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One-pot synthesis of core-crosslinked star
polymers from poly(methyl methacrylate) with
unsaturated chain ends and encapsulation of UV
absorbing molecules

Yichao Zheng,a Cheng Wang, a Hong Tho Le, a Michelle Jia Qi Lua, a

Hiroshi Niino,b Shunsuke Chatanib and Atsushi Goto *a

Core-crosslinked star polymers were synthesized via a “grafting-through” approach. PMMA–PA block

copolymer arms were first prepared via addition–fragmentation chain transfer polymerizations of styrene

or acrylate monomers using PMMA–Y, where PA is polystyrene or polyacrylate and PMMA–Y is poly

(methyl methacrylate) with an unsaturated chain end. The PMMA–PA block copolymers were used as

macroinitiators in the polymerizations of a crosslinkable monomer, generating core-crosslinked star poly-

mers. Using PMMA–Y with different molecular weights and functional acrylates, various star polymers

were obtained. A “one-pot” synthesis of star polymers was also achieved. The PMMA–PA macroinitiators

were not purified but directly used in the star polymer synthesis, enabling facile synthesis of star polymers,

which is industrially preferred. Star polymers with different core sizes and crosslinking densities were also

obtained. As a demonstration, a PMMA–PTHFA core-crosslinked star polymer was synthesized and used

for encapsulating a UV absorber (UVA) molecule, i.e., (2-(2-hydroxy-5-methylphenyl)benzotriazole) that is

commonly used in coating and cosmetic formulations, where PTHFA is poly(tetrahydrofurfuryl acrylate).

The UVA-containing star polymer was embedded in a PMMA matrix, and the obtained film showed UV-

cut properties. Notably, the obtained film significantly suppressed leaching of the UVA due to the encap-

sulation of the UVA in the star polymer even at high temperature without impeding the visual appearance

(transparency) of the film, which is attractive for possible industrial applications.

Introduction

Star-shaped polymers consist of a central core and multiple
arm chains, finding various applications such as bioimaging,
catalysis, energy storage, and agricultural applications.1–12 A
variety of synthetic approaches has been developed to access
star polymers, including arm-first, core-first, and grafting-
through approaches. These approaches often utilize controlled
polymerization techniques such as living radical polymeriz-
ation (also known as reversible deactivation radical polymeriz-
ation (RDRP))1,8,13–21 and ring-opening polymerization
(ROP).22–24 Among RDRP techniques, reversible addition–frag-
mentation chain transfer (RAFT) polymerization and atom
transfer radical polymerization (ATRP) are widely employed to
prepare multi-arm star polymers with controlled molecular

weights and arm numbers. Using controlled polymerizations,
block copolymers are also fabricated in arm chains.1,7,12 Each
segment in the block copolymer can bear functionality, encap-
sulating external molecules in the inner segment and disper-
sing the star polymer by the outer segment, for example. For
the block copolymer star synthesis, multiple steps are usually
required, and simplified processes are desired. For encapsula-
tion, optical clarity of the resultant materials and suppression
of additive leaching are also key requirements for practical
applications.

We previously synthesized core-crosslinked star polymers
via a “grafting-through” approach using reversible complexa-
tion mediated polymerization (RCMP),25 which is an organoca-
talyzed living radical polymerization. A polymer-iodide
(polymer–I) is used as a dormant species, and organic mole-
cules such as tetrabutylammonium iodide (Bu4N

+I−) are used
as catalysts.26,27 RCMP is attractive for no use of special
capping agents, odorous compounds, or heavy metal catalysts
and its amenability to a wide range of monomers. We prepared
homopolymer or block copolymer macroinitiators via RCMP
and purified (step 1) and then carried out the chain extension
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of the macroinitiators using crosslinkable divinyl monomers,
generating core-crosslinked star polymers (step 2).25

For the synthesis of block copolymer macroinitiators, we
also utilized poly(methyl methacrylate) (PMMA) bearing an
unsaturated CvC group at the chain end (PMMA–Y with Y =
CH2CH(vCH2)COOCH3) (Fig. 1) as a precursor. We conducted
polymerizations of monomer A (such as styrene and acrylates)
in the presence of PMMA–Y, where addition fragmentation
chain transfer (AFCT)28–30 operated between PMMA–Y and a
polymer A radical (PA

•) to generate a PMMA radical (PMMA•)
and polymer A with an unsaturated chain end (PA–Y)
(Scheme 1a). The generated PMMA• can propagate with
monomer A to generate a PMMA–PA–I block copolymer macroi-
nitiator. Additionally, the generated PA–Y may act as a macro-
monomer to give a branch chain in the macroinitiator
(Scheme 1b). While PMMA–I generally lacks long-term stability
upon storage, PMMA–Y does not bear iodide at the chain end
and is stable upon storage, which is an advantage of the use of
PMMA–Y as a starting compound. We previously prepared
PMMA–PBA–I block copolymer macroinitiators from PMMA–
Y31 and used the obtained macroinitiators and a crosslinkable
monomer to synthesize core-crosslinked PMMA–PBA star poly-
mers,25 where PBA is poly(butyl acrylate).

In the present work, we further explored the synthesis of
core-crosslinked PMMA–PBA star polymers from PMMA–Y
(Scheme 2). We explored the use of PMMA–Y with different
molecular weights (Mn = 3900 and 12 000) to obtain stars with
different molecular weights in the PMMA segment, where Mn

is the number-average molecular weight. We also newly

explored a “one-pot” synthesis of stars (Scheme 2b) instead of
the previously studied “two-pot’ synthesis, where the synthesis
and purification of the macroinitiator (step 1) and the syn-
thesis of the star (step 2) were separated. In the present work,
PMMA–PBA–I macroinitiators were synthesized, and without
purification, crosslinkable monomers were directly added to
the same mixture, generating core-crosslinked star polymers in
the same pot. This one-pot synthesis can avoid tedious purifi-
cation of the macroinitiators, which is industrially preferred.
Besides butyl acrylate (BA), we used other functional acrylates
and styrene (Fig. 1) and prepared the relevant block copolymer
macroinitiators from PMMA–Y. As an application, we further
studied encapsulation of a guest molecule, i.e., 2-(2-hydroxy-5-
methylphenyl)benzotriazole (Fig. 1), in a core-crosslinked
PMMA–PTHFA star polymer, where PTHFA is poly(tetrahydro-
furfuryl acrylate). 2-(2-Hydroxy-5-methylphenyl)benzotriazole is
a commercially used UV absorber (UVA) that is added to
coating formulations to enhance the durability of the coatings
against UV exposure. We blended the UVA-encapsulated core-
crosslinked PMMA–PTHFA star polymer with neat PMMA,
formed a transparent PMMA thin film, and demonstrated an
efficient UV absorption capability of the film and significantly
suppressed leaching of the UVA from the film due to the
encapsulation of the UVA in the star polymer. The use of stable
PMMA–Y species, together with a one-pot star polymer syn-
thesis, simplifies operation, which is industrially attractive.
Effective encapsulation and suppression of additive leaching
without compromising optical transparency would be useful
for applications.

Results and discussion
Two-pot synthesis of core-crosslinked PMMA–PBA star
polymers from PMMA–Y with two different molecular weights

Core-crosslinked PMMA–PBA star polymers were synthesized
via a two-pot process (Scheme 2a). We first prepared a PMMA–
PBA–I block copolymer from PMMA–Y with Mn = 3900. We
heated a mixture of BA (200 equiv.), 2-iodo-2-methyl-

Fig. 1 Structures of the monomers, crosslinkable monomer, PMMA–Y,
and UV absorber studied in this work.

Scheme 1 (a) Addition–fragmentation chain transfer of PA
• and

PMMA–Y and (b) propagation of PMMA–PA
• with the PA–Y

macromonomer.

Scheme 2 (a) Two-pot synthesis and (b) one-pot synthesis of core-
crosslinked PMMA–PA star polymers from PMMA–Y.
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propionitrile (CP–I) (1 equiv.) as an initiating dormant species,
PMMA–Y (Mn = 3900 and Đ = 1.67) (1 equiv.) as a macroinitia-
tor precursor, and BNI (8 equiv.) as a catalyst at 110 °C
(Table 1 (entry 1)), where Đ (= Mw/Mn) is dispersity and Mw is
the weight-average molecular weight. After 24 h of polymeriz-
ation, the monomer conversion reached 83% (as determined
using 1H NMR), yielding a PMMA–PBA–I block copolymer with
Mn = 22 000 and Đ = 2.28 after purification (reprecipitation in a
methanol/water mixed solvent (8/2 (v/v)) (a non-solvent)). The
Mn and Mw values are PMMA-calibrated gel permeation chrom-
atography (GPC) values (not absolute values). 1H NMR analysis
(Fig. S1 in the SI) showed that, after the polymerization, the
unsaturated chain end of PMMA–Y nearly completely dis-
appeared, suggesting that the PMMA chain nearly fully
extended to a PMMA–PBA block copolymer. The 1H NMR ana-
lysis also showed that the generated PBA–Y with an unsatu-
rated chain end (PA–Y shown in Scheme 1) was also largely
consumed as a macromonomer, suggesting that the PBA–Y
was largely incorporated in the PMMA–PBA block copolymer.

We used the purified PMMA–PBA–I as a macroinitiator. We
conducted polymerization of a crosslinkable monomer, i.e., di-
ethylene glycol diacrylate (DGDA) (Fig. 1) (40 equiv.), with the
purified PMMA–PBA–I (1 equiv.) and BNI (8 equiv.) in butyl
acetate (BuAc) (70 wt%) (solvent) at 110 °C (Table 2 (entry 1)).
Fig. 2a shows the GPC chromatograms. The peak of the macro-
initiator gradually decayed over time, while higher molecular
weight species were generated and their molecular weight and
peak intensity increased over time, suggesting that multiple
macroinitiators were crosslinked through the polymerization
of DGDA to form a core-crosslinked star polymer. After 24 h,
the monomer (DGDA) conversion reached 47%, affording a
star polymer with Mp = 510 000, where Mp is the peak-top
molecular weight. The conversion of the macroinitiator (R–I)
to a star polymer was determined by the GPC peak resolution
method (Fig. S2 in the SI). After 24 h, 43% of the macroinitia-
tor was successfully converted to the star polymer. The remain-
ing macroinitiator fraction (57%) would be dead polymer
chains (without the iodide chain end) formed during both
macroinitiator and star syntheses. The dead polymer for-
mation during the macroinitiator synthesis is indicated by the

high dispersity (Đ = 2.28) of the macroinitiator. The star
polymer was easily and nearly completely separated from the
remaining macroinitiator by reprecipitation in methanol,
which is a good solvent for the macroinitiator and a non-
solvent for the star polymer, as confirmed using GPC (Fig. S3
in the SI). The purified star polymer was analyzed using
dynamic light scattering (DLS) in tetrahydrofuran (THF)
(Fig. 2c, red solid line). A single peak was observed in the DLS
intensity distribution curve, suggesting insignificant aggrega-
tion of the star (insignificant inter-core coupling). The DLS
intensity-average diameter was 71 nm, which was larger than
that (6 nm) of the PMMA–PBA–I macroinitiator (Fig. 2c, red
dashed line), confirming the formation of a multi-arm star.

We also analyzed the purified star polymer using static
light scattering (SLS) to determine its absolute weight-average
molecular weight (Mw,ab (star)) (for this and other selected
samples (Table 3)). We conducted the SLS analysis of this
sample in THF and determined the Mw,ab (star) value to be
1 300 000 (Table 3 (entry 1)). The number of arms per star
polymer (narm) was determined according to narm = (weight
fractions of the arms in the star polymer) × Mw,ab (star)/Mw

(arm), where Mw (arm) is the Mw value (= 50 000) of the
PMMA–PBA–I macroinitiator (arm polymer) determined using
PMMA-calibrated GPC. We used the PMMA-calibrated GPC
value (Mw) as a rough estimate of the molecular weight of arm
polymers, because the Mw value determined using SLS may
not be very accurate for the relatively low-molecular weight
linear polymers. The narm value was estimated to be 18. We
also analyzed the purified star polymer using a transmission
electron microscope (TEM) (Fig. S4 in the SI). We observed
individual stars with core–shell structures (appearing as indi-
vidual particles with darker cores surrounded with lighter
shells in the TEM images), suggesting insignificant inter-core
coupling.

Using PMMA–Y with a higher molecular weight (Mn =
12 000 and Đ = 1.67), we also prepared a PMMA–PBA–I block
copolymer (Mn = 23 000 and Đ = 2.19 after purification)
(Table 1 (entry 2)). We then carried out a polymerization of
DGDA (40 equiv.) with the purified PMMA–PBA–I (Table 2
(entry 2)). After 24 h, the monomer (DGDA) conversion

Table 1 Synthesis of PMMA–PA–I block copolymers from PMMA–Y

Entry
Monomer
(M) R–Ia

Azo or
peroxide

Mn of
PMMA–Y

[M]0/[R–I]0/[PMMA–Y]0/
[BNI]0/[azo or peroxide]0
(equiv.) Solvent T (°C) t (h)

Monomer
conv.b (%) Mn

c Đ c

1 BA CP–I None 3900 200/1/1/8/0 Bulk 110 24 83 22 000 2.28
2 BA CP–I None 12 000 200/1/1/8/0 Bulk 110 24 74 23 000 2.19
3 MEA CP–I None 3900 200/1/1/4/0 20% BuAcd 110 20 68 15 000 1.61
4 St EPh–I PBZe 3900 200/1/1/0/0.75 Bulk 120 1 59 14 000 1.42
5 THFA CP–I V40e 3900 200/1/1/8/0.6 10% BuAcd 100 1 62 14 000 2.04
6 PEGA CP–I V40e 3900 50/1/1/2/0.75 20% Diglymed 100 4 71 13 000 1.65

a Alkyl iodide. bDetermined with 1H NMR. c PMMA-calibrated GPC values of PMMA–PA–I block copolymers after purification (reprecipitation).
The GPC eluent was THF for entries 1–4 and DMF for entries 5 and 6. d BuAc = butyl acetate and diglyme = diethylene glycol dimethyl ether.
e PBZ = tert-butyl peroxybenzoate and V40 = 1,1′-azobis(cyclohexane-1-carbonitrile).
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reached 25%, and 18% of the macroinitiator was converted to
a star polymer (Fig. 2b and Fig. S5 in the SI). The macroinitia-
tor conversions (18% for 24 h) were lower than that (43% for
24 h) using the PMMA–PBA–I macroinitiator (Mn = 22 000) pre-
pared from PMMA–Y with a lower molecular weight (Mn =
3900) (Table 2 (entry 1)). Since the Mn values of the two
PMMA–PBA–I macroinitiators (23 000 and 22 000) were similar,
the steric hindrance in the star formation would be similar,
and the exact reason for the lower (or slower) macroinitiator
conversion is unclear at this moment. After 48 h, the
monomer and macroinitiator conversion increased to 35% and
25%, respectively, generating a star polymer with Mp = 650 000
(Fig. 2b and Fig. S6 in the SI). After reprecipitation, the DLS
intensity-average diameter of the purified star polymer (Fig. S7
in the SI) was 88 nm (Fig. 2c, blue line). The Mw,ab (star) and
narm values were 2 400 000 and 31, respectively (Table 3 (entry
2)). Thus, we obtained core-crosslinked PMMA–PBA star poly-
mers from PMMA–Y precursors with two different molecular
weights.

Two-pot synthesis of star polymers using functional acrylates
and styrene from PMMA–Y (Mn = 3900)

To expand the monomer scope, we used four other monomers
to synthesize PMMA–PA–I macroinitiators from PMMA–Y (Mn =
3900). We studied three hydrophobic monomers, i.e., 2-meth-
oxyethyl acrylate (MEA), styrene (St), and tetrahydrofurfuryl
acrylate (THFA) (Table 1 (entries 3–5)), and an amphiphilic
monomer, i.e., poly(ethylene glycol) methyl ether acrylate
(PEGA) (average Mn = 300) (Table 1 (entry 6)). A radical initiator
(tert-butyl peroxybenzoate (PBZ) for St and 1,1′-azobis(cyclo-
hexane-1-carbonitrile) (V40) for THFA and PEGA) was added to
increase the polymerization rate. Peroxide and azo initiators
are often used to increase the polymerization rate, as pre-
viously reported for RCMP26 and other living radical polymer-
izations.32 The four PMMA–PA–I block copolymer macroinitia-
tors (Mn = 13 000–15 000 after purification) were generated at
moderate to high monomer conversions (59–71%) (Table 1T
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Fig. 2 GPC chromatograms (THF eluent) for star polymer synthesis
using (a) purified PMMA–PBA–I (synthesized from PMMA–Y with Mn =
3900) (Table 2 (entry 1)) at 0 h (red line), 12 h (blue line), and 24 h (green
line) and (b) purified PMMA–PBA–I (synthesized from PMMA–Y with Mn

= 12 000) (Table 2 (entry 2)) at 0 h (red line), 24 h (blue line), and 48 h
(green line). (c) DLS size distribution curves (by intensity) of purified
PMMA–PBA–I (synthesized from PMMA–Y with Mn = 3900) (red dashed
line) (Table 1 (entry 1)) and purified PMMA–PBA star polymers syn-
thesized from PMMA–Y with Mn = 3900 (red solid line) (24 h in Table 2
(entry 2)) and 12 000 (blue solid line) (48 h in Table 2 (entry 2)). The DLS
solvent was THF.
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(entries 3–6)). The macroinitiators were subsequently used in
polymerizations of DGDA, yielding core-crosslinked star poly-
mers with Mp = 280 000–1 100 000 (Table 2 (entries 3–6), Fig. 3,
and Fig. S8–S15 in the SI). The macroinitiator conversions
(35–43%) (Table 2 (entries 3–6)) were similar to that (43%)
observed in the PMMA–PBA star synthesis with PMMA–Y (Mn =
3900) (Table 2 (entry 1)). The purified stars showed single DLS
peaks (Fig. S16 in the SI). Thus, we successfully obtained core-
crosslinked PMMA–PA star polymers in all cases, suggesting a
wide monomer scope in the present star polymer synthesis.

One-pot synthesis of PMMA–PBA star polymers from PMMA–Y
(Mn = 3900)

In the PMMA–PBA star polymer synthesis described above, we
synthesized the PMMA–PBA–I macroinitiator in one pot, puri-
fied the macroinitiator, and synthesized the star polymer in
another pot using the purified macroinitiator, which is a “two-
pot” synthesis. We also conducted a “one-pot” synthesis
(Scheme 2b). Namely, we first synthesized a PMMA–PBA–I
macroinitiator, and in the same reaction pot, we added the
crosslinkable DGDA monomer, generating a star polymer in
the same pot. A certain amount of BA remained after the

macroinitiator synthesis, which was copolymerized with
DGDA, generating a diluted crosslinked core. The amount of
the remaining BA depends on the polymerization time
(monomer conversion) in the macroinitiator synthesis and
determines how much the crosslinked core is diluted.

We heated a mixture of BA (200 equiv.), CP–I (1 equiv.),
PMMA–Y (Mn = 3900) (1 equiv.), and BNI (8 equiv.) at 110 °C
for 24 h (Table 4 (entry 1-1)). The monomer conversion was
83%, and a PMMA–PBA–I block copolymer with Mn = 21 000
and Đ = 2.15 was generated. To the same reaction mixture, we
added DGDA (40 equiv.), BNI (4 equiv.), and BuAc (70 wt% of
BuAc and 30 wt% of the initial BA and added DGDA in total),
and the polymerization continued at 110 °C (Table 4
(entry 1-2) and Fig. 4a, red line). Because of the presence of
the unreacted BA (17%) upon the addition of DGDA, the core
of the generated star contained both BA (non-crosslinkable
monomer) and DGDA (crosslinkable monomer) units and had
somewhat diluted crosslinking. After another 24 h (48 h in
total) of polymerization, the peak in the GPC chromatogram
only slightly shifted to a higher molecular weight region
(Fig. 4a, blue line), and the Mn value increased from 21 000 (at
the addition of DGDA) to 27 000 (after another 24 h). As com-
pared to the two-pot system (Table 2 (entry 1)), where 43% of
the macroinitiator was converted to star polymers after 24 h of
polymerization, the crosslinking in the one-pot system was
delayed due to the presence of non-crosslinkable BA monomer
units. After another 48 h (72 h in total) of polymerization, the
DGDA conversion reached 50%, and the BA conversion
reached 91% (increased from 83% upon the addition of
DGDA), meaning that 8% of the initial BA was incorporated in
the star core. 35% of the macroinitiator (Fig. S17 in the SI) was
converted to a star polymer with Mp = 470 000. The macroini-
tiator conversion (35%) in the one-pot system was slightly
lower than but still similar to that (43%) in the two-pot system
(Table 2 (entry 1)). The DLS intensity-average diameter (Fig. 4c,
red line) of the purified star (Fig. S18 in the SI) was 58 nm.
The Mw,ab (star) and narm values were 1 100 000 and 14, respect-
ively (Table 3 (entry 3)), showing the generation of a similar
size star in the one-pot system to that in the two-pot system
(Mw,ab (star) = 1 300 000 and narm = 18) (Table 3 (entry 1)).

Using the same molar ratio of BA (200 equiv.), CP–I (1
equiv.), PMMA–Y (1 equiv.), and BNI (8 equiv.) at the same
temperature of 110 °C, we conducted the polymerization for a

Fig. 3 GPC chromatograms for star polymer synthesis from (a) purified
PMMA–PMEA–I (Table 2 (entry 3)), (b) purified PMMA–PSt–I (Table 2
(entry 4)), (c) purified PMMA–PTHFA–I (Table 2 (entry 5)), and (d)
purified PMMA–PPEGA–I (Table 2 (entry 6)) at t = 0 (red line) and
16–32 h (blue line). The GPC eluent was THF for (a) and (b) and DMF for
(c) and (d).

Table 3 Summary of selected purified star polymers

Entry Star polymer Mw
a (arm) (GPC) Mw,ab

b (star) (SLS) dn/dcc (mL g−1) narm
d

1 PMMA–PBA star (Table 2, entry 1) 50 000 1 300 000 0.0577 18
2 PMMA–PBA star (Table 2, entry 2 (48 h)) 50 000 2 400 000 0.0403 31
3 PMMA–PBA star (Table 4, entry 1-2) (one-pot synthesis) 45 000 1 100 000 0.0514 14
4 PMMA–PBA star (Table 4, entry 2-2) (one-pot synthesis) 38 000 2 300 000 0.0558 26
5 PMMA–PTHFA star (Table 5, entry 1-2) (one-pot synthesis) 28 000 7 100 000 0.0589 80

a PMMA-calibrated GPC Mw (not Mn) value of the purified arm (macroinitiator) for entries 1 and 2 and the unpurified arm (macroinitiator) for
entries 3–5. The GPC eluent was THF for entries 1–4 and DMF for entry 5. bMolecular weight of the purified star determined using static light
scattering (SLS). The SLS solvent was THF for entries 1–4 and DMF for entry 5. c The determination of dn/dc is described in the SI. dNumber of
arms per star polymer = (weight fraction of arm polymer) × Mw,ab (star)/Mw (arm).
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shorter time of 16 h instead of 24 h (Table 4 (entry 2-1)), reach-
ing a lower monomer (BA) conversion (68%) and yielding a
shorter PMMA–PBA–I block copolymer with Mn = 18 000 and Đ
= 2.11. To the same reaction mixture, we added DGDA (40
equiv.) and BuAc (70 wt% of BuAc and 30 wt% of the initial BA
and added DGDA in total) and continued the polymerization
at 110 °C (Table 4 (entry 2-2) and Fig. 4b). After another 48 h
(64 h in total) of polymerization, the DGDA conversion
reached 62%, and the BA conversion reached 91% (increased
from 68% upon the addition of DGDA), meaning that 23% of
the initial BA was incorporated in the star core. 40% of the
macroinitiator (Fig. S19 in the SI) was converted to a star
polymer with Mp = 580 000. The DLS intensity-average dia-
meter (Fig. 4c, blue line) of the purified star (Fig. S20 in the SI)
was 91 nm. Both the Mp (580 000) and DLS intensity-average
diameter (91 nm) of the star in the 16 + 48 h system were
larger than those (470 000 and 58 nm) in the 24 + 48 h system.
Because of the presence of more unreacted BA (32%) upon the
addition of DGDA in the 16 + 48 h system, the star formation
would be further delayed, which would afford a star polymer
with a larger core with more diluted crosslinking. The Mw,ab

(star) and narm values were 2 300 000 and 26, respectively
(Table 3 (entry 4)), which are larger than those in the 24 + 48 h
system (Mw,ab (star) = 1 100 000 and narm = 14) (Table 3 (entry
3)). Due to the shorter PMMA–PBA macroinitiator generated at
16 h of the BA polymerization, there was less steric hindrance
among the arm chains during the star formation, which would
allow a larger number of arms to be involved in the star. The
Mw,ab (star) (2 300 000) and narm (26) values in this one-pot
system (Table 3 (entry 4)) are also larger than those (130 000
and 18, respectively) in the corresponding two-pot system
(Table 3 (entry 1)) because of the larger core with diluted cross-
linking and the lower molecular weight (less steric hindrance)
of the macroinitiator in this one-pot system.

In the one-pot system, to avoid macro-gelation, the mole-
cular weight of the block copolymer macroinitiator needs to be
high enough to fully shield the crosslinked core and avoid
star–star coupling. Thus, the monomer (BA) conversion in the
macroinitiator synthesis needs to be high enough to yield a
sufficiently high molecular-weight macroinitiator, as attainedT
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Fig. 4 GPC chromatograms (THF eluent) for one-pot synthesis of
PMMA–PBA star polymers via (a) polymerization of BA for 24 h (red line)
and subsequent polymerization of DGDA for +24 h (blue line) and +48 h
(green line) (Table 4 (entry 1-2)) and (b) polymerization of BA for 16 h
(red line) and subsequent polymerization of DGDA for +24 h (blue line)
and +48 h (green line) (Table 4 (entry 2-2)). (c) DLS size distribution
curves (by intensity) of purified PMMA–PBA star polymers synthesized in
the 24 + 48 h (red line) and 16 + 48 h (blue line) systems. The DLS
solvent was THF.
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in the present studies (Table 3 (entries 3 and 4)) where macro-
gelation did not occur.

Encapsulation of a UV absorber (UVA) in a PMMA–PTHFA star
polymer and a compatibility test with the PMMA matrix

For most of the commercially available UV absorbing films,
organic small UVA molecules are embedded in polymer
matrices. However, UVA molecules can diffuse and leach out
from the polymer matrices, lowering the durability.33 The
diffusion of UVA molecules may be suppressed by encapsulat-
ing UVA molecules in the present core-crosslinked star poly-
mers. Based on this motivation, we prepared a PMMA–PTHFA
star polymer from PMMA–Y via the one-pot synthesis, encapsu-
lated UVA molecules, and embedded the obtained UVA-encap-
sulated star polymer in a PMMA matrix. The PMMA block of
the star arm is responsible for the compatibility with the
PMMA matrix, while the PTHFA block is responsible for associ-
ating with UVA molecules. In addition, the refractive index of
THFA (1.460) is close to that of MMA (1.414). Therefore, blend-
ing PTHFA with PMMA will not significantly lower the trans-
parency of the film.

We heated a mixture of THFA (200 equiv.), CP–I (1 equiv.),
PMMA–Y (Mn = 3900) (1 equiv.), BNI (8 equiv.), V40 (0.6
equiv.), and BuAc (10 wt% of BuAc and 90 wt% of THFA) at
100 °C for 1 h (Table 5 (entry 1-1)). The monomer conversion
reached 65%, and a PMMA–PTHFA–I block copolymer with Mn

= 14 000 and Đ = 1.99 was generated. To the same reaction
mixture, we added DGDA (40 equiv.) and BuAc (70 wt% of
BuAc and 30 wt% of the initial THFA and added DGDA in
total) and continued the polymerization at 100 °C (Table 5
(entry 1-2) and Fig. 5a). After another 2 h (3 h in total), the
DGDA conversion reached 83%, and the THFA conversion
reached 92% (increased from 65% upon the addition of
DGDA). Both monomers reached high conversion, which is
desirable for industrial applications. 30% of the macroinitiator
(Fig. S21 in the SI) was converted to a star polymer with Mp =
1 200 000. We purified the star polymer by reprecipitation in
methanol. The purified star polymer (Fig. S22 in the SI) had a
DLS intensity-average diameter of 145 nm (Fig. 5b). The Mw,ab

(star) and narm values were 7 100 000 and 80, respectively
(Table 3 (entry 5)). The narm value (80) of the PMMA–PFMA star
was larger than those (14–26) of the PMMA–PBA stars syn-
thesized in the one-pot system (Table 3 (entries 3 and 4)),
which would be partly because of the larger amount of the
remaining monomer after the macroinitiator synthesis (hence
larger core size) and the lower molecular weight of the macroi-
nitiator (hence less steric hindrance) in the PMMA–PFMA
system (65% FMA conversion vs. 68–83% BA conversions, and
Mw = 28 000 (PMMA–PFMA macroinitiator) vs. 38 000–45 000
(PMMA–PBA macroinitiators)), although the exact reason for
the observed relatively large difference in the narm values
between the PMMA–PFMA star and PMMA–PBA star systems is
unclear at this moment.

We encapsulated 2-(2-hydroxy-5-methylphenyl)benzotria-
zole as a UVA in the purified PMMA–PTHFA star polymer. The
UVA was encapsulated possibly via polar–polar interaction T
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between the polar UVA and the polar THF moiety in the star
polymer (FMA unit) and hydrogen bonding between the OH
group in the UVA and the THF (ether) moiety in the star
polymer. We first dissolved the star polymer in THF at 50 °C
and added the UVA until the UVA was saturated in the solution
to maximize the encapsulation. The solution was stirred for
2 h to allow the diffusion of the UVA into the star polymer. To
this solution, hexane, which is a non-solvent for the star
polymer, was added dropwise to slowly precipitate the UVA-
encapsulated star polymer. We compared the weight of the
original star polymer with that of the UVA-encapsulated star
polymer and calculated the encapsulation efficiency to be
40 wt% (0.40 g of the UVA in 1.00 g of the UVA-encapsulated
star polymer) (Table S1 (entry 1) in the SI). (The encapsulation
efficiency was determined gravimetrically: encapsulation
efficiency (%) = [(mass of star polymer after encapsulation) −
(mass of star polymer before encapsulation)]/(mass of star
polymer after encapsulation).) We also used the purified
PMMA–PTHFA star polymer with Mp = 280 000 prepared via
the two-pot synthesis (Table 2 (entry 5)) to encapsulate the UVA
(Table S1 (entry 2) in the SI). The encapsulation efficiency
(13 wt%) was much lower than that (40 wt%) of the star
polymer prepared via the one-pot synthesis, probably because
the one-pot synthesis afforded a larger star polymer with a
larger core size due to the diluted crosslinking, which would
increase the encapsulation capacity.

We prepared three stock solutions of commercially available
PMMA (Mn = 51 000 and Đ = 1.88), the non-encapsulated UVA,
and the UVA-encapsulated star polymer (prepared via the one-
pot synthesis) with 40 wt% encapsulation efficiency, which
were dissolved in BuAc. We combined them, cast the obtained
solutions in moulds, dried the cast solutions, and prepared
approximately 100 µm thick films. We obtained a film of pure
PMMA (100 wt%) (Table 6 (entry 1)), a film of the non-encapsu-

lated UVA (7 wt%) embedded in PMMA (93 wt%) (Table 6
(entry 2)), and a film of the UVA-encapsulated star (17 wt%)
embedded in PMMA (83 wt%), which corresponds to 7 wt% of
the UVA and 93 wt% of the polymer in total (Table 6 (entry 3)).
The pure PMMA film (Table 6 (entry 1) and Fig. 5c, red line)
had more than 90% transmittance above 300 nm. By dosing
the non-encapsulated UVA (Table 6 (entry 2) and Fig. 5c, blue
line), the transmittance reduced to 0% below 380 nm (UV
region), while it was maintained at a high level (>71%) above
420 nm (visible light region). The film with the encapsulated
UVA (Table 6 (entry 3)) also showed 0% transmittance below
380 nm and >79% transmittance above 420 nm. Thus, we
obtained efficient UV-absorbing films containing the non-
encapsulated (Table 6 (entry 2)) and encapsulated (Table 6
(entry 3)) UVA with no transmittance below 380 nm and high
transmittance above 420 nm. Visually, all three thin films had
similar transparency (Fig. 5d). To study the leaching of the
UVA, we heated the two films containing the non-encapsulated
UVA (Table 6 (entry 2)) and the encapsulated UVA (Table 6
(entry 3)) at 150 °C, which is above the glass transition temp-
erature (110 °C) of the PMMA matrix, for 3 h. After cooling to
room temperature, the films were subsequently immersed in
methanol for 30 min to dissolve the leached UVA in methanol.
From the absorption of the UVA in the methanol solution, we
determined the amount of the leached UVA (Fig. S23 and
Table S2 in the SI) to be 2.5% for the non-encapsulated UVA
(2.5% of the originally embedded amount of the UVA) (Table 6
(entry 2)) and only 0.04% for the encapsulated UVA (only
0.04% of the originally embedded amount of the UVA) (Table 6
(entry 3)). We repeated the heating–cooling–immersion
process three times. The total amount of the leached UVA in
the three cycles was 8.4% for the non-encapsulated UVA and
only 0.19% for the encapsulated UVA, showing consistently low
UVA leaching under heating (high thermal stability of the
encapsulation). Therefore, by taking advantage of the encapsu-
lated UVA in the star polymer, we successfully prepared the
UV-absorbing film with suppressed leaching but without
impeding the visual appearance (transparency) of the film.

Conclusions

Core-crosslinked star polymers were successfully synthesized
using PMMA–PA block copolymer macroinitiators prepared

Fig. 5 (a) GPC chromatograms (DMF eluent) for one-pot synthesis of
PMMA–PTHFA star polymers via polymerization of THFA for 1 h (red
line) and subsequent polymerization of DGDA for +2 h (blue line)
(Table 5 (entries 1-1 and 1-2)). (b) DLS size distribution curves (by inten-
sity) of the isolated PMMA–PTHFA star polymers. The DLS solvent was
DMF. (c) UV-vis transmittance values of the films (Table 6 (entries 1–3)).
(d) Photos and schematic illustrations of the films (Table 6 (entries 1–3)).

Table 6 Preparation of PMMA films

Entry

Non-
encapsulated
UVA (g)

UVA-encapsulated
star (40 wt% UVA)
(g)

PMMA
matrixa

(g)

UVA/
polymerb

(wt%)

1 0 0 0.30 0/100
2 0.022 0 0.30 7/93
3 0 0.060 0.30 7/93

a PMMA with Mn = 51 000 and Đ = 1.88. bWeight ratio of the UVA (the
sum of the encapsulated UVA and the non-encapsulated UVA) and the
polymer (the sum of the star polymer and the PMMA matrix).
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from PMMA–Y with different molecular weights (Mn = 3900
and 12 000). The second block (PA) monomers encompassed
styrene, BA, and functional acrylates. The use of stable PMMA–
Y (instead of PMMA–I) eases operation and is industrially pre-
ferred. A “one-pot” synthesis of a PMMA–PA star polymer was
also achieved, which can avoid tedious purification of the
macroinitiators and is further industrially preferred. Star poly-
mers with different core sizes and crosslinking densities were
obtained by varying the amount of the remaining second block
(PA) monomer in the star formation. As an application, a
PMMA–PTHFA core-crosslinked star polymer was synthesized in
“one-pot” and used for encapsulating a UVA. The UVA-contain-
ing star polymer was embedded in a PMMA matrix, and the
obtained film showed good UV-cut properties with high trans-
mittance in the visible region. The obtained film significantly
suppressed leaching of the UVA due to the encapsulation of the
UVA in the star polymer even at high temperature without
impeding the visual appearance (transparency) of the film.
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