
(Figure S5) instead of TGA.
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